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Abstract 
AIM: To investigate the effects of catalytically superior 
gene-directed enzyme prodrug therapy systems on a rat 
hepatoma model. 

METHODS: To increase hepatoma cell chemosensitivity 
for the prodrug 5-fluorocytosine (5-FC), we generated a 
chimeric bifunctional SuperCD suicide gene, a fusion of 
the yeast cytosine deaminase (YCD) and the yeast uracil 
phosphoribosyltransferase (YUPRT) gene. 

RESULTS: In vi tro  stably transduced Morr is rat 
hepatoma cells (MH) expressing the bifunctional SuperCD 
suicide gene (MH SuperCD) showed a clearly marked 
enhancement in cell killing when incubated with 5-FC as 
compared with MH cells stably expressing YCD solely (MH 
YCD) or the cytosine deaminase gene of bacterial origin 
(MH BCD), respectively. In vivo , MH SuperCD tumors 
implanted both subcutaneously as well as orthotopically 
into the livers of syngeneic ACI rats demonstrated 
significant tumor regressions (P<0.01) under both high 
dose as well as low dose systemic 5-FC application, 
whereas MH tumors without transgene expression (MH 

naïve) showed rapid progression. For the first time, an 
order of in vivo  suicide gene effectiveness (SuperCD>>
YCD>>BCD>>>negative control) was defined as a result 
of a direct in vivo  comparison of all three suicide genes. 

CONCLUSION: Bifunctional SuperCD suicide gene 
expression is highly effective in a rat hepatoma model, 
thereby significantly improving both the therapeutic 
index and the efficacy of hepatocellular carcinoma killing 
by fluorocytosine.

©2005 The WJG Press and Elsevier Inc. All rights reserved.
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INTRODUCTION
Suicide gene therapy involves the transfer of  genes 
into tumor cells to render them specifically sensitive to 
prodrugs that are relatively nontoxic to normal tissues. 
Cytosine deaminase (CD) enzyme is found in many 
bacteria, yeast and fungi, where it deaminates cytosine 
to uracil[1]. It also deaminates the relatively nontoxic 
prodrug 5-fluorocytosine (5-FC) to the highly toxic 
chemotherapeutic compound 5-fluorouracil (5-FU), 
used in the treatment of  malignant tumors (Figure 1A)[2]. 
Transduction of  the CD gene into tumor cells combined 
with systemic administration of  5-FC has been shown to 
have anticancer effects in various animal models[3-7]. Due 
to their inherent bystander effect, toxic 5-FU metabolites 
(Figure 1A) also reach non-transduced neighboring 
cells[8-10]. In contrast to the herpes simplex virus type 
1 thymidine kinase/ganciclovir system, this bystander 
effect does not depend on gap junctional intercellular 
communication channels[11].

In this work, we focused on the optimization of  the 
CD suicide gene system for hepatoma treatment. We 
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compared both in vitro and in vivo therapeutic efficiency 
of  stable expression of: (1) a new bifunctional chimeric 
SuperCD suicide gene, composed of  the yeast cytosine 
deaminase (YCD) suicide gene directly fused to a 
5'-terminally deleted yeast uracil phosphoribosyltransferase 
(YUPRT) gene[12]; (2) YCD suicide gene; and (3) bacterial 
cytosine deaminase (BCD) suicide gene in the MH 3924A 
animal model[13].

MATERIALS AND METHODS 
Retroviral vector construction
Genomic DNA of  Saccharomyces cerevisiae, strain KFY159 
(kindly provided by K.-U. Fröhlich, Physiologisch-
Chemisches Institut, Eberhard-Karls-University, Tübingen, 
Germany), was employed to amplify YCD and YUPRT 
using polymerase chain reaction technique. YCD (S. 
cerevisiae gene FCY-1) was amplified with primers: 5'-G
GGGTACCGCCACCATGGTGACAGGGGGAAT
GGCAAG-3' (primer #1) and 5'-GGGCGGCCGCCT
CACTCACCAATATCTTCAAA CCAATC-3' (primer 
#2). Alternatively, primer #3 (5'-GGGAATTCTCACC
AATATCTTCAAACCAATC-3') was used as a reverse 
primer in combination with primer #1 to amplify the yeast 
FCY-1 gene. The latter YCD fragment was subsequently 
joined to a PCR product amplifying the yeast FUR-1 gene 
(YUPRT). While omitting the N-terminal domain, the 
remaining domains of  the YUPRT open reading frame, 
enzymatically sufficient for efficiently transferring the 
phosphoribosyl residue to the deaminated 5-FC[14], were 
amplified with primers: 5'-CCGAATTCGGAACCATTTA
AGAACGTC-3' (primer #4) and 5'-CCGCGGCCGCCTT
AAACACAGTAGTATCTGTCACC-3' (primer #5). Both 
PCR fragments were purified for subsequent ligation as 
recently described elsewhere[15]. Subsequently, both YCD 
and YUPRT PCR amplification products were combined 
in a three-fragment ligation procedure employing a pUC-
based cloning vehicle as a backbone. This intermediate 
construct was used to remove the EcoRI site between 
the YCD and YUPRT sequences and at the same time to 
generate the bifunctional SuperCD suicide fusion gene 
employing a site-directed mutagenesis using the Promega 
QuikChange method (Promega, Mannheim, Germany). 
With sense and anti-sense mutagenesis primers (sense 
sequence: 5'-ATGGTTTCCGAAGCCTCACCAATAT
CT-3'), the two enzymatic moieties were joined in-frame, 
resulting in an Ala residue linking the two yeast ORFs (now 
with the YUPRT gene starting at the natural S38 codon). 
Subsequently, the following retroviral constructs were 
generated (Figure 1B): (1) pLXSN-BCD contains the E. coli 
cytosine deaminase (BCD) suicide gene under the control 
of  the retroviral 5´LTR in basic retroviral vector pLXSN[16] 
(kindly provided by R.M. Blaese, NIH, Bethesda, MD, 
USA; originally denominated as pCD2)[17]; (2) pLXSN-
YCD harboring the YCD suicide gene was generated by 
the insertion of  the YCD PCR amplification product into 
basic vector pLXSN-GreeN (derivative of  vector pLXSN, 
in which we exchanged the neor gene by a bifunctional 
EGFP/neor fusion gene); (3) pLXSN-SuperCD harboring 

the bifunctional SuperCD suicide fusion gene was 
generated by insertion of  the YCD/YUPRT in-frame 
fusion fragment into basic vector pLXSN-GreeN.

Cell culture
Morris hepatoma (MH 3924A) cells were purchased from 
the German Cancer Research Center (DKFZ) Tumor 
Collection, Heidelberg, Germany, and maintained in 
DMEM supplemented with 50 mL/L fetal calf  serum 
(FCS) in a humidified incubator containing 50 mL/L CO2 

at 37 °C.

Generation of stable BCD, YCD and SuperCD expressing 
Morris hepatoma 3924A cell lines 
For the generation of  suicide gene transducing retroviral 
particles, 5×105 PE501 ecotropic packaging cells were 
seeded on 60-mm diameter petri dishes. After 24 h, using 
lipofectAMINE reagent (Invitrogen), cells were transiently 
transfected with 3 µg of  each retroviral vector DNA. 
Forty-eight hours later, the supernatant was employed for 
transduction of  3×105 naïve MH cells. Following G418 
selection (600 µg/mL), resistant clones were analyzed 
for EGFP marker gene expression by f luorescence 
microscopy, followed by functional characterization of  
suicide gene expression in the sulforhodamin B (SRB) 
cytotoxicity assay. Cell clones exhibiting the highest 
cytotoxic effect were selected and named as MH BCD, 
MH YCD, and MH SuperCD.

Western blot analysis 
Cells were lysed in SDS sample buffer and proteins 
were separated on 100 g/L SDS-PAGE and transferred 
to PVDF membranes[18]. Polyclonal rabbit antiserum 
directed against YCD (a generous gift from Transgene SA, 
Strasbourg, France), a polyclonal rabbit anti-BCD antibody 
(a generous gift from C. Richards, Glaxo-Wellcome, 
RTP, NC, USA)[19] and goat anti-rabbit IgG-horseradish 
peroxidase conjugates (BioRad, München, Germany) were 
used. Detection of  reactive bands was facilitated using 
horseradish peroxidase-linked secondary conjugate and 
ECL detection reagents (Amersham Pharmacia, Freiburg, 
Germany). 

SRB cytotoxicity assay
MH (naïve) as well as MH BCD, MH YCD, MH SuperCD 
cells were seeded in 24-well plates (1×104 cells/well). The 
next day 5-FC containing medium was added (a generous 
gift from Roche, Basel, Switzerland) and the cells were 
incubated for 4 d in order to allow untreated cells to 
reach confluence. Growth inhibition was evaluated by the 
SRB cytotoxicity assay[20] using a microtiter plate reader 
(Dynatech MR7000, Denkendorf, Germany) at 550 nm. 

In vivo experiments
All animal experiments were performed in concordance 
with the laws of  the German Government concerning 
the conduction of  animal experimentation. Surgical and 
imaging procedures were performed under intraperitoneally 
applied anesthesia with ketamine hydrochloride (Ketanest, 
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Parke-Davis, Berlin, Germany; 100 mg/kg body weight) 
and xylazine hydrochloride (Rompun, Bayer, Leverkusen, 
Germany; 10 mg/kg body weight). 

The subcutaneous MH naïve and MH SuperCD tumors 
were established by injecting 1×107 cells (in 70 µL PBS) at 
the dorsum of  6-wk-old male syngeneic ACI rats (Harlan 
Winkelmann, Borchen, Germany). Eleven days later the rats 
were randomized into two groups (3 rats/group), and were 
treated twice daily with ip injections of  5-FC (283 mg/kg 
body weight) or saline (0.9% NaCl) for 7 d. Tumor sizes were 
measured with calipers. Tumor volumes were calculated 
in cubic centimeter using the formula recommended by 
Carlsson et al[21]: tumor volume (mm3)=largest diameter 
(mm)×[smallest diameter (mm)]2/2.

In order to monitor 5-FC serum levels by HPLC 
quantification, blood was taken via tail vein puncture on d 
5 of  the 5-FC application period. On d 8 of  the treatment 
period, the animals were killed, and tumors were explanted 
and measured for tumor weight and volume. Tumor 
samples were analyzed for (1) the presence of  SuperCD 
DNA and (2) the endurance of  the SuperCD suicide gene 
functional activity. For PCR analysis, tumor sample DNA 
was extracted using DNeasy Tissue Kit (Qiagen, Hilden, 
Germany). MH SuperCD DNA was amplified using 
primers 5'-CGACCCCGCCTCGATCCTCC-3' (primer 
#6) and 5'-CTGCTGGGGAGCCTGGGGAC-3' (primer 
#7). PCR products were separated by electrophoresis on a 
10 g/L agarose gel. For the functional testing of  continuous 
suicide gene presence following the in vivo growth period 
of  MH SuperCD tumors, tumor tissues were minced, 
placed into six-well plates and cultivated in DMEM 
medium containing 50 mL/L FCS, supplemented with 1% 
penicillin-streptomycin. Three days later, stably transduced 
MH SuperCD cells were selected by continuous addition 
of  G418 (600 µg/mL). Two weeks later, the cells were 
analyzed for functional SuperCD gene activity employing 
the SRB cytotoxicity assay.

Orthotopic tumor implantation within the liver was 
performed as described elsewhere[13]. Twenty-one days 
later, tumor sizes were measured by magnetic resonance 
imaging (MRI). Subsequently, the rats were randomized 
into two groups (six rats/group) and were treated twice 
daily with ip injections of  5-FC (283 mg/kg body weight) 
or saline. On d 31, tumor sizes were again measured by 
MRI. Animals were killed, livers explanted and analyzed 
macroscopically for the presence of  tumor tissue.

MRI measurements
Monitoring of  tumor growth was performed by sequential 
MRI studies, using a 1.5 Tesla MR tomograph (VISION, 
Siemens, Erlangen, Germany). A turbospinecho sequence 
was applied to acquire T2 weighed images using the 
following parameters: 3.5 s repetition time, 96 ms echo 
time, field of  view of  200 mm×100 mm. Fifteen slices 
with an in-plane resolution of  0.75 mm×0.75 mm, a slice 
thickness of  2 mm and a gap of  0.3 mm between the slices 
were acquired with six signal averages. Maximum areas of  
the tumors were determined by the identification of  the 
tumor slice exhibiting largest diameters (main diameter a 

and minor diameter b), followed by the calculation of  the 
respective area (a/2×b/2×π).

Statisticial analysis 
Viability was explained by cell line, 5-FU concentration, 
and their interaction in analyses of  variance. Square roots 
of  counts were used as Box-Cox analyses and normal 
quantile-plots of  residuals suggested so. Means and 
95% confidence intervals were transformed back and 
divided by the fitted value of  MH naïve cells. The in vivo 
experiment with four cell lines was analyzed by the analysis 
of  covariance of  logarithms of  tumor sizes (considered 
censored at 30 mm² when below) with variable time 
factors, cell line and individual and different slopes for the 
cell lines. The hypotheses were: all four mean growth rates 
are equal, and mean growth rates of  YCD and SuperCD 
cells are equal. As intra-individual comparison of  cell lines 
was possible, all six possible combinations were implanted 
as in a balanced incomplete block plan. Sample size was 
planned to guarantee multiple power of  more than 0.8 at 
effect size 30% and coefficient of  variation 30%, while the 
multiple significance level was 0.05. 

RESULTS 
Through its toxic metabolites, 5-FU kills cells by binding 
to the thymidylate synthase, thereby causing a blockade 
of  DNA synthesis as well as by directly interfering with 
the cellular RNA metabolism (Figure 1A). Because 5-FU 
is able to diffuse passively through cell membranes, it not 
only affects transduced cells, but also neighboring cells (so-
called bystander cells). However, the conversion of  5-FU 
to 5-FUMP constitutes a rate-limiting step at least in some 
tumor cells[22]. In the context of  suicide gene transfer, it 
is hypothesized that an additional encoding of  the UPRT 
gene not only enhances tumor cell sensitivity to 5-FU, but 
also augments the sensitivity of  tumor cells to 5-FC, when 
such cells are enabled to simultaneously express a CD gene 
(Figure 1A). Since also low tumor transduction efficiencies 
are recognized as a major limitation in liver tumor suicide 
gene therapy[23,24], 5-FC/CD/UPRT-based suicide gene 
systems could not only help to improve the effectiveness 
of  5-FC toxification, but also enhance the effectiveness 
of  bystander killing, thereby helping to compensate for 
currently still low efficiencies of  direct liver tumor suicide 
gene transfer. In this work, we therefore investigated 
whether hepatoma cell chemosensitivity for 5-FC could be 
enhanced by simultaneously addressing the two major steps 
of  5-FC metabolism. For this purpose, we first generated 
a so-called SuperCD fusion gene which combines the (1) 
enzymatic function of  yeast CD (YCD) with (2) YUPRT-
mediated phosphorylation of  5-FU to 5-FUMP (Figures 
1A and B).

Construct ion of SuperCD/YCD/BCD suicide gene 
expressing retroviral vectors, and analysis of stably 
transduced Morris rat hepatoma cells
We employed genomic DNA of  S. cerevisiae to amplify 
both yeast CD as well as yeast UPRT genes by PCR[22]. 
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Subsequently, both genes were linked in-frame using a 
site-directed mutagenesis scheme, resulting in generation 
of  a bifunctional suicide fusion gene which was named 
as SuperCD. Next, the SuperCD DNA sequence was 
inserted into basic retroviral vector pLXSN[16], resulting 
in generation of  pLXSN-SuperCD (Figure 1B, upper 
construct), in which transgene expression is driven 
by the retroviral 5´LTR. For comparison of  cytotoxic 
effectiveness, we likewise generated retroviral vectors 
pLXSN-YCD (Figure 1B, middle construct; solely encoding 
the YCD cDNA) and pLXSN-BCD (Figure 1B, lower 
construct; solely encoding the BCD cDNA)[25]. Employing 
all three constructs, PE501 ecotropic packaging cells 
were transiently transfected. Subsequently, respective 

supernatants containing recombinant retroviruses were 
used for transduction of  MH 3924A cells. G418 selection 
gave rise to neor resistant clones (MH SuperCD, MH 
YCD, and MH BCD), which stably expressed suicide 
genes SuperCD, YCD, or BCD at comparable levels as 
detected by Western blotting (Figure 1C). Next, a SRB 
cytotoxicity assay was performed to compare the suicidal 
efficiencies of  the different transgenes in the context of  
stable cell lines. As shown in Figure 2, a clear order of  
efficacy of  the different suicide transgenes was found: in 
the SuperCD expressing cell line (MH SuperCD) even at 
a 5-FC concentration as low as 0.1 mmol/L, a very low 
cell survival of  only 8% was observed. In contrast, sole 
expression of  YCD (MH YCD) was much less efficient, 
resulting in a nearly 5-fold higher cell survival (38% at 
0.1 mmol/L 5-FC). Finally, sole expression of BCD had only a 
minor cytotoxic effect (>80% cell survival at 0.1 mmol/L 
5-FC). Thereby, convincing in vitro evidence was provided 
that the YUPRT component implemented within the 
SuperCD fusion gene is highly functional in the context of  
hepatoma cells. This corresponds to observations made by 
others with cell lines derived from non-liver tumor tissues 
(e.g. human colon cancer cells, human pancreas tumor 
cells, human breast cancer cells, human glioblastoma 
cells)[22,26]. The efficacy of  much lower 5-FC doses has to 
be regarded as an important finding when transferring the 
5-FC/SuperCD system to the preclinical/clinical situation: 
in the mammalian organism, 5-FC is also metabolized 
by the bacteria of  the gut flora. An increased intestinal 
production of  5-FU can lead to dramatic unwanted side 
effects which are feared greatly in the context of  5-FU 
chemotherapeutic regimes[27]. 

Subcutaneously implanted MH SuperCD tumors 
demonstrate a complete tumor regression under systemic 
5-FC application
A first in vivo testing of  the SuperCD-enhanced suicide 

Figure 2 SRB cytotoxicity assay with stable BCD, YCD, SuperCD expressing 
Morris hepatoma (MH) cel l l ines generated by retroviral transduction. 
Untransduced MH3924A cells (MH naïve) and stably transduced Morris hepatoma 
cell lines (MH BCD, MH YCD, MH SuperCD) were seeded on 24-well plates. After 
4 d of 5-FC treatment, the growth inhibition was determined by SRB staining and 
measured at 550 nm. All values were referred to that of the untransduced control 
cells without the addition of 5-FC and are given as percentage of surviving cells 
(control: 100%). All experiments were carried out at least in quadruplicate. Viability 
values plotted represent fitted medians and 95%CI.
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Figure 1 Mode of action of SuperCD (YCD::YUPRT) fusion. Panel A: Schematic 
representation of biological pathways resulting in cytotoxicity following cytosine 
deaminase/uracil phosphoribosyltransferase (UPRT)-mediated toxification of the 
prodrug 5-FC. 5-FC: 5-fluorocytosine; 5-FU: 5-fluorouracil; 5-FUR: 5-fluorouridine; 
5-FUMP: 5-fluorouridine 5'-monophosphate; CD: cytosine deaminase; YUPRT: 
yeast uracil phosphoribosyltransferase. Panel B: Schematic representation of 
retroviral vectors used, in which suicide gene expression was placed under the 
retroviral 5' LTR. Panel C: Western blot detection of suicide gene expression in 
retrovirally generated stable SuperCD/YCD/BCD-expressing Morris hepatoma (MH) 
cell lines employing polyclonal rabbit antisera directed against BCD (lanes 1 and 2) 
and YCD (for detection of both SuperCD and YCD; lanes 3-5). Lane 1: MH naïve 
cells (negative control); lane 2: MH BCD cells, exhibiting a 48-ku band specific for 
BCD; lane 3: MH naïve cells (negative control); lane 4: MH YCD cells, exhibiting a 
18-ku band specific for YCD; lane 5: MH SuperCD cells, exhibiting a 40-ku band 
specific for the YCD::YUPRT fusion, i.e. SuperCD. Numbers on the right hand side 
indicate the sizes of the expected proteins. 
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gene effect was performed in six animals who received 
two sc tumor cell injections each: (1) MH SuperCD cells 
into the right dorsum; and (2) as a control in the same 
animals MH naïve cells into the left dorsum. On d 11, 
when tumors had reached a measurable size, rats were 
randomized into two groups and treated for one week with 
twice daily ip injections of  5-FC or saline (control group). 
5-FC serum levels of  treated animals as determined by 
HPLC ranged from 1 to 2.6 µg/mL, whereas control 
animals receiving saline displayed background levels only 
(data not shown). During the treatment period, tumor 
volume increased constantly in the saline-treated negative 
control group, irrespectively of  the tumor type implanted. 
In contrast, in all the three 5-FC treated animals, the MH 
SuperCD tumors disappeared completely, whereas the 
MH naïve tumors grown on the opposite dorsum further 
increased in volume until d 18, when the animals were 
killed (Table1). At post mortem examination of  5-FC-
treated animals, no residual tumor tissue was found on the 
right dorsum in which the MH SuperCD tumors originally 
had grown, whereas large MH SuperCD tumors, weighing 
between 1.8 and 2.7 g, were found in the saline-treated 
animals. As expected, all animals displayed large MH naïve 
tumors on the opposite site, independent of  5-FC or saline 
treatment.

Molecular and functional analysis of subcutaneously 
grown control tumors explanted on d 18
In vivo selective pressure for transgene-negative tumor 
cells and silencing of  transgenes by methylation events are 
well-known phenomena[28]. We, therefore, extracted DNA 
from subcutaneously grown xenograft tumors for PCR 
analysis. In all three SuperCD tumor samples obtained 
from saline-treated animals, a 1 143-bp SuperCD-specific 
PCR amplification product was detected (Figure 3A, lanes 
#1-#3). Thus, in vivo passage of  SuperCD-expressing 
tumor cells does not cause a relevant selective pressure 
against the presence of  the SuperCD transgene. From the 
same subcutaneously grown tumors explanted at d 18, we 
further performed a functional analysis on recultured tumor cells 
(saline-treated MH SuperCD/MH naïve tumors) by applying 
the SRB cytotoxicity assay (Figure 3B). A 4-d treatment with 
5-FC had no toxic effect on in vivo passaged MH naïve cells 
(control). However, all three MH SuperCD cell cultures 
(#1-#3) obtained after in vivo passage demonstrated a 
profound 5-FC-induced cytotoxic effect (Figure 3B, lower 
curves). The cytotoxic effect following in vivo passage was 
found to be comparable with MH tumor cells that had not 
undergone an in vivo passage (compared with Figure 2). 
These results demonstrated that, irrespective of  an 18-d 
in vivo passage, MH SuperCD tumor cells continuously 
exerted a strong suicide gene effect at low 5-FC prodrug 
levels, which is of  importance for further preclinical and 
clinical suicide gene therapy approaches.

O r t h o t o p i c a l l y i m p l a n t e d M H S u p e r C D t u m o r s 
demonstrate a profound tumor regression under systemic 
5-FC application
Based on the overwhelming efficacy of  5-FC treatment 

observed in subcutaneously grown MH SuperCD tumors, 
we next treated orthotopic liver tumors in the same rat 
hepatoma model in a larger number of  animals, thereby 
investigating the statistical relevance of  SuperCD suicide 
protein expression. As caliper measurement of  small 
intrahepatic tumors is impossible, this study was based 
on non-invasive MRI imaging. Twenty-one days after the 
implantation of  solitary MH SuperCD tumors into the 
livers of  recipient animals, a first MRI was performed. 
Maximum tumor areas were analyzed. Rats with tumor 
areas ranging from 20 to 156 mm2 (representative day 
21 MRI images shown in Figures 4B and C, respectively, 
column 1 “untreated”) were then randomized into two 
groups with six rats in each, and treated twice daily with ip 
injections of  5-FC or saline for 10 d. 

MRI-based measurement of  tumor sizes at the end of  

1 143 bp

 M      V      #3               #2              #1           MH      A

Figure 3 Molecular and functional analysis of subcutaneously grown control 
tumors explanted on d 18 (saline-treated MH SuperCD/MH naïve tumors).
A: Agarose gel electrophoresis of SuperCD DNA-specific PCR products. Lane M: 
marker DNA ladder; lane MH: MH parental cell line (no transgene; negative control; 
PCR performed with 1 µg of DNA); lanes 1-3: PCR amplifications performed on 
MH SuperCD tumor tissues of animals 1, 2, 3 (PCR performed with 1–3 µg of 
DNA); lane V: vector control lane (PCR performed with 1 pg of pLXSN-SuperCD). 
Arrow: indicates 1 143-bp SuperCD-specific amplification product. B: SRB 
cytotoxicity assay with recultured tumor cells explanted after 18 d of subcutaneous 
growth. As in Figure 2, cytotoxicity was measured after 5-FC treatment for 4 d 
in vitro. MH naïve: negative control with MH parental cell line (no transgene; no 
animal passage); MH naïve, #1: MH naïve tumor explanted from a saline-treated 
animal (control); MH SuperCD, cell line: MH SuperCD parental cell line (control; 
no animal passage); MH SuperCD 1, 2, 3, tumor passage: MH SuperCD tumors 
explanted from saline-treated animals 1, 2, 3. All values were referred to that of the 
untransduced control cells and are given as percentage of surviving cells (control: 
100%). All experiments were carried out in quadruplicate. Viability values plotted 
represent fitted medians and 95%CI.
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the treatment (d 31) revealed a persistent orthotopic tumor 
growth for saline-treated control animals (Figure 4A, solid 
lines). In contrast, all six animals treated systemically for 10 
d with 5-FC exhibited a clear decline of  tumor sizes, either 
complete regressions or dramatic reductions (Figure 4A, 
broken lines). Ranking area differences revealed a significant 
difference between the untreated and the treated groups 
(U-test, P = 0.0051). Thus, bifunctional SuperCD suicide 
gene expression was found to be highly effective against 
a rat hepatoma model under both subcutaneous and 
orthotopic implantation conditions.

Low dose 5-FC application found to be sufficient to 
achieve complete tumor regressions of orthotopically 
implanted MH SuperCD cells
Anticipating an enhanced SuperCD suicide gene effect, 
we already had started to administer twice daily with 5-FC 
dosage of  283 mg/kg body weight, which is only half  
of  the dosage of  about 500 mg/kg body weight used 
by others[6,29-33]. Since this prodrug dosing regimen was 
found to be highly efficient for the eradication of  both 
subcutaneous (Table 1) and orthotopic (Figure 4) MH 
SuperCD hepatomas, we aimed next at further decreasing 
the 5-FC dose by reducing the application frequency. 
Thereby, side effects due to 5-FU metabolites resulting 
from unwanted routes of  “collateral” gut toxification 
could be even further reduced.

We tested this hypothesis on three animals with small 
MH SuperCD liver tumors (#7, #8, #9) having received 
saline only as control animals during the first treatment 
period. The other animals had to be euthanized due to 
their tumor burden. In these animals, low dose treatment 
was started on d 31 with only twice weekly ip injections 
of  5-FC (283 mg/kg body weight) for 28 d. When MRI 
was again performed at d 59, all MH SuperCD tumors 
had completely disappeared (Figure 5, right column). In 
none of  these three animals, any solid tumor tissue was 
found at autopsy. Instead, only small yellowish fatty “scars” 
were visible. Thereby, bifunctional SuperCD suicide 
gene expression was found to be highly effective in a rat 
hepatoma model under both subcutaneous and orthotopic 

Table 1 Effect of 5-FC treatment on subcutaneous MH tumor growth
	                                                                           Suicide gene

	                                                  None (control)	                SuperCD

Treatment                5-FC	               1.4 g                                           n.d.
                                                                              3.2 g                                           n.d.
                                                                              1.8 g	                       n.d.   
	            Saline (control)                  2.5 g                                         1.8 g
                                                                              2.9 g                                         1.9 g
                                                                              3.7 g	                     2.7 g

Six animals received two sc tumor cell injections (1×107 cells in 70 µL PBS/
animal). On d 11, tumor-bearing rats were randomized into two groups and 
treatment started with twice daily ip injections of 5-FC (283 mg/kg body 
weight) or saline (control). At the end of 5-FC treatment (d 18), animals were 
killed, tumors were harvested and weighed. Complete regression of tumors 
was observed only in the 5-FC-treated SuperCD tumors (n.d.: no detectable 
tumors).

A

growth conditions, even when a strongly reduced 5-FC 
dosing regime was applied.

Determination of in vivo suicide gene effectiveness by 
direct in vivo comparison of suicide genes SuperCD vs 
YCD vs BCD
Until now, no study encompassing a direct in v i vo 
comparison of  different suicide genes (SuperCD vs YCD 
vs BCD) has been performed. Therefore, 1×107 cells of  
the four cell-lines (1) MH naїve (negative control), (2) MH 
BCD, (3) MH YCD, and (iv) MH SuperCD were injected 
subcutaneously into ACI rats. In this course, each animal 
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D 31

Figure 4 Non-invasive MRI detection of tumor growth of orthotopically implanted 
MH SuperCD hepatomas (saline vs 5-FC prodrug treatment). Animals with MRI 
detectable liver tumors in T2 weighed images were randomized into two groups  
(6 rats/group) and treated twice daily with ip injections of saline or 5-FC (283 mg/kg 
body weight) over a 10-d period. Panel A: Maximum tumor areas (mm2) at d 21 
and d 31; solid lines: tumor growth of control animals (saline-treated); broken lines: 
tumor regression of serum animals (5-FC-treated). Panel B: Representative MRI 
tumor images of the saline-treated control animal exhibiting the smallest tumor 
area at d 21 (left); and a dramatic tumor growth was observed at d 31 (right). Panel 
C: Representative MRI tumor images of the serum animal (treated with 5-FC) 
exhibiting the largest tumor area at d 21 (left); and a dramatic tumor regression 
was measured at d 31 (right). 
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received two injections with two different cell-lines, one 
inoculated at the left dorsum, and the other one at the 
right dorsum. Based on a balanced incomplete block 
plan, the six possible pairs of  cell lines were implanted 
into six groups, each comprising eight animals. Tumor 
volumes were determined by caliper measurement. At 
d 15 after hepatoma cell inoculation, prodrug therapy 
with twice weekly ip injections of  283 mg 5-FC/kg body 
weight (low dose regime) was started. Interestingly, 8 
out of  18 MH SuperCD tumors on d 28 and 11 out of  
18 MH SuperCD-tumors on d 31 had shrunken to an 
immeasurable size (Figure 6A, right panel). A subsequent 
analysis of  covariance of  log tumor volumes revealed 
a significant reduction in median tumor volumes under 
our low dose 5-FC application scheme only for the MH 
SuperCD tumors. The reduction in median tumor volume 
was almost complete (95%CI for the reduction between 
d 14 and 31 from 98.7% to 99.6%) (Figure 6B). The 
maximum likelihood ratio χ² test of  the global hypothesis 
was significant χ² = 264; 3 df; P = 6×10-57). Thus, for the 
first time in vivo evidence was provided demonstrating that 
the SuperCD in vivo suicide gene effect might be superior 
to the one of  YCD (P <10-10), which itself  was superior to 
BCD (Figures 6A and B).

DISCUSSION
Although the study described here demonstrated that the 
expression of  YCD and YUPRT as a fusion protein with 
5-FC administration exerted a striking antitumor effect 
on solid tumors like hepatomas, further improvements 
are needed for clinical applications. Current limitations 
of  in vivo liver tumor transduction efficiencies could be 
further compensated with the help of  intercellular cargo 
proteins (e.g. VP22, our own work[18,34], and Refs. [35,36]). At 
the moment, we are evaluating the properties of  VP22-
SuperCD/SuperCD-VP22 fusion proteins to further 
potentiate suicide gene therapy efficiencies in our rat 
hepatoma model, thereby improving the intratumoral 
distribution of  enzymatically enhanced suicide genes. 
Other promising approaches rely on the employment of  
strong hepatoma-specific promoters which are suitable 
to achieve high levels of  hepatoma-specific SuperCD 
expression in vivo (e.g. the cell growth-related midkine 
promoter)[37]. Most importantly, gene transfer systems 
have to be identified, which are suitable to provide a 
significant increase of  the accessibility of  liver tumor 
cells to systemically applied gene transfer vectors. In 
a recent study, herpes thymidine kinase suicide gene 
transducing liposomes, based on the hemagglutinating 
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Figure 5 MRI detection of tumor growth of orthotopically implanted MH SuperCD hepatomas treated under a low-dose 5-FC regimen. Animals #7, #8, #9 (column 1: tumor 
size at d 21), which first had been treated with saline only for over a 7-d period and thereafter, uniformly exhibiting a substantial tumor growth (column 2: tumor size at d 31), 
were then treated by a low-dose 5-FC regimen [twice weekly ip injections of 5-FC (283 mg/kg body weight)] over a 28-d period until d 59. Analysis of subsequent MRI 
sections did not reveal any MH SuperCD tumors (column 3, d 59: +low dose 5-FC); T2 weighed images are depicted; arrows in column 3 point out to places of former tumor 
localizations before the onset of 5-FC treatment.
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virus of  Japan, were injected directly into the portal 
vein of  severe combined immunodeficiency mice, and 
reported to be as an efficient tool for the transduction of  
multilocalized HUH7 human hepatocellular carcinomas 
in this animal model[38]. Thus, transduction properties 
of  hemagglutinating virus of  Japan (also defined as 
Sendai virus) seem to favor transduction of  liver tumors. 
Concluding from this, also recombinant Sendai virus 
vectors[39,40] encoding optimized suicide genes might 
be suitable to overcome the liver tumor transduction 
barrier[41,42]. HIV-derived lentiviral vectors have also been 
successfully used for suicide gene therapy in hepatocellular 
carcinoma[43]. In addition, newly developed replication-
competent vectors/oncolytic vectors[42,44-47] could be used 
to cope with the liver tumor transduction barrier.

Concerning our current knowledge on severe gene 
therapeutic side effects employing state-of-the-art 
retroviral[48], adenoviral[49], or adeno-associated virus 
vectors[50], a reduction of  vector dosages might become 
possible with the SuperCD suicide gene. This would 
constitute an important additional safety factor for further 
clinical gene therapy applications. Subsequent in vivo studies 
will compare application of  the therapeutic SuperCD 
suicide gene by virtue of  direct (injection), systemic (iv) or 
regional (ia) gene transfer and treatment with 5-FC. 

In summary, a combination of  synergistic strategies 
as described above may allow a further enhancement of  
the suicide gene effect in the near future. Thus, further 
refinements may help to make suicide gene therapy a 
feasible treatment modality for solid malignant tumors in 
human beings.
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