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Genetically modified mammalian cells that express the cytosine
deaminase (CD) gene are able to convert the nontoxic prodrug
5-fluorocytosine (5-FC) to the toxic metabolite 5-fluorouracil (5-FU).
PET with '8F-5-FC may be used for in vivo measurement of CD
activity in genetically modified tumors. Methods: A human glioblas-
toma cell line was stably transfected with the Escherichia coli CD
gene. After incubation of lysates of CD-expressing cells and control
cells with 3H-5-FC high-performance liquid chromatography (HPLC)
was performed. The uptake of 5-FC was measured after various
incubation times using therapeutic amounts of 5-FC. In addition,
saturation and competition experiments with 5-FC and 5-FU were
performed. Finally, the efflux was measured. Results: We found that
SH-5-FU was produced in CD-expressing cells, whereas in the
control cells only 3H-5-FC was detected. Moreover, significant
amounts of 5-FU were found in the medium of cultured cells, which
may account for the bystander effect observed in previous experi-
ments. However, uptake studies revealed a moderate and nonsat-
urable accumulation of radioactivity in the tumor cells, suggesting
that 5-FC enters the cells only through diffusion. Although a signif-
icant difference in 5-FC uptake was seen between CD-positive and
control cells after 48 hr of incubation, no difference was observed
after 2 hr of incubation. Furthermore, a rapid efflux could be
demonstrated. Conclusion: 5-Fluorocytosine transport may be a
limiting factor for this therapeutic procedure. Quantitation with PET
has to rely more on dynamic studies and modeling, including HPLC
analysis of the plasma, than on nonmodeling approaches.
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F];a.nsfer and expression of suicide genes into malignant tumor
cells represents an attractive approach for human gene therapy.
Suicide genes typically code for nonmammalian enzymes that
convert nontoxic prodrugs into highly toxic metabolites. There-
fore, systemic application of the nontoxic prodrug results in the
production of the active drug at the tumor site. Cytosine
deaminase (CD), which is expressed in yeasts and bacteria but
not in mammalian organisms, converts the antifungal agent
S-fluorocytosine (5-FC) to the highly toxic 5-fluorouracil (5-
FU). In mammalian cells, no anabolic pathway is known that
leads to incorporation of 5-FC into the nucleic acid fraction.
Therefore, pharmacological effects (due to conversion of 5S-FC
to 5-FU by the intestinal microflora) are moderate and allow the
use of high therapeutic doses (/-3). The distribution of 5-FC in
mammalian tissues is uniform, and neither tissue-specific accu-
mulation nor appreciable binding to plasma proteins has been
observed (3-5). 5-Fluorouracil exerts its toxic effect by inter-
fering with DNA and protein synthesis due to substitution of
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uracil by 5-FU in RNA and inhibition of thymidilate synthetase
by 5-fluorodeoxyuridine monophosphate, resulting in impaired
DNA biosynthesis (6).

The use of CD in cancer therapy has recently been described.
Nishiyama et al. (7) implanted CD-containing capsules into rat
gliomas and subsequently treated the animals by systemic
application of 5-FC. They observed significant amounts of
5-FU in the tumors as well as a decrease in tumor growth rate
and systemic cytotoxicity. This approach for local chemother-
apy was expanded by Wallace et al. (8) for use in patients with
disseminated tumor disease. They used monoclonal antibody
(MAb)-enzyme conjugates to achieve a selective activation of
5-FC, thereby obtaining a sevenfold higher level of 5-FU in the
tumor after administration of MAb-CD and 5-FC than with the
systemic use of 5-FU.

Targeting the enzyme to the tumor site may also be achieved
by the transfer and expression of the suicide gene by use of
recombinant retroviral vectors. Encouraging results were ini-
tially obtained in rat gliomas using a retroviral vector system for
transfer and expression of the herpes simplex virus thymidine
kinase gene (9,10). Recently, in vitro and in vivo studies have
further demonstrated the potency of the CD suicide system.
Tumor cells that had been infected with a retrovirus carrying the
CD gene showed a strict correlation between S-FC sensitivity
and CD enzyme activity (//-14). Although not all the tumor
cells have to be infected to obtain a sufficient therapeutic
response, repeated injections of the recombinant retroviruses
may be necessary to reach a therapeutic level of enzyme activity
in the tumor. Therefore, a prerequisite for gene therapy using a
suicide system is monitoring of suicide gene expression in the
tumor for two reasons: (a) to decide whether repeated gene
transductions of the tumor are necessary and (b) to find a
therapeutic window of maximum gene expression and consec-
utive 5-FC administration. Because 5-FC can be labeled with
18F and shows in vivo stability (15), PET can be used to assess
enzyme activity in vivo (/6,17). The objective of the present
study was to evaluate uptake parameters for 5-FC in an in vitro
model and to obtain data that may be useful for the development
of future quantitative PET measurements.

MATERIALS AND METHODS

Cell Culture

The human glioblastoma cell line T1115 was stably transfected
with the CD gene (Rowley S, et al., in press). Briefly, a polymerase
chain reaction amplification was done using two specific oligonu-
cleotides derived from the published sequence of the CD gene (/8).
The amplified CD gene differed from this sequence in the follow-
ing respects: change of the GTG start codon to ATG; alteration of
the sequence preceding the ATG to match more closely the Kozak
(19) consensus sequence, which is necessary for efficient eukary-
otic translation; and introduction of a HindIlII restriction site at the
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5’ end and mutations in codon 69 (change of CAA to CAC, which
replaces glutamine by histidine) and in codon 179 (change of GAT
to GAC, a silent mutation with no change in the amino acid
sequence). After cloning of the 1.3-kb Hindlll/Xbal CD fragment
into the pRc/RSV expression vector (Invitrogen Corp., San Diego,
CA), resulting in pRSVCD, T1115 cells were transfected with this
vector or the parental pRc/RSVneo vector using Lipofectin (Gibco
BRL, Eggenstein, Germany), and G418-resistant clones were
selected. Two subclones, TI115RSV and T1115CD4, which had
integrated the parental pRc/RSVneo and the pRc/RSV-CD vectors,
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respectively, were used for further analyses. These cell lines
showed no difference in growth kinetics and morphology.

The cells were cultured in Eagle’s basal medium (BME, Gibco
BRL) supplemented with 10% fetal calf serum, 292 mg glutamine,
100,000 units penicillin and 100 mg streptomycin/liter and grown
at 37°C with 5% CO,. In all experiments, the cells were in the
logarithmic growth phase, and all experiments were performed in
triplicate.

Westemn Blot Analysis

After centrifugation of T1115RSV and T1115CD4 cells, the
pellets were resuspended in 100 mM Tris (pH 7.5/1 mM ethyl-
enediaminetetraacetic acid (EDTA/1 mM dithiothreitol (DTT) and
sonicated. Thereafter, the protein concentration of the cell lysates
was determined by the BCA protein assay (20) (Pierce, Rockford,
IL).

For sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis, we used a 10% separating and a 5% stacking gel and 1 X
Laemmli buffer (25 mM Tris base/192 mM glycine/0.1% SDS).
One hundred micrograms of total protein were loaded per lane, and
a 25-mA electric current was applied. Blotting was performed for
1 hr using a nitrocellulose membrane (Hybond extra, Amersham,
Braunschweig, Germany), high-molecular-weight buffer (48 mM
Tris base/386 mM glycine/methanol/0.02% SDS) and the BioRAD
wet blotting system (BioRAD Laboratories, Munich, Germany)
with a 340-mA current. Thereafter, the membrane was incubated
overnight with 1 X Tris-buffered saline (TBS) (137 mM NaCl/2.7
mM KCl/24.8 mM Tris [pH 7.4)/1% bovine serum albumin/5%
powdered milk at 4°C. Antiserum was diluted in 1 X TBS/5%
powdered milk/0.2% Tween-20. The polyclonal rabbit antiserum
(generated by K.H.) was used in a dilution of 1:1000. As the second
antibody, a goat anti-rabbit IgG antibody (1:7500) was used as the
alkaline phosphatase conjugate (Dianova, Hamburg, Germany). As
the substrate for the alkaline phosphatase, S-bromo-4-chloro-3-
inolyl phosphate p-toludine salt (165 wg/ml)/nitro blue tetrazolium
(330 pg/ml) (Sigma, Deisenhofen, Germany) in diethylamine
buffer (5 mM MgCl,/0.1 M diethanolamine, pH 9) was used.
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FIGURE 2. Growth curves (viable cells X 10% of T1115RSV (A) and T1115CD4 (B) exposed to 0.25, 0.5 and 1 mM 5-FC. Mean values and s.d. are shown

(n = 23).

88 THE JOURNAL OF NUCLEAR MEDICINE * Vol. 37 « No. 1 + January 1996




The T1115RSV and T1115CD4 cells were washed twice with
phosphate-buffered saline (PBS) and incubated in supplemented
BME medium without or with 0.25, 0.5 or 1 mM 5-FC. The viable
cell number was determined on Days 1, 2, 3 and 4 after the onset
of treatment using a Coulter ZM counter interfaced to a Coulter
channelyzer (Coulter Electronics, Dunstable, UK) and the trypan
blue method (21).

Cytosine Deaminase Activity in Cell Lysates

The cells were trypsinized, washed with PBS and resuspended in
lysis buffer (100 mM Tris, pH 7.5/1 mM EDTA/1 mM DTT) and
lysed by freeze-thawing five times. The protein content of the
lysates was determined by use of the bicinchoninic acid (BCA)
protein assay (21) (Pierce).

For CD enzyme assays, 240 ul of the lysate (T1115RSV: 17.9
mg of total protein/ml; T1115CD4: 20.9 mg of total protein/ml)
were incubated with 30 ul of 6-(*H)-5-FC (555 kBq) (Moravek
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C FIGURE 3. High-performance liquid chromatographic analysis of T1115RSV
| (A) and T1115CD4 (B) cell lysates after 2 hr of incubation with *H-5-FC and
! 100 - radioactive fractions after 10, 60 and 120 min of incubation (C).
80 Biochemicals, Brea, CA; radiochemical purity 99.7%; specific
2 activity 203.5 GBg/mmole; radioactive concentration 18.5 MBg/
=z 6 ml) at 37°C. Aliquots (80 ul) were taken at 10, 60 and 120 min, and
g a perchloric acid extraction was done by addition of 6 M perchloric
i acid (final concentration 0.6 M) and centrifugation for 5 min at
% 40 15,000 rpm at room temperature in a Hereaus minifuge. The
® supernatants were neutralized with 1 M KOH and 0.5 M Tris buffer
20 - (pH 7.5), centrifuged again at 15,000 rpm for 5 min and analyzed
by reversed-phase high-pressure liquid chromatography (HPLC).
For the HPLC analysis, a Waters 600 Multisolvent Delivery
0 - system with manual injection (U6K injector) was used. The HPLC
was performed as described by Oberdorfer et al. (22), with slight
: : : . ' . : modifications: For the present work, we used a polymer-based
0 20 40 60 80 100 120 140 | reversed-phase column (Emogel l(nauer‘ PRP 100, particle size 10
D pum, 250 X 4.8 mm). Elution occurred with 8 mM NaH,PO, buffer
me (min) with 1% triethanolamine (adjusted to pH 2 with phosphoric acid) at
a flow rate of 1 ml/min. Identification of the peaks was done using
3H-5-FC (Moravek Biochemicals) and 2-('“C)-5-FC (Sigma; purity
>98%; specific activity 1.117 GBg/mmole; radioactive concentra-
Growth Inhibition tion 35.15 MBg/ml) reference samples. Radioactivity was detected

with a Canberra A250 flow-through detection system with a liquid
scintillation flow cell (flow volume 500 wl). Retention time for
5-FC was 2.8 min (k' = 0.6), whereas 5-FU eluted at 7.8 min (k’
= 3.3) on the present setup (t, was determined with urea).

In addition, production of 5-FU in the T1115CD4 lysate was
determined after 10 and 20 min of incubation using 1 mg of total
protein and a final concentration of 0.2 mM 5-FC (370 kBq
3H-5-FC). Specific CD activity was calculated from the difference
of the 5-FU content after 10 and 20 min of incubation and
expressed as picomoles per milligram of total protein per minute.

To determine the release of intracellularly produced 5-FU into
the medium, 7 X 10° T1115CD4 cells were incubated for 24 hr
with 1.85 MBq of *H-5-FC. Subsequently, the medium was
centrifuged for 5 min at 1200 rpm in a Hereaus centrifuge to
remove detached tumor cells. The cell-free medium was subjected
to HPLC analysis after perchloric acid extraction.
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FIGURE 4. T1115CD4 cells incubated for 24 hr with 3H-5-FC. An HPLC
analysis of the medium revealed that 22% of the radioactivity was 5-FU.

Fluorocytosine Uptake Experiments

Uptake under Therapeutic Conditions. Three days after seeding
of 6 X 10* cells in six-well plates, the medium was replaced by 2
ml of fresh medium containing unlabeled 5-FC and 185 kBq
3H-5-FC/ml at a final concentration of 0.5 mM. After incubation
for 30 min and 1, 2, 6, 24 and 48 hr, the cells were washed twice
with ice-cold PBS and lysed with ice-cold 0.6 M perchloric acid
and a cell scraper. The lysate was incubated on ice for 30 min,
vortexed and centrifuged at 1500g for 5 min at room temperature.
The pellet was washed again with ice-cold 0.6 M perchloric acid,
centrifuged at 1500 X 1 g for 5 min and resuspended in 0.3 M
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NaOH. Subsequently, the radioactivity was counted in both frac-
tions: the acid-insoluble (pellet) and the acid-soluble fraction (both
supernatants). To exclude the possibility that the radioactivity in
the acid-insoluble fraction was due to coprecipitation of proteins,
the acid-insoluble fraction after 48 hr of incubation was extracted
with 1 vol of phenol and centrifuged for 10 min at 10,000 rpm in
a Heraeus minifuge. The supernatant was re-extracted with 1 vol of
phenol/chlorophorm-isoamylalcohol (1:1), centrifuged again and
counted.

Saturation

Three days after seeding of 6 X 10* cells in six-well plates, the
cells were washed twice with and incubated in Earles balanced salt
solution (EBSS) (Gibco BRL) for 30 min. Thereafter, the medium
was removed, and 1 ml of EBSS containing 185 kBq *H-5-FC/ml
and cold 5-FC in final concentrations of 0.005, 0.01, 0.02, 0.05,
0.1, 0.2, 0.5, 1 and 5 mM was added. After 10 min of incubation
at 37°C, the cells were washed twice with PBS on ice and lysed
with 0.3 M NaOH.
C tition E: . L

The cells were preincubated in EBSS for 30 min. Thereafter, the
medium was removed, and 1 ml EBSS was added containing 370
kBq *H-5-FC/ml and cold 5-FC at a final concentration of 0.05
mM. After 10 min of incubation the cells were lysed with 0.3 mM
NaOH. This uptake value was compared with those in the presence
of 0.1 mM cytosine, 0.1 mM uracil or 0.1 mM hypoxanthine.
Competition experiments with 5-FU were performed under the
same conditions using 185 kBq '*C-5-FU/ml (0.05 mM final
concentration) and 0.1 mM 5-FC, 0.1 mM uracil or 0.1 mM
hypoxanthine, respectively.

Efflux

Three days after seeding of 6 X 10* cells in six-well plates, the
cells were washed twice with EBSS and incubated for 30 min in 1
ml EBSS containing 740 kBq *H-5-FC and cold 5-FC at a final
concentration of 0.05 mM. The medium was removed, and the
cells were washed twice with EBSS. Three wells for each cell line
were used for immediate lysis of the cells. One milliliter of EBSS
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FIGURE 5. 5-Fluorocytosine uptake in acid-insoluble (A) and acid-soluble fractions (B) of T1115RSV and T1115CD4 cells. Total cell numbers: 3.7 X 10° cells
at 30 min and 1, 2 and 6 hr and 6.5 and 8.9 X 10° cells after 24 and 48 hr for T1115RSV (T1115CD4: 3.1 X 10° cells at 30 min and 1, 2 and 6 hr and 3.8

and 3.2 X 10° cells at 24 and 48 hr). Mean values and s.d. are shown (n = 3).
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TABLE 1
5-Fluorocytosine Uptake in Acid-Insoluble and Acid-Soluble Fractions after Incubation with 0.5 mM 5-Fluorocytosine

5-FC uptake in acid-insoluble fraction

5-FC uptake in acid-soluble fraction

(PmoV/10° cells) (Pmol/10° cells)

Incubation time (hn) T1115RSV T1115CD4 T1115RSV T1115CD4
05 3.79 + 0.32 423+0.18 165.7 = 9.9 142.2 * 8.12

1 3.68 + 0.45 5.8+ 046 169.8 * 10.7 1575 = 2.2

2 4.76 + 0.62 7.27 + 0.72 1788 * 1.47 175875

6 9.65 + 0.28 128212 1833 + 6.78 200.7 * 42
24 13.62 + 057 58.16 + 7.17 1829 + 517 339.7 = 193
48 137 + 0.96 120.37 + 10.72 155.4 + 10.19 517.7 + 286

Results are mean * s.d.
5-FC = 5-fluorocytosine.

was added to the other wells for further incubation. After 1, 2, 4, 6
and 10 min, three wells per cell line were washed again, and the
cells were lysed. The radioactivity of the lysates as well as that of
the medium was counted.

RESULTS

Cytosine Deaminase Activity in Cell Lysates

In contrast to T1115RSV cells, T1115CD4 cells express CD,
as shown by Western blot analysis (Fig. 1). To determine
sensitivity toward 5-FC, the human glioblastoma cell line
T1115RSV and a CD-expressing clone T1115CD4 were grown
in the presence of various 5-FC concentrations. No significant
change in growth pattern was observed in T1115RSV cells
within 4 days, even at 1 mM (Fig. 2A). T1115CD4 cells,
however, showed 50% growth inhibition with 0.25 mM 5-FC
after 4 days and almost complete inhibition when the cells were
exposed to 1 mM 5-FC (Fig. 2B). Because we wanted to
determine whether this inhibition was caused by CD-mediated
5-FU production, HPLC analysis of cell lysates that had been
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FIGURE 6. 5-Fluorocytosine uptake with increasing amounts of 5-FC in the
medium and 10 min of incubation. Total cell numbers: 3.6 X 10° cells for
T1115RSV; 3.25 X 10° cells for T1115CD4. Mean values and s.d. are shown
n=23).

incubated with *H-5-FC for various times was performed. The
T1115RSV cells were unable to metabolize 5-FC to 5-FU (Fig.
3A), whereas in T1115CD4 cells significant amounts of 5-FU
were observed (Fig. 3B). An additional metabolite was eluted
from the column that could be identified as 5-fluorouridine
(FUrd) (Fig. 3B). About 70% and 86% of the radioactivity was
detectable as 5-FU after 1 and 2 hr, respectively (FUrd, 3.2%
and 3.6%) (Fig. 3C). In the presence of 0.2 mM 5-FC,
T1115CD4 lysates converted 4.3% and 8.5% of total 5-FC into
5-FU after 10 and 20 min of incubation, respectively. This
corresponds to a specific enzyme activity of 168.5 pmol of
5-FU/mg of total protein/min. This value is within the range of
values reported by others (//-14).

5-Fluorouracil, which is produced in CD-expressing tumor
cells, may also be released into the extracellular space. There-
fore, an HPLC analysis of the incubation medium was per-
formed after 24 hr incubation of T1115CD4 with *H-5-FC. We
found that 22% of the radioactivity in the medium was S-FU
(Fig. 4).

Uptake under Therapeutic Conditions

Incubation of the cells up to 48 hr under therapeutic condi-
tions with 0.5 mM 5-FC resulted in a time-dependent increase
in radioactivity in both (acid soluble and acid insoluble)
fractions of CD-positive cells, whereas the control cells showed
no increase (Fig. 5, Table 1). After 48 hr, 19% of the total
intracellular radioactivity was present in the acid-insoluble
fraction of T1115CD4 cells (T1115RSV 8%). The radioactivity
in the CD-positive cells was 8.8-fold higher in the acid-
insoluble fraction (Fig. 5A, Table 1) and 3.3-fold higher in the
acid-soluble fraction (Fig. 5B, Table 1) than in the control cells.
To exclude the possibility that the radioactivity in the acid-
insoluble fraction was due to coprecipitation of proteins, the
radioactivity was measured after phenol/chlorophorm-iso-
amylalcohol extraction. Because similar results were obtained
after the phenol/chlorophorm-isoamylalcohol extraction, we
conclude that most of the radioactivity was incorporated into
the RNA/DNA fraction and does not coprecipitate with pro-
teins. After 2 hr of incubation in T1115CD4 cells, only 4% of
total radioactivity was present in the acid-insoluble fraction
(T1115RSV 2.6%). Furthermore, total 5-FC uptake after 2 hr of
incubation showed no difference in both lines (T1115RSV:
183.5 + 5.4 pmole/10° cells; T1115CD4: 183.1 * 7.5 pmole/
10° cells). After 6 hr of incubation, a slight difference in total
uptake was seen, with 213.5 * 4 pmole/10° cells in T1115CD4
and 192.9 * 6.8 pmole/10° cells in T1115RSV. Only very slow
uptake was observed.
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FIGURE 7. uptake without and with a twofold molar excess of cytosine, 5-FU or hypoxanthine in T1115RSV (A) and T1115CD4 cells (C)

5-Fluorocytosine
and 5-FU uptake without and with a twofold molar excess of 5-FC, uracil or hypoxanthine (B and D). Total cell numbers: 3.0 X 10° celis for T1115RSV; 3.2

X 10° celis for T1115CD4. Mean values and s.d. (n = 3).

Saturation and Competition

Kinetic criteria for a carrier-linked transport are saturation of
transport activity with increasing substrate concentrations and
transport selectivity. A high selectivity between chemically
similar substrates indicates carrier-linked transport. Therefore,
saturation and competition experiments were performed to
characterize 5-FC uptake (uptake in this context denotes trans-
port and metabolization). The experiments with increasing
amounts of 5-FC in the medium are shown in Figure 6. Even at
5 mM 5-FC, no saturation of uptake could be observed. To test
for selectivity of uptake, we performed competition experi-
ments of 5-FC and 5-FU uptake. The 5-FC uptake was not
inhibited by a twofold molar excess of cytosine, 5-FU or
hypoxanthine in both cell lines (Fig. 7, A and C). In contrast,
5-FU uptake was specifically inhibited by uracil and to a lesser

92

extent by hypoxanthine, but not by 5-FC (Fig. 7, B and D). In
T1115CD4 cells, 5-FU uptake showed a 92.7% inhibition by
uracil (T1115RSV 88.5%) and a 30.9% inhibition by hypoxan-
thine (T1115RSV 31.9%).

Efflux

We performed an efflux experiment last. A rapid decrease in
the lysates and a rapid increase of the radioactivity in the
medium were observed, suggesting an efficient efflux mecha-
nism (Fig. 8). There was no difference between the control cells
and the CD-positive cells.

DISCUSSION
In the present study using the human glioblastoma cell line
T1115, we found that: (a) CD-expressing cells are sensitive to
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FIGURE 8. 5-Fluorocytosine content in cell lysates (A) and media (B) after different incubation times in 5-FC—free medium. Total cell numbers: 3.5 X 10° cells
for T1115RSV; 3.8 x 10° cells for T1115CD4. Mean values and s.d. are shown (n = 3).

5-FC; (b) these cells are able to convert 5-FC into 5-FU; and (¢)
the 5-FU produced in CD-expressing cells is released into the
incubation medium (Figs. 1-4). Uptake experiments with
therapeutic concentrations of 5-FC revealed that after an ex-
tended incubation time (up to 48 hr), T1115CD4 cells incorpo-
rated significantly more radioactivity in both the acid-soluble
(representing the cytoplasma) and the acid-insoluble fractions
(representing RNA, DNA and proteins) than did the T1115RSV
cells (Fig. 5). Similar results have been described for human
colon carcinoma cells, which showed incorporation of 5-FU
into the RNA fraction after 24 hr of incubation (/2).

In patients with cancer undergoing gene therapy with the CD
suicide system, PET with '®F-5-FC may be applied to evaluate
the CD activity in vivo. Because of the half-life of '®F (109
min), the PET examination has to be performed within the first
2-3 hr after administration of the radiotracer. Therefore, shorter
incubation times have to be evaluated to obtain a simulation for
the PET study. We found a comparable total uptake of 5-FC
after 2 hr in both cell lines in the therapy experiment, with most
of the radioactivity in the acid-soluble fraction (Fig. 5), indi-
cating that PET with standardization to body weight and applied
dose may not be an appropriate quantitative approach.

We also found very slow uptake of 5-FC, which focused
further experiments on the uptake mechanism. A transport
system for cytosine in bacteria and yeasts has been described
(23,25). Furthermore, in the yeast system, uptake of cytosine
and uracil is mediated in part by the same carrier. However,
there seem to exist different mechanisms for cytosine entry in
prokaryotes and eukaryotes. Common uptake pathways be-
tween cytosine and pyrimidines as well as purines have been
described in competition experiments for Saccharomyces cer-
evisiae, Candida glabrata and Candida albicans (23), with a
lower affinity for 5-FC (24,25). In C. glabrata, Polak et al. (25)
found two kinetic systems: one high affinity/low capacity and
one low affinity/high capacity for cytosine transport.

Our results with the T1115 human glioblastoma cell line
showed no saturation of S5-FC uptake up to S mM (Fig. 6). In

addition, 5-FC uptake was insensitive to the presence of
cytosine, 5-FU or hypoxanthine in a twofold molar excess (Fig.
7). Although, 5-FC did not affect uptake of 5-FU, a strong
decrease in 5-FU uptake could be observed in the presence of
0.1 mM uracil and hypoxanthine, indicating a common trans-
port system shared by purine nucleobases, as was suggested by
Wohlhueter et al. (26) and others (27,28). We, however,
observed a difference in 5-FU uptake between T1115CD4 and
T1115RSV cells. Although we have no explanation for this
phenomenon, we emphasize that there is no difference in
growth behavior and morphology between CD-expressing cells
and control cells (Fig. 2).

These findings are evidence that 5-FC enters human cells by
diffusion rather than by a transport process (29). Similar results
have been obtained in studies of the cytosine entry into human
erythrocytes. Cytosine uptake has been shown to be much
slower than the other nucleobases, and its entry appeared not to
be mediated by a carrier, as indicated by the slow uptake
kinetics, lack of saturation of uptake and the finding that the
uptake was not affected by the presence of uracil, hypoxanthine
or adenine (29).

The efflux experiments showed that the radioactivity was
rapidly washed from the cells with no difference between
CD-expressing cells and control cells (Fig. 8). The medium of
cultured CD-positive cells contained 5-FU (Fig. 4), which may
contribute to the bystander effect observed in separate experi-
ments with these cells (Rowley S, et al., unpublished results)
and also in human colon carcinoma cells expressing the CD
gene (12). These studies suggest that 5-FU, released from
CD-expressing cells into the medium, is capable of entering and
finally killing neighboring cells, which may lack CD activity.

CONCLUSION

After CD-mediated conversion of 5-FC to 5-FU, cataboliza-
tion and efflux occur, as in the case of systemic 5-FU admin-
istration with the difference that 5-FU is produced in the tumor
cells and also is released from CD-expressing cells to enter the
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neighboring cells, which have no CD activity. Although, the
enzyme activity proved sufficient for growth inhibition of
tumor cells in vitro, transport may be the limiting factor for
therapeutic application. We observed a slow entry into the
tumor cells and presented evidence that 5-FC does not enter the
cells through active or facilitated transport; rather, it enters by
diffusion, and we also found rapid efflux. These phenomena
may be compensated for by the fact that large doses of 5-FC
(usually daily doses of 150 mg/kg body weight in patients with
mycosis) can be given. Furthermore, it may be possible to
increase the 5-FU level in the tumor cells by modulation of the
efflux or by modulating 5-FU metabolism to increase the
fraction in the acid-insoluble fraction (30,31).

We observed significant differences in 5-FC uptake between
CD-expressing cells and control cells after 48 hr of incubation.
There was, however, no difference in total uptake after a 2-hr of
incubation, suggesting that in a clinical situation quantitation of
PET data using the body weight and injected dose may not be
appropriate. Rather, a modeling approach for the evaluation of
kinetic constants for 5-FC entry and CD enzyme activity,
including HPLC analysis of plasma levels of 5-FU released
from the tumor, may be necessary. Therefore, in a next step to
clinical application of suicide gene transfer into human tumors,
animal studies with '8F-5-FC will be necessary to assess
whether PET can be used for the in vivo measurement of CD
activity in solid tumors. Furthermore, in these experiments, we
will have to address the question of whether modulation of
5-FU transport and metabolism may enhance tracer accumula-
tion.
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