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We have recently shown that the overexpression of
Drosophila melanogaster multisubstrate deoxyribo-
nucleoside kinase (Dm-dNK) in cancer cell lines in-
creases the cells’ sensitivity to several cytotoxic nucle-
oside analogs and the enzyme may accordingly be
used as a suicide gene in combined gene/chemo-
therapy treatment of cancer. To further characterize
the enzyme for possible use as a suicide gene, we con-
structed a replication-deficient retroviral vector that
expressed either the wild-type enzyme that localizes
to the cell nucleus or a mutant (arg247ser) that local-
izes to the cytosol. A thymidine kinase-deficient osteo-
sarcoma cell line was transduced with the recombi-
nant virus and we compared the sensitivity and
bystander cell killing when the cell lines were incu-
bated with the pyrimidine nucleoside analogs (E)-5-(2-
bromovinyl)-2’-deoxyuridine and 1-B-p-arabinofurano-
sylthymine. In summary, we showed that the cells’
sensitivity and the efficiency of bystander cell killing
were not dependent on whether Dm-dNK was located
in the nucleus or cytosol. © 2001 Academic Press

Key Words: gene therapy; suicide gene; nucleoside
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stander effect.

Nucleoside kinases that phosphorylate, and thereby
pharmacologically activate, cytotoxic nucleoside ana-
logs are studied for their possible use in suicide gene
therapy of cancer (1). The most carefully studied sui-
cide gene is the herpes simplex virus type-1 thymidine
kinase (HSV-1 TK) used in combination with the
guanosine nucleoside analog ganciclovir (2-5). Cells
expressing HSV-1 TK phosphorylate ganciclovir to the
triphosphate form that will be incorporated into nu-
clear DNA during DNA replication and repair. Incor-
poration of ganciclovir into DNA causes termination of
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DNA chain elongation and results in cell death (6).
Phosphorylated ganciclovir may be transported be-
tween cells via gap-junctions, and cells located adja-
cent to the cells expressing HSV-1 TK are also killed
(7-9). The killing of adjacent cells, known as the “by-
stander effect,” is an important factor for the success of
suicide gene therapy since currently available gene
delivery systems does not allow introduction of the
suicide gene in all tumor cells.

In attempts to improve suicide gene therapy, combi-
nations of suicide nucleoside kinases and nucleoside
analogs other than HSV-1 TK and ganciclovir are being
studied. Alternative nucleoside kinases include thymi-
dine kinases from different members of the herpes
virus family as well as human nucleoside kinases (10—
12). Genetic engineering of nucleoside kinases is also
used in order to create nucleoside kinases with im-
proved kinetic properties for the phosphorylation of
nucleoside analogs (13, 14). In summary, these studies
suggest that the kinetic properties of the nucleoside
kinase are important determinants for the efficiency of
suicide gene therapy.

We have recently studied a deoxyribonucleoside ki-
nase from the fruit fly Drosophila melanogaster (Dm-
dNK) for possible use as a suicide gene (15, 16). Dm-
dNK has broad substrate specificity with regard to
both purine and pyrimidine nucleoside analog phos-
phorylation and exhibit a higher catalytic rate than
previously studied nucleoside kinases (17, 18). These
properties suggest that the enzyme may be an efficient
suicide gene. Dm-dNK retains its activity when ex-
pressed in human cells, localizes to the cell nucleus,
and increases the cells’ sensitivity to several cytotoxic
nucleoside analogs (15). In the present study, we have
further characterized the use of Dm-dNK as a suicide
gene. We created a replication deficient retrovirus vec-
tor that expressed Dm-dNK fused to the green fluores-
cent protein (GFP) to facilitate detection of the ex-
pressed enzyme in living cells. We also created a
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FIG. 1. Expression of Dm-dNK in the nucleus or cytosol of osteo-
sarcoma cells. (A) Retroviral vector constructs used to express wild-
type nuclear Dm-dNK (dNK-GFP) and the cytosolic mutant Dm-
dNK (A247/dNK-GFP) in fusion with GFP. (B) GFP fluorescence
microscopy of osteosarcoma cells transduced with the retroviral vec-
tors. NLS, nuclear localization signal; Pcyy, cytomegalovirus pro-
moter; LTR, long terminal repeats; Neo®, neomycin resistance gene.

mutant cytosolic Dm-dNK and compared the cytotox-
icity and bystander effects for the nucleoside analogs
(E)-5-(2-bromovinyl)-2’-deoxyuridine (BVDU) and 1-3-
p-arabinofuranosylthymine (araT) when the enzyme
was expressed in either the nucleus or cytosol. In sum-
mary, we showed that the subcellular location of Dm-
dNK expression did not affect the cells’ sensitivity to
the nucleoside analogs or the efficiency of bystander
cell Killing.

MATERIALS AND METHODS

Cell culture. RetroPack PT67 packaging cells (CLONTECH) and
TK-deficient osteosarcoma cells (a gift from Professor J. Balzarini, Rega
Institute, Leuven, Belgium) were cultured in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% (v/v) fetal calf serum (Gibco
BRL), 100 U/ml penicillin, and 0.1 mg/ml streptomycin. Cells were
grown at 37°C in a humidified incubator with a gas phase of 5% CO,.

Construction of retrovirus vectors and transduction of cancer cells.
We used the pLEGFP-N1 retroviral vector (CLONTECH) to express
the Dm-dNK cDNA in fusion with the green fluorescent protein
(dNK-GFP) (Fig. 1). The wild-type Dm-dNK (wtDm-dNK) and the
mutant Dm-dNK (A247/Dm-dNK) were constructed as described (15)
and cloned into the Xhol-BamHlI site of the pLEGFP-N1 vector. The
plasmid was purified using the NucleoBond plasmid purification kit
(CLONTECH,). The DNA sequence of the constructed plasmid was
verified by DNA sequence determination using an ABI310 auto-
mated DNA sequencer (Perkin—Elmer).

The constructed pLEGFP-N1 plasmid vectors were transfected
into the PT67 packaging cells using LipofectAmine (Life Technology
Inc.) according to the protocol provided by the supplier. The medium
from the transfected cells was collected 48 h after transfection,
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filtered through a 0.45-pum filter, and diluted twofold with fresh
medium. The osteosarcoma cells were incubated with the virus-
containing medium for 48 h and then cultured continuously for 3
weeks in the presence of 1.0 mg/ml Geneticin (Gibco BRL).

Western blot analysis and enzyme assays. Protein extracts were
prepared as described (15). The protein extracts were separated by
1.2% SDS/PAGE gel electrophoresis and electrotransferred to the
nitrocellulose membrane. The membrane blots were probed for 1 h
with a polyclonal anti-GFP antibody alkaline phosphatase conjugate
(Clontech). The alkaline phosphatase was visualized by incubation
with 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium
(Sigma). The enzyme assays were performed as described (15). 3.0
uM [methyl-*H]dThd (Moravek Biochem) and 2 uM unlabeled dThd
(Sigma) were used in the reaction.

Autoradiography. The cells were cultured on poly-L-lysine-coated
chamber slides (Nunc, Inc.) for 24 h and labeled with [methyl-
*H]dThd (Moravek Biochem) for 12 h. The slides were rinsed twice
with PBS, fixed for 10 min in methanol:acetic acid (3:1), and washed
three times with ice-cold 10% TCA, once with water, and once with
methanol. The slides were coated with Hypercoat photoemulsion
(Amersham) and exposed 1-3 weeks at 4°C. The autoradiograms
were developed using D-11 developer (Kodak).

Cell proliferation and bystander killing assays. 1-B-p-arabino-
furanosylthymine (araT) was obtained from Lilly Research Labora-
tories. (E)-5-(2-Bromovinyl)-2’'-deoxyuridine (BVDU) was a gift from
Professor J. Balzarini (Rega Institute, Leuven, Belgium). The cells
were plated at ~2000 cells/well in 96-well plates. Nucleoside analogs
were added after 24 h and the medium containing the nucleoside
analogs was changed once during the 4-days incubation. Cell sur-
vival was assayed by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide assay (Boehringer Mannheim) after 4 days of
drug exposure. Each experiment was performed in triplicate.

The assay for bystander cell killing was performed as described
(16). Tumor cells expressing Dm-dNK were mixed at different ratios
with their respective parental cell lines. To promote cell contacts, the
mixed cells were plated in 24-well plates at 3 X 10° cells/well. The
following day, confluent cells were treated with BVDU. After 24 h
incubation, cells were trypsinized and a 1:100 dilution of the cells
was distributed into 96-well plates in five replicates. Cells were
cultured subsequently in the presence of BVDU for 2—-3 days, until
cells without BVDU reached confluence. Cell survival was deter-
mined as described above.
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FIG. 2. Expression and activity of dANK-GFP in the transduced
cells (A) Western blot analysis of cell protein extracts using anti-GFP
antibodies. (B) Dm-dNK activity, determined as dThd phosphoryla-
tion, in crude extracts of the untransduced and transduced osteosar-
coma cells.
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FIG. 3.
(A247/dNK-GFP).

RESULTS

Expression of Dm-dNK in the Nucleus or Cytosol
in a Cancer Cell Line

We decided to express Dm-dNK in the nucleus or in
the cytosol in a cancer cell line to compare the cells’
sensitivity to nucleoside analogs and the efficiency of
bystander cell killing when the enzyme was located in
either of the two subcellular compartments. Expres-
sion of wild-type Dm-dNK in cell lines results in nu-
clear localization of the enzyme due to a nuclear local-
ization signal in the C-terminal region of the protein
(15). Site-directed mutagenesis of arginine-247 to
serine abolishes nuclear import of the protein resulting
in a predominant cytosolic localization of the enzyme
(15). We constructed replication deficient retroviral
vectors to express either the wild-type nuclear Dm-
dNK (dNK-GFP) or the cytosolic arginine-247 Dm-
dNK mutant (A247/dNK-GFP) (Fig. 1). The proteins
were expressed in fusion with the green fluorescent
protein (GFP) in order to easily visualize the subcellu-
lar location of the recombinant enzymes in vivo.

We transduced a thymidine kinase-1-deficient osteo-
sarcoma cell line with the recombinant retrovirus vec-
tor. After selection for stably transfected cells, >90% of
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[*H]dThd autoradiography of the TK-deficient untransduced osteosarcoma cells (A), expressing nuclear dANK-GFP (B) or cytosolic

the cells exhibited green fluorescence (Fig. 1). The cells
transduced with the vector encoding dNK-GFP exhib-
ited fluorescence in the nucleus whereas the cells
transduced with the vector encoding A247/dNK-GFP
showed fluorescence predominantly in the cytosol.
Western blot analysis with anti-GFP antibodies de-
tected similar levels of the ~60-kDa fusion proteins in
the cells expressing either the nuclear dNK-GFP or
the cytosolic A247/dNK-GFP (Fig. 2).

To test the enzymatic activity of the Dm-dNK-GFP
fusion proteins, we assayed dThd phosphorylation ac-
tivity in cell protein extracts (Fig. 2B). The dThd Ki-
nase activity was increased ~60-fold in the cells ex-
pressing either the nuclear ANK—GFP or the cytosolic
A247/[dNK-GFP compared to the untransduced parent
cell line. There was no significant difference in Dm-
dNK activity between the cells expressing dNK-GFP
in the cytosol and in the nucleus. We used autoradiog-
raphy to in situ visualize incorporation of [*H]dThd
into DNA (Fig. 3). Cells expressing nuclear dNK-GFP
or cytosolic A247/dNK-GFP showed dark staining of
cell nuclei indicating incorporation of [*H]dThd into
nuclear DNA, whereas no incorporation of [°*H]dThd
into nuclear DNA was detected in the thymidine
kinase-deficient parent cell line.
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FIG. 4. Sensitivity of the untransduced osteosarcoma cells (m) and the cells expressing dANK-GFP (O) or A247/dNK-GFP (@) to BVDU

and araT.
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In vitro bystander cell killing of untransduced osteosarcoma cells mixed in different ratios with ANK-GFP (A) or A247/dNK-GFP

(B). The cells were incubated in the presence of 0.01 uM (¢), 0.1 uM (m), 1 uM (A), 10 uM (@), or 100 uM (X) BVDU. The cell survival (mean
of five experiments * standard deviation) is expressed relative to cells incubated without BVDU. The dashed line indicates the calculated
cell survival if only Dm-dNK expressing cells had been killed and no bystander effect occurred.

Nucleoside Analog Sensitivity and Bystander
Cell Killing

We determined the sensitivity of the transduced cells
to the pyrimidine nucleoside analogs BVDU and araT
(Fig. 4). The two Dm-dNK—-GFP expressing osteosar-
coma cell lines were more sensitive to the nucleoside
analogs than the untransduced cells. The cells express-
ing Dm-dNK in the nucleus or in the cytosol exhibited
~50- to 500-fold lower ICy, for the investigated com-
pounds compared with the untransduced cells. There
were no differences in nucleoside analog sensitivity
between the cells expressing Dm-dNK in the nucleus
and the cytosol.

The cells expressing dNK-GFP or A247/dNK-GFP
were mixed at different ratios with untransduced cells.
BVDU was added to the mixed cells at concentrations
from 0.01 to 100 uM and incubated for 4 days. A by-
stander effect was found both in the dNK-GFP or
A247/dNK-GFP expressing osteosarcoma cells (Fig. 5).
There were no differences in bystander Killing between
the cells expressing Dm-dNK in the nucleus and in the
cytosol after incubation with BVDU.

DISCUSSION

We have expressed Dm-dNK fused to GFP in the
nucleus or in the cytosol of a cancer cell line and shown
that the cellular sensitivity to cytotoxic nucleoside an-
alogs and the bystander cell killing is not dependent on
the subcellular location of the enzyme. Molecules with
low molecular mass, such as phosphorylated nucleo-
side analogs, are probably crossing the nuclear mem-
brane by free diffusion through the nuclear pore com-
plexes. It has been shown that the intracellular
location does not affect the cytotoxicity for other nucle-
oside kinases such as herpes simplex virus type-1 thy-
midine kinase and deoxycytidine kinase (19-21). In-
terestingly, the bystander cell killing was also similar
when the nucleoside analogs were phosphorylated in
the nucleus or in the cytosol. Bystander cell killing is

mediated by the intercellular transport of phosphory-
lated nucleoside analogs via gap junctions in the cell
membrane. When designing the experiments for the
study, we hypothesized that the bystander cell killing
might be more efficient when the nucleoside analogs
were phosphorylated in the cytosol due to the proxim-
ity to the adjacent cells. However, our findings rather
suggest that the nuclear and cytosolic dNTP pools, as
well as the phosphorylated nucleoside analog pools in
these compartments, are rapidly equilibrated.

Our findings also show that Dm-dNK retains enzy-
matic activity when fused to GFP, and the use of such
fusion protein will facilitate detection of the expressed
suicide gene in cells and tissues. However, the enzyme
activity determined as dThd phosphorylation in crude
cell extracts was 7-fold lower compared to a previous
study when Dm-dNK was expressed without the GFP
fusion tag (15). The lower level of total dThd activity is
also associated with a decreased sensitivity to BVDU
and araT. It is possible that fusion to GFP decreases
the expression of the enzyme, but the C-terminal fu-
sion to GFP may also affect the catalytic properties of
Dm-dNK. Modification of the C-terminal region of Dm-
dNK has been shown to affect the kinetic properties of
the enzyme (22, 23). It is possible that fusing GFP to
the N-terminus of Dm-dNK may be preferred when a
GFP fusion protein is required for easy visualization of
Dm-dNK expression.
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