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Dividing eukaryotic cells expressing the herpes simplex virus type 1 thymidine kinase (TK) gene are sensitive
to the cytotoxic effect of nucleoside analogs such as acyclovir or ganciclovir (GCV). Transgenic mice with
cell-targeted expression of this conditional toxin have been used to create animals with temporally controlled
cell-specific ablation. In these animal models, which allow the study of the physiological importance of a cell
type, males are sterile. In this study, we showed that this phenomenon is due to testis-specific high-level
expression of short TK transcripts initiated mainly upstream of the second internal ATG of the TK gene. This
expression is DNA methylation independent. To obtain a suicide gene that does not cause male infertility, we
generated and analyzed the properties of a truncated TK (DTK) lacking the sequences upstream of the second
ATG. We showed that when expressed at sufficient levels, the functional properties of DTK are similar to those
of TK in terms of thymidine or GCV phosphorylation. This translated into a similar GCV-dependent toxicity
for DTK- or TK-expressing cells, both in vitro and in transgenic mice. However, DTK behaved differently from
TK in two ways. First, it did not cause sterility in DTK transgenic males. Second, low-level DTK RNA
expression did not confer sensitivity to GCV. The uses of DTK in cell-specific ablation in transgenic mice and
in gene therapy are discussed.

The herpes simplex virus type 1 thymidine kinase (TK) gene
has gained considerable importance in clinical medicine and as
a research tool. TK can substitute for cellular thymidine kinase
in the metabolic pathway of thymidine, and eukaryotic cells
lacking functional TK can be rescued from culture in hypoxan-
thine-aminopterin-thymidine (HAT) selection medium by TK
expression (44). Furthermore, TK can phosphorylate certain
nucleoside analogs that are not metabolized by cellular en-
zymes (21). This property has allowed the discovery of nucle-
oside analogs such as acyclovir and ganciclovir (GCV) that
possess strong activity against herpesvirus infections (19, 21).
This same property turned out to be useful for negative selec-
tion of TK-expressing cells. Phosphorylated-nucleoside ana-
logs such as acyclovir triphosphate or GCV triphosphate are
potent toxic metabolites for dividing cells. They are incorpo-
rated into elongating DNA by cellular DNA polymerase and
induce chain termination and eventually cell death (20, 36, 42).
This conditional toxicity of TK can be utilized in vivo. TK-

mediated destruction of undesirable cells is being developed
for gene therapy of cancer or human immunodeficiency virus
(HIV) infection (10, 11, 15, 36). Effectiveness has been dem-
onstrated in animal models, and clinical trials for cancer gene
therapy have already been initiated (14). In addition, Heyman
et al. developed the concept of TK obliteration, the ablation of
a specific cell type in transgenic mice (26). This conditional cell
knockout is obtained by expressing TK with a cell-specific

promoter. This system offers the valuable advantages of allow-
ing cell ablation at times and for durations that are fully con-
trolled by the investigator by administration of nucleoside an-
alogs. Such a system is a powerful tool for appreciating both
the physiological importance and the lineage of a given cell
type and has been used for depletion of lymphoid cells, growth
hormone-secreting cells, interleukin-2- and interleukin-4-ex-
pressing cells, or dendritic cells (DC) (6, 18, 26, 30, 34, 40).
One complication observed in transgenic mice harboring the

TK gene is that males were found to be sterile (1, 2, 9, 18, 26,
29, 37). Breeding of these transgenic mice is tedious, and
therefore it is difficult to generate enough mice for experimen-
tal studies. This sterility was correlated with high-level expres-
sion of TK in the testes (2, 9). Testis transcripts are shorter
than full-length TK transcripts and are initiated within the TK
coding sequence under the control of a ‘‘cryptic promoter’’ (2).
We made similar observations when we generated transgenic
mice harboring the TK gene under the transcriptional control
of the HIV long terminal repeat (LTR) sequences with the aim
of directing expression to DC (40). In the transgenic lines in
which full-length transcripts were expressed in DC, allowing
DC ablation, the males were sterile and short TK transcripts
were abundant in the testes. In the others, there was no sig-
nificant transgene expression in either DC or the testes and the
males were fertile. We further investigated this phenomenon
and sought to generate fertile transgenic mice with a condi-
tional toxin capable of performing cell ablation.
In this study, we first analyzed the methylation pattern and

the precise transcription initiations of the TK gene in the testes
and somatic tissues. The results led us to conclude that sterility
should be due to the presence of a cryptic testis-specific en-
hancer which induces strong expression of short transcripts
initiated mainly upstream of the second ATG of the TK gene.
We thus generated a truncated TK (DTK) gene by deletion of
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75651 Paris Cedex 13, France. Phone: 33 1 42 17 74 42. Fax: 33 1 42 17
74 41.
† Present address: Department of Genetics, Columbia University,

New York, NY 10032.

5322



sequences upstream of the second ATG, since some evidence
suggested that the product of such a gene might retain enzy-
matic activity (13, 28, 41, 45). We showed that this protein
possesses thymidine kinase activity and can phosphorylate nu-
cleoside analogs such as GCV. Furthermore, we constructed
transgenic mice expressing DTK and showed that GCV-in-
duced DC ablation could be achieved in these mice in a fashion
similar to that seen with TK, demonstrating its functionality in
vivo. Finally, these DTK-expressing transgenic males were fer-
tile.

MATERIALS AND METHODS

Plasmids. The construction of the pLTR-TK plasmid has been reported else-
where (10). For the pLTR-DTK plasmid, a DTK gene sequence was amplified by
PCR with the TK gene as the template. The 59 oligonucleotide 59CCGAATTC
AAGCTTATGCCCACGCTACTGCGG39 contains EcoRI and HindIII sites
(underlined) and hybridizes to the sequence downstream of the second ATG (in
boldface). The 39 oligonucleotide 59CCGGATCCACCCGTGCGTTTTATTCT
GTCT39 contains a BamHI site (underlined) and hybridizes to the sequence
surrounding the second polyadenylation site (in boldface) (33). The HindIII-
BamHI TK gene fragment from pLTR-TK was replaced by the amplified 1.05-kb
HindIII-BamHI DTK gene fragment, generating pLTR-DTK.
pLTR-DTKhygro was generated by inserting the 1.25-kb XhoI-BamHI LTR-

DTK fragment of the pLTR-DTK plasmid into the 4.4-kb BamHI-SalI fragment
of pHygro (43). The pNCTat retroviral vector was obtained by cloning the 0.4-kb
Tat cDNA fragment of pCV-1 (4) downstream of the cytomegalovirus promoter
of pNC. This plasmid contains a neomycin resistance gene under the transcrip-
tional control of the 59 LTR of Moloney murine leukemia virus and an internal
cytomegalovirus immediate-early promoter.
Transgenic mice. LTR-TK and LTR-DTK transgenic mice were generated as

previously described (40). LTR-TK transgenic mice contain 10, 10, 150, and 1
copies of the transgene per cell for lines 14, 8, 12, and 17, respectively. The 13
transgenic lines with the LTR-DTK sequence contain 1 to 200 copies of the
transgene per cell. Transgenic mice expressing the Tat protein under the control
of the promoter of the hydroxymethylglutaryl-coenzyme A reductase-encoding
mouse housekeeping gene were provided by Majid Mehtali (Transgene, Stras-
bourg, France).
Southern analysis and RNase protection assay. MspI- or HpaII-digested

genomic DNA was electrophoresed in a 1% agarose gel and transferred to a
nylon membrane. Southern blots were hybridized to the 32P-labeled 490-bp
BglII-SacI TK gene fragment surrounding the first four ATG codons (see Fig. 1).
Testis RNA extraction and the RNase protection assay were performed as

previously described (40), with two RNA probes. The antisense S probe extended
from the 59 EcoRV site in the TK sequence to the ScaI site in the HIV LTR
sequence (40). The P probe was generated from the 490-bp BglII-SacI TK gene
fragment cloned into the multiple cloning site sequence of the pGEM3Z vector
(Promega, Madison, Wis.). This plasmid was linearized with PvuII and used as
the template for transcription of a 720-base [32P]UTP-labeled antisense probe
synthesized with T7 RNA polymerase.
Cell culture, DNA transfection, and GCV sensitivity. Cellular TK-deficient L

cells were maintained in Dulbecco’s modified Eagle’s medium containing 10%
newborn calf serum and antibiotics. Cells were transfected by the calcium phos-
phate procedure either with 1 mg of plasmid pLTR-TK and growth in HAT
selection medium or with 20 mg of plasmid pLTR-DTK and 1 mg of plasmid
pHygro (43), containing the hygromycin resistance gene, and growth in hygro-
mycin selection medium (300 mg/ml). After 2 to 3 weeks in the selection media,
HAT- or hygromycin resistance-selected colonies were picked up with sterile
cylinders and individual clones were further expanded. The hygromycin-selected
LTR-DTK(C1) clone, harboring plasmid pLTR-DTK, was then infected with the
supernatant of C-CRIP cells (16) stably transfected with pNCTat. Subconfluent
cells were cultured with the viral supernatant for 4 h with Polybrene (8 mg/ml).
At 48 h later, the cells were selected in HAT medium until clones appeared and
were expanded. Tat-expressing HeLa cells (17), cultured in Dulbecco’s modified
Eagle’s medium containing 10% fetal calf serum and antibiotics, were trans-
fected by the calcium phosphate procedure with 10 mg of pLTR-DTKhygro and
were selected with 300 mg of hygromycin per ml. Individual clones were picked
up and further expanded.
The GCV sensitivity of TK- and DTK-expressing L cells or Tat-expressing

HeLa cells was determined by using a cell growth assay. L cells were cultured in
medium (Dulbecco’s modified Eagle’s medium-serum-antibiotics) supplemented
with hypoxanthine and thymidine for 2 days and then cultured in medium alone
before addition of GCV. L cells or Tat-expressing HeLa cells were seeded in
multiwell (6- or 12-well) plates at 1/150 confluence and cultured with various
GCV concentrations. L cells were detached after 4 days by trypsinization, and
viable cells, excluding trypan blue, were counted. Tat-expressing HeLa cells were
fixed and stained with Giemsa after 9 days, and we visually determined the GCV
dose that reduced the cell density by 50%.
Nucleotide analysis by fast protein liquid chromatography. Cell extracts were

prepared as follows. Cells (2 3 106) were incubated for 12 h with 0.18 mM
[8-3H]GCV (22 C/mmol) from Moravek Biochemicals (Brea, Calif.) in a final
volume of 5 ml. The medium was then removed, and the cells were washed twice
with phosphate-buffered saline. Metabolites were extracted overnight with 0.5 ml
of 60% methanol at 2208C. After centrifugation to remove cell debris, the
supernatant was removed under reduced pressure and the dried extracts were
resuspended in 500 ml of deionized water and filtered through a 0.22-mm-pore-
size filter. The samples were analyzed by fast protein liquid chromatography
(Pharmacia-LKB Instruments, Uppsala, Sweden) on a polymer-based monoQ
HR 5/5 strong anion-exchange column and eluted with ammonium phosphate
buffer (pH 7.0) by using an improved gradient program in the concentration
range of 0.02 to 0.5 M (31). Radioactivity was counted at the column exit with a
Radiomatic Flo-one Beta A-500 apparatus (Packard), and peaks were analyzed
with Flo-one/Data software.

RESULTS

Methylation patterns of the transgene in LTR-TK trans-
genic mice. The sterility of transgenic mice harboring TK cor-
related with high-level expression of short TK transcripts in the
male germinal line. Among our four LTR-TK transgenic lines,
two had a high-level expression of short TK transcripts in the
testes and sterile males, whereas in the two others, little or no
TK expression was detected in the testes and the males were
fertile. In addition, the mice in which the cryptic promoter was
active in the testes (lines 8 and 14) had a functional HIV LTR
promoter in somatic tissues. In the others (lines 12 and 17), the
cryptic promoter in the testes and the HIV LTR promoter in
the skin were both weakly expressed or completely silent (Ta-
ble 1). Therefore, the two promoters were simultaneously ac-
tivated or silent.
Previous transfection experiments showed that CpG meth-

ylation in the 59 end of the TK coding sequence could com-
pletely block expression of the gene (23). We thus analyzed the
methylation pattern of the TK gene in the four LTR-TK trans-
genic lines. Tail and testis DNAs were digested with restriction
enzymeMspI or HpaII and analyzed by Southern blotting. The
two enzymes have the same restriction site (CCGG), but only
HpaII is sensitive to methylation at the CpG dinucleotide.
Thus, the comparison of the digestion patterns of the two
enzymes reveals CpG methylation. After completeMspI diges-
tion of the LTR-TK transgene, three DNA fragments of 405,
245, and 122 bp were expected to hybridize with a probe which
overlaps the second and third MspI-HpaII sites (Fig. 1). These
three fragments were detected in the four transgenic lines. Two
other bands in line 12 and one in line 14 probably corre-
sponded to junction fragments at the transgene integration
sites (Fig. 2). After completeHpaII digestion, the same pattern
was observed in transgenic lines 8 and 14. The band corre-
sponding to the 122-bp fragment (not visible in the Southern
blot of Fig. 2) became visible with longer DNA migration (data
not shown). In these two transgenic lines, an additional band
corresponding to a 650-bp fragment was detected in tail but
not testis DNA, indicating that the second MspI-HpaII site of

TABLE 1. TK RNA expression in skin and testes of
LTR-TK transgenic linesa

Tissue
Mean expression 6 SD in transgenic line(s):

8, 14 12 17

Skin 1.3 6 0.9 0.02 6 0.01 0.00
Testis 10.8 6 7.7 0.25 6 0.19 0.00

a Amounts of full-length TK transcripts in skin samples and those of short TK
transcripts in testis samples were estimated by RNase protection assay. Values
are presented as picograms of TK RNA per 10 mg of total RNA. Three to five
transgenic mice each from lines 8, 12, and 14 contributed to the calculation of the
mean and the standard deviation. The values for lines 8 and 14 were comparable
and were pooled.
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the transgene was weakly methylated in tail DNA and not at all
in testis DNA. In contrast in line 12, most of HpaII-digested
tail and testis DNA fragments were longer than 2.85 kb, the
size of the transgene. This indicated that all of theMspI-HpaII
sites of the TK gene were methylated. Finally, in line 17, which
contains only one LTR-TK copy per cell, the transgene seemed
to be partially methylated in somatic tissues and less methyl-
ated in the testes (Fig. 2). Altogether, these results indicate (i)

that TK methylation is associated with inactivation of both the
HIV and the cryptic TK promoters and (ii) that testis-specific
expression of TK is not correlated with testis-specific underm-
ethylation of this gene.
Testis-specific short TK transcripts are initiated within 145

bp of the TK coding sequence. The presence of a cryptic pro-
moter in the coding sequences of TK was first suggested by
Northern (RNA) blot analysis. In transfection experiments
with cellular TK-deficient cells with a promoterless TK gene,
followed by HAT selection, Roberts and Axel detected two
short TK transcripts of 1.1 and 0.9 kb (38). Similarly, Al-Shawi
et al. found TK transcripts of 1.2 and 0.9 kb in the testes of
transgenic mice harboring TK. A more precise analysis of these
transcripts by RNase protection assay and primer extension
revealed the presence of five transcriptional initiation sites in
an 80-bp sequence between the first and the second ATGs (2).
However, under their experimental conditions, they could not
detect transcripts initiated downstream of the second ATG. To
find these eventual additional transcriptional initiation sites,
we performed an RNase protection assay with two RNA
probes, P and S, that overlap the 59 end of the TK gene by 500
and 290 bases, respectively (Fig. 3). We detected at least eight
groups of transcriptional initiation sites that span a 145-bp
sequence (Fig. 3 and 4). The transcriptional initiation sites of
the longest TK RNA were identical when mapped with probes
P and S (Fig. 4). Therefore, the whole transcriptional initiation
window lies between the first and fourth ATGs and the more
abundant transcripts are initiated upstream of the second
ATG.
In vitro functional properties of DTK. We desired a TK

mutant retaining its enzymatic activity without causing sterility
in transgenic males. The localization of the short TK tran-
scripts in the testes led us to construct a truncated TK gene by
deleting the 59 fragment upstream of the second ATG. To
compare the functional properties of DTK and TK, DTK was
placed under the same transcriptional control of the HIV LTR
promoter used in our previous experiments with TK (40). In
the absence of the viral transactivator Tat, the HIV LTR is a
weak promoter. This allowed us to analyze the functional prop-
erties of DTK at basal and transactivated levels.
pLTR-DTK and pLTR-TK expression vectors were trans-

fected into L cells deficient in cellular TK, and the cells were
then selected in HAT medium. LTR-TK-transfected clones
appeared and grew normally, whereas parental cells died by 5
days. LTR-DTK-transfected cells appeared but died during
week 2 of culture in the selection medium (data not shown).
This suggested that low-level expression of DTK could produce
reduced TK activity compared with expression of the full-
length TK gene. Thus, we generated LTR-DTK transfectants

FIG. 1. Structure of the LTR-TK transgene. The top line shows the CpG dinucleotide distribution. The 13MspI-HpaII restriction sites are numbered, and distances
between the first four sites are indicated. The barred rectangle between the HIV LTR and TK sequences represents part of the multiple cloning site sequence of the
PGEM3Z vector (Promega). The first four start codons (ATG), the stop codon (TGA), and the two polyadenylation sites (Poly A) of the TK gene are indicated. The
construct is drawn to scale. The probe used in the Southern blot analysis is indicated.

FIG. 2. Transgene methylation pattern of the four LTR-TK transgenic lines.
Samples (3, 10, 10, and 30 mg) of tail (ta) or testis (te) DNA of transgenic lines
12, 8, 14, and 17, respectively, were digested with HpaII (top) or MspI (bottom)
and analyzed by Southern blotting with the probe indicated in Fig. 1. The
migration positions of some MspI-HpaII restriction fragments are indicated on
the left (sizes are in base pairs).
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by cotransfection of L cells deficient in cellular TK with pLTR-
DTK and pHygro and then subjected them to selection with
hygromycin. We subsequently transactivated DTK RNA ex-
pression in these transfectants by expression of Tat. This was

achieved by infection with the supernatant of a packaging cell
line transfected with pNCTat, followed by HAT selection. Sev-
eral clones and the bulk of the stable LTR-DTK1Tat trans-
fectants were selected and expanded in HAT medium without
mortality. We analyzed TK transcript amounts in these differ-
ent cells. In three LTR-TK clones, five LTR-DTK clones, and
three LTR-DTK1Tat clones, RNA expression was estimated
to be 5, 1 to 3, and 50 RNA copies per cell, respectively (data
not shown). These cells were then tested for GCV sensitivity.
The 50% inhibitory doses (ID50) were 20 mM for parental L
cells and 0.02 mM for most of the LTR-TK clones. The ID50 of
the six LTR-DTK clones tested was 20 mM, whereas the ID50
of the two clones and the bulk of the LTR-DTK1Tat cells
ranged between 0.03 and 0.08 mM (Fig. 5 and data not shown).

FIG. 3. Schematic representation of the testis-specific TK transcript 59 ends and of the LTR-DTK transgene. The locations of the S and P probes used in the RNase
protection assay relative to the LTR-TK transgene are shown. The wavy lines represent sequences of the PGEM3Z vector. The bent arrow indicates the transcription
initiation site of the HIV type 1 LTR. The flags represent the eight groups of transcription initiation sites of the testis promoter, and the grey region of the TK gene
delimits the transcription initiation window. The region of the TK gene deleted to form the DTK gene is indicated by dotted lines. Other details are described in the
legend to Fig. 1. Constructs are drawn to scale except in the dashed-line regions.

FIG. 4. Transcription initiation sites of the testis-specific cryptic promoter of
the TK gene. Testis RNA (20 mg) from LTR-TK transgenic mouse line 14 was
analyzed by an RNase protection assay with the P riboprobe (lane testis/P) and
the S riboprobe (lane testis/S). The full-length, nondigested P probe (lane P) and
S probe (lane S) migrated on the same 4% polyacrylamide gel. RNA molecular
size markers (lane M) of 100, 200, 300, 400, and 500 bases were generated by in
vitro transcription with an RNA marker template set from Ambion Inc.

FIG. 5. GCV sensitivity of TK- and DTK-expressing L cells. Parental L cells,
the representative C1 clones of LTR-TK and LTR-DTK transfectants, and the
bulk and C1 and C2 clones of the LTR-DTK1Tat transfectants were cultured in
the presence of increasing GCV concentrations for 4 days. The percentage of
viable cells, relative to those in the culture without GCV, was determined. The
dashed lines indicate the ID50. Symbols: 3, L cells; ■, LTR-TK C1; h, LTR-
DTK C1; E, bulk of LTR-DTK1Tat; Ç, LTR-DTK1Tat C1; Ç, LTR-DTK1Tat
C2.
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To rule out the possibility that the HAT selection of LTR-
DTK1Tat clones biased the selection of DTK transfectants, we
analyzed the GCV sensitivity of Tat-expressing HeLa cells
transfected with pLTR-DTKhygro and selected with hygromy-
cin. Of the six clones analyzed, four were sensitive to GCV. An
RNase protection assay showed that they expressed 50 to 100
RNA copies per cell. The ID50 of GCV were below 0.01 mM
for one clone, between 0.1 and 0.01 mM for the three others,
and over 100 mM for parental cells (data not shown).
Altogether, these results demonstrate that DTK is a func-

tional kinase which can phosphorylate thymidine and GCV.
However, in contrast to those that express TK RNA, cells
expressing a very low level of DTK RNA are not sensitive to
GCV.
Comparison of GCV phosphorylation by TK and DTK. We

directly investigated the enzymatic properties of DTK by look-
ing at the GCV phosphorylation pattern in DTK-expressing
cells. 3H-labeled GCV was added to cultures of parental L cells
and TK and DTK gene-transfected L cells. After 12 h, nucle-
oside pools were extracted from these cells and analyzed by
fast protein liquid chromatography. Unphosphorylated GCV
was the only form detected in parental cells (data not shown),
while all three phosphorylated forms were found in TK-ex-
pressing cells. In LTR-DTK cells, phosphorylation appeared to
be very inefficient, with only traces of phosphorylated GCV. In
Tat-expressing LTR-DTK cells, the GCV phosphorylation pat-
tern was similar to that of TK-expressing cells (Fig. 6). There-
fore, DTK could phosphorylate GCV and there was a correla-
tion between the GCV phosphorylation pattern and the GCV
sensitivity of these cells.

DTK allows GCV-mediated cell ablation in transgenic mice
and does not cause male sterility. Thirteen transgenic lines
harboring the LTR-DTK sequence were generated. Six of the
eight transgenic lines analyzed for transgene expression in skin
had a significant level of DTK transcripts, comparable to the
TK transcript level in LTR-TK transgenic lines 8 and 14 (data
not shown). We then analyzed the abilities of different LTR-
DTK transgenic lines to ablate DC. We previously demon-
strated that proliferating DC precursors arising from granulo-
cyte-macrophage colony-stimulating factor-treated bone
marrow cultures derived from LTR-TK transgenic line 14 were
sensitive to GCV. The ID50 of GCV for bone marrow-derived
DC precursors from nontransgenic mice was 40 mM, and it was

0.04 mM for LTR-TK transgenic line 14 mice. We repeated this
same experiment with two LTR-DTK transgenic lines. We
found ID50 of 2 and 20 mMGCV for these two lines, indicating
that the bone marrow cultures derived from LTR-DTK trans-
genic mice were sensitive to GCV, although to a lesser degree
than those from LTR-TK transgenic mice (data not shown).
We then tested GCV-dependent ablation of DC in LTR-DTK
transgenic mice. The DC percentages were compared with
those obtained with GCV-treated LTR-TK transgenic line 14
with the same genetic background. In LTR-DTK transgenic
mice, GCV treatment led to a partial decrease of DC percent-
ages in six different LTR-DTK transgenic lines and only at
GCV doses higher than 70 mg/kg/day (Fig. 7). To increase the
expression of DTK in these transgenic mice, and possibly im-
prove DC depletion, we further crossed LTR-DTK transgenic
lines 3 and 72 (Fig. 7, legend) with transgenic mice expressing
the Tat protein under the control of a mouse housekeeping
promoter. DTK RNA expression in the spleens of the LTR-
DTK 3 Tat double-transgenic mice was increased three- to
fivefold compared with that in the spleens of LTR-DTK trans-
genic mice. These two double-transgenic lines were both
treated with GCV at 50 and 110 mg/kg/day. This resulted in
DC depletion comparable to that obtained with LTR-TK
transgenic mice (Fig. 7). These results are in agreement with
those obtained in in vitro transfection experiments.
Finally, the LTR-DTK and LTR-DTK3 Tat transgenic lines

were tested for fertility. All transgenic males transmitted the
transgene to their progeny in a Mendelian manner. We de-
tected no short TK transcript in their testes with the RNase
protection assay (data not shown).

FIG. 6. Comparison of fast protein liquid chromatography profiles of the C1
clones of LTR-TK and LTR-DTK transfectants and those of the bulk of the
LTR-DTK1Tat transfectants incubated with [3H]GCV for 12 h. MP, monophos-
phate; DP, diphosphate; TP, triphosphate.

FIG. 7. GGV treatment of transgenic mice harboring DTK induces DC de-
pletion. Control mice (h) and LTR-DTK (■), LTR-TK (å), and LTR-DTK 3
Tat (F) transgenic mice were treated with various doses of GCV for 7 days.
Splenic DC were then quantified by flow cytometry as previously described (40).
The control mice were nontransgenic mice or Tat-expressing transgenic mice.
The absolute numbers of splenocytes from control mice and LTR-DTK and
LTR-DTK3 Tat transgenic mice, treated or not treated with GCV, were similar.
Continuous and dashed lines represent the mean 6 1 standard deviation, re-
spectively, of DC percentages for control mice. At GCV doses higher than 70
mg/kg/day, the average percentages for LTR-DTK transgenic lines 3 and 72, from
which are derived the LTR-DTK3 Tat lines, were 0.7 and 0.6, respectively (three
mice of each line were treated). The average percentages for the four other
LTR-DTK transgenic lines were 0.5, 0.7, 0.7, and 0.8.
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DISCUSSION

The use of a conditional cell knockout in transgenic mice
with TK is greatly complicated by a TK side effect that renders
male transgenic mice sterile. This sterility is associated with
high-level expression of short TK transcripts in postmeiotic
germ line cells (9). There are few TK transgenic males that are
fertile and have little or no TK transcript expression in the
testes (Table 1) (2, 9). However, in these mice there is no
significant TK RNA expression in somatic cells. We show here
that this is correlated with transgene methylation (Fig. 2). This
is in accordance with the observation that the methylation of
one of the first MspI-HpaII sites of the TK coding region is
sufficient to block TK expression, even from a heterologous
promoter (23). Therefore, male fertility in a TK transgenic line
is predictive of a lack of transgene expression in somatic tis-
sues, precluding cell ablation with GCV.
We further investigated the cause of male sterility in trans-

genic mice harboring a TK transgene with the aim of generat-
ing a mutant functional enzyme that does not cause sterility.
We first investigated whether the activity of the testis-specific
cryptic promoter of TK is linked to testis-specific undermethy-
lation for several reasons. (i) The TK gene is a GC-rich gene
(65% GC and 15% CpG dinucleotide sites); thus, its expres-
sion may be methylation dependent (7). Indeed, this gene is
considered to be a ‘‘methylation-sensitive’’ gene (23). (ii) CpG
methylation has been involved in the transcriptional regulation
of most tissue-specific genes (12). (iii) The methylation of germ
line genomes is significantly different from the methylation of
somatic cell genomes (35), and testis-specific expression of
some endogenous genes or transgenes has been correlated
with specific undermethylation of the locus in testis DNA (3,
39). We thus compared the TK methylation patterns in somatic
and testis DNAs of LTR-TK transgenic lines. In lines 8 and 14,
in which short TK transcripts are highly and specifically ex-
pressed in the testes, the transgene is undermethylated in both
somatic and testis DNAs. Thus, testis-specific expression of TK
is not due to a particular methylation pattern, strongly suggest-
ing that this expression is rather due to the presence of an
unidentified male germ line-specific enhancer(s) in the TK
gene.
A truncated TK gene starting at the second ATG, with its

major internal transcription initiation sites deleted, might
therefore be silent in testes but still retain a functional activity.
Indeed, in promoters that lack a TATA box or initiator ele-
ment and have multiple transcriptional initiation sites, the
boundaries of the initiation window might depend only on
regulatory sequences around the 59 end of this window (22). In
addition, previous work has shown that truncated TK with
these amino-terminal residues deleted can phosphorylate thy-
midine (25, 41, 45), in accordance with the localization of the
two active sites of the enzyme (ATP and nucleoside-nucleo-
tide-binding sites) 39 to the second ATG (5, 32).
We tested directly the enzymatic and functional properties

of such a DTK as a conditional toxin for eukaryotic cells. We
found that DTK can indeed phosphorylate both thymidine and
GCV, but in contrast to those expressing TK RNA, cells ex-
pressing low levels of DTK RNA are not sensitive to GCV.
Indeed, we have made numerous cell lines from different ori-
gins and species that express TK under the control of various
promoters. The ID50 of GCV varies from one line to another,
but for a given cell line, even very low-level TK RNA expres-
sion is sufficient to render cells fully sensitive to the toxic effect
of GCV (data not shown). On the contrary, we show here that
a low level of DTK RNA expression does not confer sensitivity
to GCV. However, when RNA expression is increased, there is

a correlated increase in sensitivity to GCV. The ID50 for L cells
or Tat-expressing HeLa cells expressing a higher but still mod-
erate level of DTK RNA reaches the ID50 for TK-expressing
cells. These observations are in agreement with previous stud-
ies showing that some herpes simplex virus mutants synthesiz-
ing low levels of truncated TK are less sensitive to the antiviral
effect of acyclovir or GCV than are wild-type viruses (13). This
was correlated with the observation that the stability of trun-
cated TK proteins could be influenced by their amounts (13,
24, 28). These in vitro observations translate in vivo. Indeed,
we obtained good DC depletion in LTR-DTK 3 Tat double-
transgenic mice, comparable to that achieved with LTR-TK
transgenic mice. In contrast, only partial DC depletion was
obtained with LTR-DTK transgenic mice which expressed low
levels of DTK RNA. Finally, the males of these DTK transgenic
mice were fertile and transmitted the transgene to their prog-
eny, in agreement with the observation that no short TK tran-
scripts could be detected in the testes. This suggests that the
putative testis-specific enhancer is located between the first
and second ATGs.
These results demonstrate that the DTK gene can be substi-

tuted for the intact TK gene to generate fertile male transgenic
mice, allowing TK obliteration. Furthermore, the functional
properties of DTK might offer several advantages over those of
intact TK for in vivo use in transgenic mice and for gene
therapy. The utilization of DTK should increase the specificity
of cell-specific ablation in transgenic mice harboring a DTK
gene controlled by a tissue-specific promoter. Indeed, tissue-
specific promoters often demonstrate some leakiness in cell
types other than those in which they should normally be ex-
pressed, the leaky expression usually being weak. Therefore,
only cell-specific expression of DTK would be sufficient to
confer sensitivity to GCV. Similarly, TK has been used to
ablate cancer cells in experimental models, and in humans,
after gene transfer with recombinant retroviruses and adeno-
viruses (14). It has been proposed to place the TK gene under
the control of a cell-specific promoter to minimize possible
deleterious effects resulting from the transduction of other cell
types during in vivo transduction (27). However, internal het-
erologous promoters used in the context of viral vectors may
lose part of their specificity. The use of DTK can offer addi-
tional safety in this setting, since leaky expression is often
weaker than specific expression. This advantage is even more
obvious when use of the TK gene for gene therapy of HIV
infection is contemplated (10). In such a setting, the toxic gene
must be present in the HIV target cell before infection but in
a silent state that can be rapidly activated when HIV infection
proceeds. This is best achieved by using the HIV regulatory
sequences to control TK expression in which an increased level
of TK will be induced, because of the ability of the Tat protein
to transactivate the HIV LTR promoter in infected cells. How-
ever, it is difficult to avoid basal expression of TK in the
absence of HIV infection (8). Therefore, by utilizing the DTK
gene, instead of the intact TK gene, this therapy can result in
the sole ablation of HIV-infected cells, which express a very
high level of DTK.
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