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Abstract

We report here the use of the 5' flanking region of the murine tyrosinase

gene to direct expression of the herpes simplex virus thymidine kinase i/A i
gene specifically to murine melanoma cells, whilst not permitting expres
sion in a range of other cell types. Expression of the herpes simplex virus
tk gene from the tyrosinase promoter in melanoma cells rendered them
sensitive to killing by ganciclovir (100% cell death of a {(-expressing B16

clone after 12 days in culture at 1 jug/ml ganciclovir). We also observed a
substantial bystander killing effect when expressing cells were mixed with
nontransfected parental B16 cells. When transfected murine melanoma
cells expressing tk were injected into syngeneic mice both their tumorige-

nicity and experimental metastatic potential were abrogated completely
when the mice were treated with ganciclovir (27 of 28 mice treated with
water developed progressively growing tumors versus 1 of 30 in the gan-
ciclovir-treated group). Direct injection of the tk gene under control of the

tyrosinase promoter into established tumors in mice, followed by treat
ment with ganciclovir, led to significant reductions in resultant tumor size
relative to the size of tumor developing in mice treated with water (median
tumor weight, 1.65 g versus 2.75 g). Therefore, direct transfer of recom
binant genes by injection of DNA can significantly reduce established
tumor burden in vivo.

Introduction

Molecular therapies for cancer currently are being developed in
which tumor cells or immune cells are transduced stably with a variety
of genes introduced by high efficiency delivery systems, such as
retroviral vectors (1, 2). Constitutive expression of various cytokines,
major histocompatibility complex, or immune accessory molecules by
tumor cells transduced in vitro with the relevant complementary DNA
has been shown to abrogate or decrease the tumorigenicity of the cells
when returned in vivo to immunocompetent recipient animals (3, 4).
Other biological therapies, based upon the adoptive transfer of mod
ified immune cells, seek to exploit their in vivo tumor specificity to
deliver recombinant proteins directly to the tumor mass (2, 5). An
alternative strategy for the treatment of localized disease is to render
tumor cells susceptible to normally nontoxic chemotherapeutic agents
using so-called "suicide genes" such as the HSV tk1 or the bacterial

cytosine deaminase gene (6-9). HSV tk, for example, converts gan

ciclovir, a guanosine analogue, to an intermediate which disrupts
DNA synthesis (10). Expression of HSV tk previously has been
achieved in several different cell types, including lymphoma, hepato-

cellular carcinoma, glioma, fibrosarcoma, and adenocarcinoma (6, 9,
11) and we show now that it can render melanoma cells susceptible to
ganciclovir.

For such strategies to have clinical utility, the suicide gene must be
delivered directly to tumor cells in vivo while avoiding inappropriate
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expression in innocent bystander cell populations. This discrimination
between normal and neoplastic cells has been achieved in the central
nervous system on the basis of cellular proliferation; retroviruses
infect only dividing tumor cells and not the nondividing surrounding
neural tissue (8, 9).

However, other tumor types will require some other means of
restricting expression solely to the desired target cells. One such
approach could be by using tumor cell-specific promoters to direct

expression of a therapeutic gene. Nonspecific delivery of therapeutic
genes to the tumor site, using amphotropic retroviral particles (12, 13)
or direct DNA injection (14, 15) for instance, could then be tolerated
because highly specific gene expression would occur only within the
neoplastic cells. Hepatocyte-specific expression has been achieved
using the hepatoma-associated a-fetoprotein transcriptional regula

tory sequences in just such an approach (6).
We have been investigating the possibility of targeting therapeutic

genes to malignant melanomas. Many human melanomas synthesize
the pigment melanin, which is produced almost exclusively by mel-

anocytes (16). The cell type specificity of melanin synthesis is attrib
utable partly to melanocyte-specific transcription of the tyrosinase
gene (17, 18). Indeed, the 5' flanking region of the tyrosinase gene has

been used to direct expression of a heterologous reporter gene in both
human and murine melanoma cells and melanocytes, while not per
mitting expression in a range of other cell types (17â€”20).We, and

others, have shown that direct injection of DNA into tumors can lead
to transduction of a significant proportion of the tumor cells (14, 15,
20) and that use of a tissue-specific promoter can achieve essentially
tumor-specific expression of the injected gene (20). We now show that
cells stably expressing the tyrosinase-;^ minigene, when injected into

syngeneic animals, have both their tumorigenicity and experimental
metastatic activity abrogated almost totally upon systemic adminis
tration of ganciclovir. In addition, we have demonstrated that direct i.t.
injection of the minigene DNA into established tumors selectively
renders murine melanoma cells sensitive to ganciclovir in vivo, caus
ing a significant reduction in tumor size.

Materials and Methods

Construction of Expression Plasmids. Suhcloning was carried out via
standard recombinant DNA techniques (21 ). Restriction endonuclcase enzymes
were supplied by Northumbria Biologicals (NBL, Cramlington. United King
dom) and Taq polymerase was supplied by Stratech (Luton. United Kingdom).
Oligonucleotides. synthesized on an Applied Biosystcms 380B and purified by
denaturing acrylamide electrophoresis, were provided by the Oligonucleotide
Synthesis Laboratory. ICRF Clare Hall, South Mimms. United Kingdom. PCR
amplification of DNA fragments was carried out on a Techne PHC-2 Thcr-

mocycler and reaction mixes were prepared in a hood separate from normal
areas of DNA handling. Amplified DNA sequences were subeloned into the
PCR II vector (Invitrogen; British Biotechnology Products. Ltd.. Oxford.
United Kingdom) and their identities were confirmed by restriction endonu-
clease mapping. The correct fragments were then shuttled from PC'R II into the

appropriate expression plasmid. Exact restriction maps and details of each
construct are available on request.
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Cell Culture and Selection Media. All cell lines used in this study were
checked routinely and found to he free of Mycoplasma infection. Cell lines
were grown in Eagle's minimal essential medium supplemented with 10%
(v/v) fetal calf serum and 4 HIMi -glutamine. Cultures were maintained at 37Â°C

in a humidified atmosphere of 90% air/10% CO2. Cell lines were selected in
1.25 jag/ml puromycin (Sigma, Poole, United Kingdom) for the transfer of the
puro gene.

DNA Transfection. Adherent cells (!()'') were transfected with 10 fig of

plasmid DNA by calcium phosphate coprecipitation using the Profection
method (Promega. Madison. WI) according to the manufacturer's instructions.

Twenty-four h after the application of the precipitate to the tissue culture
medium, cells were washed three times in serum-free medium and incubated
in normal medium for 72-96 h after which they were split into the appropriate

selection medium.
In Vivo Injection of Tumor Cells. For tumorigenicity assessment 1-1.5 X

HF B16 E2ft cells, expressing the HSV tk gene as a consequence of DNA
transfection, were injected s.c. (100 fil inoculum volumes) into the flank region
of syngeneic C57/BL mice. At 4 days after tumor cell injection mice were
assigned to either control or treatment groups and received daily injections i.p.
of either ganciclovir (150 mg/kg for treatment) or water (control) in l()0-/il

volumes for the next 4 days. Animals were examined daily until the tumor
became palpable whereafter the diameter, in two directions, was measured
daily using calipers and animals were killed when tumor size became 1.5 X 1.5
cm in two perpendicular directions.

For measurement of experimental metastatic activity mice received 1 X IO5

E26 cells injected i.v into the tail vein in 200-/xl volumes. The groups and

treatments were as outlined above and mice were killed 3 weeks after tumor
cell injection; the lungs were removed and examined for gross appearance and
the presence of peripheral tumor nodules and then weighed.

i.t. Injection of DNA. Tumor cells (5 X IO5) of the B16 FI murine

melanoma were injected s.c. in 100-fil inoculum volumes into the flank region

of syngeneic C57/BL and tan mice (ICRF Animal Facility, Clare Hall, South
Mimms, United Kingdom). Ten days later the animals were anesthetized by
halothane inhalation (ICI Pharmaceuticals, Macclesfield, United Kingdom);
the tumors, approximately 4 mm in diameter, were located by palpation and
injected with DNA in 100-jil volumes as calcium phosphate precipitates via a
27-gauge needle. Two days later mice were assigned to either control or

treatment groups and received daily injections i.p. of either ganciclovir (150
mg/kg for treatment) or water (control) in 100-jul volumes for the next 5 days.

Animals were examined daily and the tumors were measured as described
above. Twenty-two days after tumor cell injection, when the largest tumors

were approaching 2.0 x 2.0 cm in size, the mice were killed and the tumors
were dissected out and weighed. To assess any possible effect of ganciclovir on

tumor growth, control groups were established and treated as above except that
100 jal saline were injected into 4-mm tumors before the animals were assigned

to the water treatment or ganciclovir treatment groups.

Results

In Vitro Specificity of HSV tk Expression. The plasmid Tyr-tk
was constructed in which a 2.5-kilobase pair fragment of the promoter

region of the murine tyrosinase gene (19, 20) was used to express the
HSV tk gene (22) (Fig. 1). This promoter fragment confers cell type-

specific gene expression upon a heterologous gene in melanocyte and
melanoma cells in vitro and in vivo (20). Cell lines (murine: B16
melanoma, NIH 3T3 fibroblasts, and colon carcinoma 26; human:
HeLa cervical carcinoma) were cotransfected with 10 jxg of Tyr-tk

plasmid plus 1 /u.gof a puromycin resistance conferring plasmid and
selected for resistance to puromycin (1.25 /xg/ml). A total of 48
puromycin-resistant colonies were selected from each of the lines

examined and cells from these clones were examined for sensitivity to
ganciclovir. Cells of each clone (IO4) were plated into either normal

medium or medium supplemented with 1 p-g/ml ganciclovir and the
number of surviving cells were counted 10 days later. Nine of the 48
clones from the B16 transfectants had either died completely or shown
appreciable growth inhibition in ganciclovir medium. In contrast, no
clones from any of the other cell lines were affected adversely by the
presence of ganciclovir. However, 2 of 20 puromycin-resistant HeLa

clones, generated by cotransfection with a plasmid in which the tk
gene is expressed from the HSV tk promoter, were killed completely
in the presence of 1 /xg/ml ganciclovir. These data confirm the cell
type specificity of the tyrosinase promoter for melanoma cells and
show that the HSV tk gene can be used to transfer sensitivity to
ganciclovir to B16 cells. Representative data showing the susceptibil
ity of one of the selected B16 clones, clone E26, are presented in Fig.

Wild Type Tyrosinase Promoter
Stan of transcription ATG

Tyrosinase

EcoRI.

-2540

EcoRI
Wild Type Tyrosinase Promoter

Xhol

-2540

Tyr-tk

-46

SV40
s.d./s.a.

HSV-tk polyA

pNASSÃŸ

Fig. 1. The Tyr-!k expression plasmid. A 24u4-base pair fragment of the murine tyrosinase promoter (-46 to -2540) (19) was cloned by PCR into the promoterless mammalian
ÃŸ-galactosidaseexpression vector pNASS-ÃŸ(Clontech) to produce the plasmid Tyr-ÃŸ-Gal-1(20). The HSV tk gene (22) was cloned by PCR, with added Non restriction sites, and ligated
into Tyr-ÃŸ-Gal-1by replacing Ihc ÃŸ-Galgene with the tk gene to give Tyr-lk. polyA, polyadenylate: s.d./s.a., SV40 splice donor/splice acceptor sites.
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2A. Although the growth rate of E26 cells in normal medium was
indistinguishable from that of parental B16 cells over a 12-day period,

E26 cells were eliminated completely by 1 jug/ml ganciclovir over the
same time period.

Fig. 2B illustrates that not every cell need be transduced with the
HSV tk gene for cell killing in the presence of ganciclovir because
there is a significant "bystander" killing effect in vitro. Thus, when

clone E26 cells and parental B16 cells were admixed in different
proportions and cultured in 1 fig/ml ganciclovir there was substantial
killing of parental B16 Fl cells. For example, when there was a 50:50
mix of transfected and untransfected cells over 90% of the total cell
population was killed as determined by relating to the number of
B16.F1 cells alone (Fig. 2).
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Fig. 2. A, susceptibility of clone E26 to killing by ganciclovir in vitro. Cells (5 X IO5;

B16.F1 or clone E26) were plated into medium supplemented with increasing concentra
tions of ganciclovir (0. 0.1, 1.0. 10 jug/ml). Cell numbers were counted, in quadruplicate,
at various time points up to 12 days later. Medium was changed after 4 and 8 days. The
growth rates of parental B16 cells were largely unaffected by the presence of ganciclovir
in the medium at and 0, 0.1, 1.0, or 10 fAg/ml ganciclovir and were superimposable on the
growth rate of E26 cells in normal medium. However, by day 12, all clone E26 cells were
dead in both 1 and 10 ng/ml ganciclovir. Bars, SD about the mean for quadruplicate
samples. Clone E26 cells at 0 (Q), 0.1 (O), 1.0 P), 10 (A) fig/ml ganciclovir. B, killing
of bystander cells by melanoma cells expressing the HSV ik gene. A total of IO5 cells,

comprising varying proportions of clone E26 cells as detailed on the abscissa and B16
parental cells, were plated in medium containing 1 (xg/ml ganciclovir. The medium was
changed after 4 and 8 days to remove dead cells. After 12 days of culture the plates were
washed and trypsinized and the remaining cells were counted. Points, means from trip
licate cultures; bars, SD.

In Vivo Response of B16-E26 Cells to Ganciclovir. To assess the

growth of clone E26 cells in vivo, l(f clone E26 cells were inoculated
s.c. into the flank of C57/BL syngeneic mice. Four days later the mice
were allocated into two groups. One group was treated with daily i.p.
injections of ganciclovir at 150 mg/kg body weight whereas the other
group received i.p. injections of equal volumes of water for 4 con
secutive days. Mice were killed when tumors reached a diameter of
1.5 x 1.5 cm. Eight weeks after the initiation of the experiment all
treated mice had been killed and examined for tumor growth. Whereas
27 of 28 animals in the control groups, injected with water alone,
formed progressively growing tumors which achieved 1.5- x 1.5-cm

diameters by 4 weeks after cell inoculation, only 1 of 30 similarly
injected animals developed a palpable tumor when the animals re
ceived ganciclovir. Even though mice in this group were allowed to
survive for an additional 4 weeks, no grossly evident tumors devel
oped. To assess the ability of ganciclovir to inhibit formation of
experimental lung mÃ©tastases,IO5 clone E26 cells were injected i.v.

into mice which were then assigned to control or treatment groups and
treated as described above. Three weeks after tumor cell injection, the
mice were killed and their lungs were examined to assess tumor
burden. Visual inspection with a dissecting microscope confirmed that
the lungs derived from control animals (water-treated) had too many

peripheral lung tumor nodules to count accurately whereas none were
detected in the lungs from ganciclovir-treated mice. This finding was

reflected in a highly significant difference between the lung weights of
the two groups [control group, 1.062 Â±0.07 (SD) g; treatment group
0.459 Â±0.005 g; P < 0.001, Student's i test],

Direct i.t. Injection of Tyr-tk Plasmili DNA. Established s.c. B16
tumors in syngeneic C57/BLand tan mice were treated by injection of
20 p,g of Tyr-tk DNAas a precipitate of calcium phosphate (CaHPO4).

Two days later mice were started on a daily treatment of a single (i.p.)
administration of ganciclovir (150 mg/kg) or water for 5 consecutive
days (30 mice/group). The growth rates of tumors in ganciclovir-

treated mice appeared to be reduced compared to the growth rates of
tumors in the water controls. Twenty-two days after injection of the

DNA animals were killed, and the tumors were dissected out and
weighed. In the experiment presented in Fig. 3 the median weight of
tumors from the water-treated group was 2.75 g while the median
weight of tumors from the ganciclovir-treated group was 1.65 g; (P =
0.0005 by Mann-Whitney U test). These results are representative of

two similar experiments. Ganciclovir had no detectable effect on
tumor growth in the absence of HSV-rÂ£DNA since the mean weight
of saline-injected, ganciclovir-treated tumors was 2.68 g versus 2.43 g
for saline-injected, water-treated tumors (no significant difference).

Discussion

We have shown that expression of the HSV tk gene under the
transcriptional control of the 5' flanking sequence of the tyresinase

gene leads to a marked, cell type-specific chemosensitivity to ganci

clovir in transfected melanoma cells. When such transduced cells were
introduced into immunocompetent recipient syngeneic mice, either at
the s.c. site or in the lungs as a consequence of i.v. injection, they
retained their sensitivity to systemically delivered ganciclovir as evi
denced by the almost total elimination of tumor burden in treated
animals. Tumor load in the control (water-treated) animals demon

strated that insertion of the exogenous DNA into the genome of the
cell had little impact on the malignant capacity of these melanomas.
We have also confirmed the findings of others (9) that not every tumor
cell must necessarily be transduced for effective killing of neighboring
tumor cells to occur. Since no technique currently exists for the
reliable transduction of 100% of tumor cells in vivo, gene targeting of
the tk gene realistically may produce reduction of tumor size even if
only a proportion of tumor cells can be transduced.
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Fig. 3. Reduction in size of established B16 tumors following injection of DNA.
Established s.c. B16 tumors in syngeneic C57/BL and tan mice were injected with 20 fig
of Tyr-tk DNA as a precipitate of calcium phosphate (CaHPO4). Two days later mice were
started on a single daily treatment of administration of ganciclovir (150 mg/kg i.p.) or
water for 5 consecutive days. Twenty-two days after tumor cell injection, when the largest
tumors reached dimensions of 2 x 2 cm, the mice were killed and the tumors were removed
and weighed. Data presented are from one of two independent experiments which gave
very similar results. The median weight of the tumors from animals treated with water was
2.80 g (n = 20); median weight of tumors from mice treated with ganciclovir was 1.65
g (Â«= 26). Mann-Whitney test (comparing ranks of observations in the 2 groups) gives
P = 0.0005.

For routine gene therapy of cancer, it would be desirable to intro
duce recombinant genes directly into tumor cells in vivo. We, and
others, have shown that direct injection of DNA into tumors can lead
to transduction of a significant proportion of the tumor population
(14, 15, 20, 23) and, using naked DNA, we have shown previously
that the 5' flanking region of the murine tyrosinase gene is capable of

limiting expression to cells of the melanocyte lineage in melanoma-

bearing animals (20). Here we report the inclusion of such regulatory
elements into potentially tumoricidal DNA constructs to examine their
cytotoxic efficacy in vitro and in vivo.

Although retroviral vectors are effective delivery vehicles for gene
transfer both in vitro and in vivo (12, 13), they cannot yet be targeted
exclusively to tumor cells (24), other than in situations where the
target tumor cells are dividing in contrast to the surrounding normal,
nondividing neural tissue (8, 9). Our results demonstrate that non-
viral-mediated delivery of the tk gene can also be used to confer a

novel chemosensitivity to ganciclovir upon growing tumors in vivo.
Tissue-specific expression, using the tyrosinase-iÃ‚:minigene, resulted

in a substantial cytotoxic effect to B16 melanoma cells both in vivo
and in vitro. Our previous studies have suggested that around 10-15%

of tumor cells can take up and express a heterologous gene expressed
from the tyrosinase promoter (20). However, we do not know what
proportion of the tumor cells are required to express the injected tk
gene in order to obtain the detectable effects on tumor growth reported
here. In earlier experiments using lower levels of DNA (1-10 p,g/

tumor) no substantial effect on tumor development was observed and
we are currently investigating the importance of the amount of DNA
injected to produce a detectable response. Presumably, the pronounced
bystander killing effect seen in vitro is also operative in vivo; if so it
will contribute strongly to the tumor cell killing since not every tumor
cell need necessarily be targeted with the tk gene. No adverse systemic
effects were seen in any of the mice treated with ganciclovir which
suggests that the use of the tyrosinase promoter was sufficient to

limit expression of the tk gene to tumor cells and that appreciable
numbers of other cell types did not express the tk gene following

DNA injection.
The approach described here may also be useful to express immu-

nomodulatory genes in tumor cells to generate protective immunity to
other nontransduced tumor cells elsewhere in the body (3, 4). Direct
injection of DNA would obviate the need to establish cell lines trans
duced with immunomodulatory genes for individual patients. During
the preparation of this paper, the successful use of such a strategy was
reported (15). These workers demonstrated the generation of a sys
temic antitumor immune response following injection of a foreign
major histocompatibility complex gene but did not use a promoter
which would restrict expression to the tumor cells. No toxicity was
observed due to expression of the recombinant gene in nontumorous
cells, presumably due to the absence of tumor antigens on normal
tissue. However, in our approach, where a cytotoxic gene is deliv
ered to the tumor cells, the importance of tumor-restricted expression
is more apparent. Additionally, the use of a tissue-specific promoter

may also complement and enhance the safety of immunotherapeutic
gene delivery and these experiments are currently under way in our
laboratory.

Our experiments here show that direct i.t. injection of the tissue-
specific tyrosinase-iA: minigene generates a therapeutic response to

ganciclovir and demonstrate, therefore, that the simple injection of
DNA into the tumor mass may be a potential route for gene therapy of
melanoma.
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