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Abstract

( .nu- thvrapy protocols for cancer usually involve removal of tumor

cells, culture in vitro to aliciÂ»gene transfer, and subsequent rÃ©introduction
in vivo. Targeting therapeutic genes to tumor cells in situ requires an
accuracy of gene delivery that currently is not possible with the use of
existing techniques. To overcome these limitations we have used two pro
moters, which are preferentially active in melanocytic cells, to direct gene
expression specifically to melanoma cells both in vitro and in vivo. Here we
describe experiments showing that as little as 769 base pairs of the 5'-

flanking regions of the tyrosinase, and 1.4 kilobase pair of the tyrosinase-
related protein 1, genes are sufficient to direct expression of the ÃŸ-galac-

tosidase gene to both human and murine melanoma cells and melanocytes,
while not permitting expression in a range of other cell types in vitro. These
promoters showed high levels of activity in 12 of 14 murine and human
melanoma cell lines tested but showed only basal levels of activity, similar
to that of a promoterless construct, in a range of 12 other cell types. Cell
type specificity is maintained when the construct is delivered to cells either
by physical means or by inclusion of the cell type-specific expression

cassette into a retroviral vector. Direct injection of DNA, encoding the
ÃŸ-galactosidase gene expressed from either promoter, into established K16
melanomas or Colo 26 tumors in syngcneic mice resulted in extensive
transduction of tumor cells in the B16 melanomas ( â€”¿�10% of tumor cells

expressing 10 days after DNA injection), whereas no blue-staining cells

were seen in the Colo 26 tumors. The reporter gene was expressed in
melanoma cells and in some normal melanocytes but not in other sur
rounding normal tissue. We propose that the combination of a tissue-

specific promoter driving a therapeutic gene, with delivery of such a
construct directly to sites of tumor growth in vivo, either by direct DNA
injection or by retroviral infection, may provide significantly enhanced
safety for gene therapy for solid tumors.

Introduction

Biological therapy of cancer based upon the adoptive transfer of
modified immune cells seeks to exploit their in vivo specificity to
deliver recombinant proteins directly to the tumor mass (I, 2). How
ever, this approach involves removal of"cells from the patient followed
by their in vitro manipulation and replacement ;'/; vivo. Proposed

vaccination experiments that use genetically modified tumor cells also
require a similar period of passage /;/ vitm during which time the
neoplastie cells may significantly alter their immunological properties
or growth characteristics (2-4). The in situ modification of cancer

cells by genetic means would offer several potential benefits over
these cumbersome and difficult procedures. Such HIvivo gene therapy
would, however, require a specificity of gene delivery and/or expres
sion that currently is not possible, using existing viral vectors or
physical transfer techniques. One approach to overcoming these lim
itations would be use of tumor cell-specific promoters to direct ex

pression of a therapeutic gene. Nonspecific delivery vehicles (such as
ampholropic retroviral particles) could then be used because specific
gene expression would occur only within the tumor cells (5). Malig
nant melanoma, which represents a cancer whose growth and dissem
ination may be altered significantly by immunological manipulation

(4). provides a model system to examine the potential flexibility of
such tissue-specific expression. Many melanomas synthesize the pig

ment melanin, which is produced almost exclusively by melanocytes
(6-8). and indeed several workers have proposed utilizing the melanin
synthetic pathway forchemotherapeutic intervention (9, 10). The rate-
limiting step in the melanocyte-specific synthesis of melanin is the

hydroxylation of tyrosine catalyzed by the enzyme tyrosinase (11, 12).
Several other proteins associated with melanogenesis have been iden
tified, including proteins which are related to tyrosinase; i.e., TRP-1 '

(13) andTRP-2 (14). Specificity of melanin synthesis is due partly to
the melanocyte-specific transcription of both the TRP-1 (13) and

tyrosinase (15) genes, although posttranscriptional control of expres
sion also contributes to the cell type regulation (16, 17). Here we
describe experiments showing that the S'-fianking regions of both the

tyrosinase and TRP-1 genes are sufficient to direct expression of a

heterologous gene in both human and murine melanoma cells and
melanocytes in tissue culture while not permitting expression in a
range of other cell types. Moreover, the direct injection of DNA
encoding a reporter gene expressed from these promoters into pro
gressively growing melanomas resulted in extensive transduction of
neoplastie cells. These results suggest that the utilization of a tissue-

specific promoter can result in restricted expression of a heterologous
gene both HI vitm and HI vivo and could, therefore, provide a way of
targeting gene therapy to specific tumor types.

Materials and Methods

Construction of Expression Plasmids and Retroviral Vectors. Subclon-

ing was carried out via standard recombination DNA techniques ( 18). Restric
tion endonuclease enzymes were supplied by Northumbria Biological* (NBL.
Cramlington. United Kingdom), and Taq polymerase was supplied by Stratech
(Luton. United Kingdom) Oligonucleotides. synthesized on an Applied Bio-

systems 380B and purified by denaturing acrylamide electrophoresis. were
provided by the Oligonucleotide Synthesis Laboratory. ICRF Clare Hall, South
Minims. United Kingdom. PCR amplification of DNA fragments was carried
out on a Techne PHC-2 Thermocycler and reaction mixes were prepared in a

hood separate from normal areas of DNA handling. Amplified DNA sequences
were subcloned into the PCR II vector (Invitrogen: British Biotechnology
Products Ltd.. Oxford. United Kingdom) and their identities were confirmed
by restriction endonuclease mapping. The correct fragments were then shuttled
from PCR II into the appropriate expression plasmid. Exact restriction maps
and details of each construct are available on request.

Cell Culture. All cell lines used in this study were checked routinely and
found to be free of Mycoplasma infection. Apart from Melab cells which were
cultured in medium supplemented as described previously (19). the lines were
grown in Eagle's minimal essential medium supplemented with 10% (v/v) fetal

calf serum and 4 ITIMi -glutamine. Human umbilical vein endothelial cells were
maintained in Medium 199 (Gibco-Biocult Ltd.. Paisley. Scotland) supple
mented with Earle's salts. 20% (v/v) fetal calf serum, endothelial cell growth

supplement (0.12 mg/ml), 0.09 ing/ml heparin. and glutamine. Cultures were
maintained at 37Â°Cin a humidified atmosphere of 90'7r air/10% CO;.

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

plasmid DNA by calcium phosphate coprecipitation. using the Profection
method (Promega. Madison. WI) according to the manufacturer's instructions.
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1The abbreviations used arc: TRP-1 and TRP-2. tyrosinase-related proteins I and 2:
PCR. polymerase chain reaction; MUG. niethylumne!lileryl-0-[>-galacioside: PBS, phos
phate-buffered saline; X-gal. 5-bromo-4-chloro-3-inolyl-ÃŸ-galactopyranoside.
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GENE TARGETING TO MELANOMA

Twenty-four hours 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 when they were stained for ÃŸ-galactosidase

expression.
Intralumoral Injection of DNA. Tumor cells (1-1.5 x IO5) of either the

B16 FI murine melanoma or the Colo 26 colon carcinoma were injected s.c.
in 100-(jl inoculum volumes into the flank region of syngeneic mice (C57 for

B16 FI, BALB/c for Colo 26). 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
given injections of 1 ug DNA in 100 ul volumes of either PBS or as calcium
phosphate precipitates via a 27-gauge needle.

Quantitative Assay for ÃŸ-Galactosidase Expression. Transfected cells

were assayed for enzyme activity by the technique of MacGregor et ul. (20).
Briefly, cells were resuspended in Z buffer (60 mw Na2PO4-7H2O-40 miÂ«
NaH;PO4-H2O-10 HIMKC1-I min MgSO4-7H2O) at IO7cells/ml. One hundred

and five ul of this cell suspension were dispensed per well of a microtiter plate
and 15 ul of 1% Triton X-100 were added to each well to give a final

concentration of 0.1 *. After 10 min at room temperature. 30 ul of 3 niM MUG
(Sigma, Poole, United Kingdom) ion Z buffer were added to each well and the
reaction was allowed to proceed for 90 min at 37Â°C;75 ul of 300 HIMglycine,

15 min EDTA, pH 11.2, were added to stop the reaction. Fluorescence was
measured on a microtiter dish fluorescence reader (excitation at 350 nm and
emission read at 450 nm). Cells expressing ÃŸ-galactosidase convert the MUG

substrate, a nonfluorescent galactoside analogue, to the fluorescent molecule
4-methylumbelliferone.

Histochemical Detection of ÃŸ-Galactosidase-expressing Cells. Seventy-

two to 96 h following DNA transfection, adherent cells were washed once in
PBS and fixed for IO min at 4Â°Cwith 3.8% formaldehyde in PBS. The fixative

was removed by three washes with PBS and the cells were then incubated with
X-gal solution (Sigma) at 40 mg/ml in dimethylformamide and was diluted to
I mg/ml in 5 HIM K,Fe(CN)6-5 niM K4Fe(CN)(1-3H,O-2 mm MgCl2-0.01%

sodium deoxycholate-0.2% Nonidet P-40. All solutions were prepared in glass
at 37Â°Cfor at least 4 h according to published techniques (21). After staining

the X-gal solution was removed, the cells were washed three times in PBS, and
the cells were inspected under a light microscope. Cells expressing the ÃŸ-ga
lactosidase gene hydrolyze the chromogenic substrate X-gal to give the blue

dye bromochloroindole. Control untransfected cells also were stained to assess
the background endogenous ÃŸ-galactosidase staining.

Detection of ÃŸ-Galactosidase-expressing Tumor Cells. Two, 4, 6, or 10

days after injection of DNA into the tumors, animals were killed by CO2
inhalation, their tumors were excised, minced to 1-mm cubes with scalpels, and
pushed through a stainless steel sieve with a 5-ml syringe plunger, into culture

medium. An aliquot of the resulting cell suspension was spun onto a glass
microscope slide by using a cytospin centrifuge. Slides were air dried and then
fixed for 5 min in 3.8% formaldehyde in PBS. The cells were rinsed in PBS and
incubated overnight in X-gal stain before being inspected under a light micro

scope for the presence of blue cells.
Generation of Recombinant Retrovirus Stocks. The AM 12 packaging

cell line (22) containing the packaging constructs for Moloney leukemia virus
was transfected with 10 ug of retroviral plasmid DNA, using the calcium
phosphate coprecipitation method. Forty-eight h following transfection the

cells were split into puromycin (Sigma) selection medium (1 ug/ml) and
surviving colonies were selected and pooled 2 weeks later. Virus was harvested
from these producer cells by exposing fresh medium to 5 X IO'' cells on a

90-rnm plate and harvesting the medium 16 h later. The medium was filtered

through a 0.45 )jm filter [Nalge (United Kingdom) Ltd., Rotherham, United
Kingdom] to remove cell debris and was then used to infect target cells. The
target cells were split 24 h earlier to a density of IO5 cells/90-mm plate.

Polybrene (Aldrich, Gillingham, Dorset, United Kingdom) was added to the
viral supernatant to 4 ug/ml to enhance virus-cell surface interactions, and the
target cells were exposed to 1 ml of viral supernatant for 2.5 h at 37Â°C;8 ml

of normal growth medium were added to the plate and the infected cells were
grown for a further 72-96 h before being stained for expression of ÃŸ-galac

tosidase.

Results

Construction of Tissue-specific Expression Cassettes. A 2.5-ki-
lobase pair fragment of the 5'-promoter region of the murine tyrosi-
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Fig. 1. Tissue-specific expression cassettes using the tyrosinase and ihe TRP-1 pro
moters. A, pNASSÃŸis a promoterless mammalian expression veclor (24) (Clonlech).
Three unique restriction sites allow cloning of promoter sequences upslream of an ex
pression cassette containing the SV40 splice donor/acceptor sequence (sd/sa), the ÃŸ-ga-
laclosidase gene, and Ihe SV40 polyadenylalion sequence. SV40 ÃŸ-Galcontains the SV40
early viral promoter (from the pBahe Puro vector) (28) cloned into pNASSÃŸ.R, 2496-base
pair (Tyr-ÃŸ-Gal I) or 769-base pair (Tyr-ÃŸ-Gal2) fragments of Ihe mouse tyroinase
promoter (23) were generated by PCR from gemmile DNA of the B16.F1 melanoma cell
line and cloned into the Kci>R\ and Xhn\ restriction sites of pNASSÃŸ.C. the plasmids
TRP-1-ÃŸ-Gal I and 2 were a gift from I.Jackson (MRC, Edinburgh. Scotland) and contain
4 and 1.4 kilobase pairs of the TRP-1 promoter (13) upstream of the ÃŸ-galactosidase gene
and the SV40 polyadenylation sequence.
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nase gene was cloned by using the polymeruse chain reaction from
genomic DNAof the B16.F1 melanoma cell line (23). Both this longer
sequence and a PCR-generuted 769-base pair subt'ragment were sub-

cloned into the pNASS-ÃŸvector (Clontech) which contains a func
tional ÃŸ-galactosidase gene but no eukaryotic promoter sequences
(24) (Fig. 1). These 5'-flanking sequences previously have been

shown both to direct expression of a chloramphenicol acetyltrans-

ferase gene in vitro specifically in melanoma cells as opposed to NIH
3T3 murine fibroblasts (15), and to direct melanocyte-specific expres
sion of a heterologous /Â«/Â«.v-genein transgenic mice (25, 26). Frag
ments ( 1.4 and 4 kilobase pairs) of the promoter of TRP-1 (13) cloned
upstream of the ÃŸ-galactosidase gene were generously provided by

Drs. I. Jackson, Edinburgh. Scotland, and C. Coding, Oxted. United
Kingdom (Fig. 1).

Cell Type Specificity of Tyrosinase and TRP-1 Promoter Frag

ments. The constructs shown in Fig. I were transfected into either
B16 melanoma cells or into NIH 3T3 fibroblasts. and expression of
the ÃŸ-galactosidase gene was monitored 72-96 h after transfection.
The various tyrosinase and TRP-1 promoter-containing constructs
produced expression of ÃŸ-galactosidase in the melanoma cells but

gave only background levels of expression (as measured by expres
sion from the promoterless pNASS-ÃŸplasmid) in the fibroblasts (Fig.

2). In contrast, the SV40 promoter was able to direct expression of the
reporter gene to high levels in both cell types. Similar results were
obtained by using the histochemical assay (21) which can detect
expression of 10' molecules of ÃŸ-galactosidase per intact, individual

cell, using light microscopy. Blue-staining B16 cells were seen re
peatedly following transfection with the tyrosinase or TRP-1 promoter

constructs, but blue NIH 3T3 cells were observed only after transfec
tion with SV40-ÃŸ-Gal.These results were expanded by transfecting

the same constructs into a range of rodent or human cell lines of
melanocytic or nonmelanocytic lineage. In each case SV4()-ÃŸ-Galand
pNASS-ÃŸwere used as the positive and negative controls for trans

fection. A summary of the results is provided in Table 1. Lines des
ignated as negative were categorized as such only after two separate
transfection experiments and the performance of a quantitative MUG
assay. Both the tyrosinase and TRP-1 promoter elements gave no

detectable activity in lines of nonmelanocytic origin, whereas, with

Viral mRNA

SV40

pBabe Puro (Tyr-ÃŸ-Gal)

B
Fig. 3. The reiroviral vector pBahe Puro (Tyr-ÃŸ-Gal).A, the vector was constructed by

cloning the Tyr-ÃŸ-Gal2 expression cassette into the polylinker of pBabe Puro (28) so that
the tyrosinase promoter directs expression of the ÃŸ-galactosidase gene in the opposite
orientation to the direction of the viral mRNA troni the long terminal repeat. B, BI6.FI
cells expressing the ÃŸ-galactosidase gene following infection with recombinant retrovirus
generated from packing of the pBahe Puro (Tyr-ÃŸ-Gal)vector in the AM 12 packaging cell
line (22). Cells were stained for histix'hemical expression of ÃŸ-galactosidase 48 h alter

infection.

t
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Promoter Construct

TRP 2

Fig. 2. Relative activity of lyrosinase and TRP-1 promoters in murine BI6.F1 mela
noma und NIH 3T3 cells. Cells were transfected with 10 pg of the appropriate plasmid
DNA by using the calcium phosphate method: 72-96 h after the calcium phosphate
precipitate had been washed away the cells were analyzed for expression of ÃŸ-galaelosi-
dase, using the quantitative MUG assay. Data are expressed as mean of triplicate values
Â±SD. The data presented are representative of four similar experiments.

the exception of the VUP and DX3 human melanomas, both elements
caused the expression of the reponer gene in a range of melanocyte-

derived lines.
Incorporation into a Retroviral Vector. The ability of the mel

anocyte-specific promoters to function after delivery via a retroviral
vector was examined because retroviral-mediated gene delivery is a
promising route for delivery of gene therapy m vivo (27). The retro-
viral vector pBabe Tyr-ÃŸ-Galwas constructed from the pBabe Puro
vector (28) (Fig. 3/1). Here ÃŸ-galactosidase is expressed from the
769-base pair tyrosinase promoter fragment of Tyr-ÃŸ-Gal2 inserted

into pBabe Puro in the opposite orientation to the direction of expres
sion of the viral mRNA driven from the Moloney leukemia virus long
terminal repeat.

Following transfection of the vector into the AM 12 amphotropic
packaging cell line, recombinant retroviral particles were used to
infect either B16 or NIH 3T3 cells. Seventy-two to 96 h following
infection, expression of the ÃŸ-galactosidasegene was observed in B16

cells but not in the NIH 3T3 target cells by either histochemical or
fluorimetrie assays (Fig. 3ÃŸ).

These results demonstrate that the tyrosinase and TRP-1 promoters

can confer tissue specificity of expression upon a heterologous gene in
both human and murine melanocyte-derived cell lines when delivered

either as plasmid DNA or in the context of a retroviral vector.
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Colo 26 B16

Fig. 4. A. cytospin of cells isolated after direct
injection of DNA into tumors. Cells from Colo 26
or B16.FI tumors were stained in X-gal for expres
sion of /3-galactosidase after being injected 2, 6, or
10 days previously with ~l ug of Tyr-ÃŸ-Gal 2

plasmid DNA preprepared as a calcium phosphate
precipitate. B, fro/en section of a B16.FI tumor
stained in X-gal for expression of ÃŸ-galaclosidase.
The tumor was removed 10 days postinjection of
â€”¿�1 ug of Tyr-ÃŸ-Gal2 DNA prepared as a calcium
phosphate precipitate, f-'illeu arrow, blue-staining

melanoma cells; open arrow, staining at base of
hair follicles which is presumed to indicate pres
ence of normal melanocytes.

DAY 2

DAY 6

DAY 10

In Vivo Injection of DNA. Established s.c. B16 or Colo 26 tumors examination; whereas the same construct injected into the nonmel-

in syngeneic C57BL or BALB/c mice were given injections of 1 ug of anocytic Colo 26 tumors produced no blue staining (Fig. 4A ). Similar
pNASS-ÃŸ.Tyr-ÃŸ-Gal2. or TRP-ÃŸ-Gal2 DNA preprepared as either a

precipitate of calcium phosphate or as naked DNA in PBS. Two, 4, 6,
or 10 days after DNA injection tumors were examined for ÃŸ-galac-

tosidase expression as described. From Fig. 44 it can be seen that the
Tyr-ÃŸ-Gal2 construct caused the gradual accumulation of positive
blue cells in the injected B16 tumors over the 10-day period of

results were obtained in three independent replicate experiments and
from these it was apparent that: (a) the promoterless. control
pNASS-ÃŸconstruct produced no blue cells in either Colo 26 or B16

tumors; (b) there was a gradual increase in the proportion of blue cells
in the positive groups over the 10-day period of examination (10 days

was the last time point examined because of increasing tumor burden)
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Tyhlc I Cell i\pe .\p?ciftt'it\ of txpnssitfft of ÃŸ-gtilticto.vidtisefrom t\rosinase und
TRP-1 promoters

Each cell line indicated was transfected with lOjJg of plasmid DNAofTyr-ÃŸ-Gal l and
2 and TRP-1-ÃŸ-Gul 1 and 2. pNASS-ÃŸand SV40-ÃŸ-Gal were used in each case as a
negative and positive control for transtection. Expression of ÃŸ-galactosidase was scored

as positive (+) if several cells stained blue 96 h after transfection; a cell line was scored
as negative (-) if no blue cells were observed after transfection and if the quantitative
MUG assay showed no expression above background levels (transfection with pNASS-ÃŸ).

SpeciesMouseRalHamsterHumanCelllineMelabBI61735P1735

CI9N1H3T3L-cellsAKRColo

26Gli

CBHK-21SK23HMB25S3Mel

8Mel
17TXM13T8A.375MVUPDX3HeLaHOSHT29SW620LSI74THUVEC"Tissue

typeMelanocyteMelanomaMelanomaMelanomaFihrohlaslFibrohlastT-cell

leukemiaColonGliomaKidneyMelanomaMelanomaMelanomaMelanomaMelanomaMelanomaMelanomaMelanomaOcular

melanomaMelanomaCervical

carcinomaOsteosarcomaColorÃ©ela!

carcinomaColorÃ©ela!
carcinomaColorÃ©ela!
carcinomaEndotheliumExpression

ofTyr-ÃŸ-Gal

TRP-l-j3-Gal+

++
++
++
+------++

++
++
++
++
++
++
+--_

_-----

" HUVEC, human umbilical vein endothelial cells.

up to an estimated 10-15% of cells (Fig. 4/A); (c) no qualitative or
quantitative difference was obvious between the tyrosinase orTRP-1

promoter elements or between material injected as naked DNA or as
a calcium phosphate precipitate. Fro/.en sections of B16 tumors
stained 10 days after DNA injection showed similar results (Fig. 4fi).
Interestingly, the only blue-staining tissue, apart from the neoplastic

cells, was confined to the base of the hair follicles and thus, presum
ably, indicated transduction of normal melanocytes.

Discussion

The results presented here show that it is possible to direct expres
sion of a reporter gene to melanoma cells //; vitro by using the
transcriptional specificity of a melanocytic-specific promoter. This

specificity can be achieved either by physical transfection of plasmid
DNA or by incorporation of the tissue-specific cassette into a retro-
viral vector. Moreover, high levels of largely tumor cell-specific gene

expression can be obtained by direct injection of DNA into the tumor.
Currently, there is no known method of targeting gene therapy

delivery systems (such as recombinant retroviruses) to tumor deposits
in vivo. Therefore, most proposed gene therapy protocols involve the
removal of tumor cells from a patient, their culture in vitro while they
undergo gene transfer, and their subsequent reintroduction into the
patient (2-^). However, such procedures are time consuming, costly,

and may produce altered behavior of the cultured cells. The use of a
tissue-specific expression cassette, possibly as part of a retroviral
vector (5) or as naked, injected DNA (29-31), might allow direct

transfer of therapeutic genes into the body and could alleviate the need
for precise targeting of the delivery system. Such an approach clearly
would not be completely precise since there is no known tumor-

specific promoter and it is noteworthy that our own studies with a

tissue-specific promoter resulted in the apparent expression of the

reporter gene by what are presumed to be normal melanocytes (Fig.
4ÃŸ).Nonetheless, it appears from both the in vitro and in vivo results
that good limitation of expression can be achieved by the use of the
tyrosinase or TRP-I promoters.

The direct injection of constructs in which the ÃŸ-galactosidasegene

is replaced with a therapeutic gene could be useful for the gene
therapy of melanoma, and such experiments currently are under in
vestigation in our laboratory. For example, expression of an immu-

nomodulatory gene in the tumor cells might be sufficient to evoke an
immune response to the melanoma cells which would activate the
specific immune cells to destroy the tumor deposit and, ideally, gen
erate a systemic immunity to distant metastatic tumor deposits (32).
Our in vivo experiments suggest that sufficient cells might be trans
duced with a gene by direct intratumoral injection to allow adequate
expression of the encoded product to generate antitumor activity. The
observed transduction of normal melanocytes following intratumoral
injection demonstrates that normal, as well as neoplastic. cells also
take up and express exogenous DNA. Since expression of tyrosinase
has been reported in nonmelanocytic, neural crest-derived cells such

as spinal ganglia, Schwann cells (33), and astrocytes (34), the strategy
described here might involve unavoidable targeting to other cell types.
However, our results clearly show that the combination of tissue-

specific promoters and direct injection of DNA into tumors provide
new opportunities for targeting gene therapy to specific tumor types.
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