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An Adenovirus Vector Containing the Suicide Gene Thymidine
Kinase for a Broad Application in Cancer Gene Therapy
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Treatment of cancer using gene therapy is based on adding a property to the cell leading to its elimination. One
possibility is the use of suicide genes that code for enzymes that transform a pro-drug into a cytotoxic product. The
most extensively used is the herpes simplex virus thymidine kinase (TK) gene, followed by administration of the
antiviral drug ganciclovir (GCV). The choice of the promoter to drive the transcription of a transgene is one of the
determinants of a given transfer vector usefulness, as different promoters show different efficiencies depending on
the target cell type. In the experiments presented here, we report the construction of a recombinant adenovirus
carrying TK gene (Ad-TK) driven by three strong promotegs 4P,z SV40 and EN1) and its effectiveness in two
cell types. Human HelLa and mouse CCR2 tumor cells were transduced with Ad-TK and efficiently killed after
addition of GCV. We could detect two sizes of transcripts of TK gene, one derived from the close tgggthér P
SV40 promoters and the other from the 1.5 Kb downstream EN1 promoter. The relative amounts of these transcripts
were different in each cell type thus indicating a higher flexibility of this system.
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Insertion of genes that activate pro-drugs to producstro and in vivo(Chen et al. 1994, Su et al. 1997, Sterman
cytotoxity in tumor cells, is considered a potential theraet al. 1998, Herman et al. 1999, Trask et al. 2000). Since it
peutic strategy for cancer treatment. One specific cytbas been reported that the cell type affects the transcrip-
toxic gene therapy approach is viral transduction of then from a given promoter (Everett 1988, Shillitoe &
herpes simplex virus (HSV)-thymidine kinase (TK) gendNoonan 2000), different promoters should be considered
followed by treatment with the antiviral drug, ganciclovirwhen an efficient expression has to be achieved.

(GCV) (Moolten 1986). GCV is a good substrate for viral  Differently from the previous adenovirus vectors that
TK, but is not recognized by the mammalian analogousave only one promoter (Chen et al. 1994, Rosenfeld et al.
enzyme (Ellion et al. 1977). Viral TK phosphorylates GC\1995, Park et al. 1997, Anderson et al. 1999), we report here
to the monophosphate form, which is then converted the construction of an adenoviral vector harboring three
the triphosphate form by cytoplasmic enzymes. GCV tripldifferent strong promoters to drive TK gene expression:
osphate, when incorporated into replicating DNA, stophe human cytomegalovirus immediate early promoter
chain elongation and results in cell death. In additiorfPs,, ), the SV40 early promoter and the EN1 promoter
GCV treatment exerts a bystander effect, as it causes af¥entura et al. 1990, Ventura & Villa 1993). This Ad-TK
the death of the neighboring untransduced cellgas tested in two distinct tumor cell lines, human HelLa
(Ezzeddine et al. 1991, Freeman et al. 1993, Samejimaafd the mouse CCR2. This is an effort to improve the
Meruelo 1995). efficiency of TK gene expression regardless of the tumor

For several reasons such as stability of the partickell target since when one promoter is weak, one of the
and broad range of target cells, adenoviruses are attramtiers could properly drive the transcription of TK gene
ing increasing attention as expression vectors, especialyachieve a better level of expression.
for human gene therapy (Berkner 19.92). The adenovirus MATERIALS AND METHODS
vectors that have been used for this purpose carry the ) ) )
transgenes replacing the E1 region from their genome, Cell lines, medium, and virusesieLa and HEK 293
since its deletion renders the viruses defective for repkells (Graham etal. 1977) were purchased from the Ameri-
cation and incapable of producing infectious viral parcan Type Culture Collection, and CCR2 (NIH3T3 trans-
ticles in target cells. These vectors are able to grow orfi§fmed byEJrag was described previously (Jasiulionis
in HEK 293 cells, which Supp|y E1l produmgrans(Gra_ etal. 1996) HEK 293 cells were grown in Minimum Essen-
ham et al. 1977). Adenovirus vectors with the TK gental Medium (MEM, Life Technologies, Inc., USA), HelLa
have been used extensively in a variety of tumor cells gd CCR2 cells in Dulbecco’s Modified Eagle’s Medium
(DMEM, Life Technologies, Inc., USA), both supple-
mented with 10% fetal calf serum (Cultilab, Brazil) and
gentamicin (400 pg/ml). The cells were maintained #€37
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Enzymes and primerdRestriction endonucleases (ex-  Generation of recombinant adenoviral plasmide-
ceptPI-Scelandl-Ceul which were provided together combinant adenovirus vector expressing TK downstream
with Adeno-X"™M Expression System-Clontech, USA), T4of three promoters (SV40, EN1 and\R, |g) was con-
DNA ligase, Taq DNA polymerase, and proteinase K westructed using the Adenof¥ Expression System
from either New England Biolabs or Boehringer Mannheir(Clontech Inc., USA), following manufacturer’s instruc-
(USA). The TK gene forward (F), reverse (R) and internaions, which exploits the ligation method (Mizuguchi &
primers (synthesized by Life Technologies, Brazil) wer&ay 1998). Briefly, the pShuttle-TK was digested vidth
drawn based on sequence data obtained by McKnigBtelandI-Ceul to release the expression cassette con-
(1980). Their sequences and respective positions accotaining the three promoters (SV40, EN1 apg,P,c), TK
ing to that data are presented below. gene and the bovine growth hormone polyadenylation

TKF - 5TATGGCTTCGTACCCCGGCC3' (308-328) signal (BGA poly A). This DNA fragment was subse-
TKR - 5CTCCTTCCGTGTTTCAGTTAGCS (1432-1453) quently ligated to the pAdeno-X, digested Wlth' the_ same
TKR1-5CCATTGTTATCTGGGCGC3 (676-694) enzymes to generate pAd_eno—XTK. After Ilga_uon it was
TKR2 - ’CAGGTCCAGCCGCTCG3' (980-996) digested withSwa Irestn_ctlon enzyme to avoid the oc-
TKR3 - 5 TGCATGGAACGGAGGCG3 (1261-1287) currence of non-recombinant plasmids and used to trans-
TKF1-5TGGGGGCTTCCGAGACS (580-596) form E. coli DH5-a, clones bearing ampicilin resistance

e , g were selected. Plasmids obtained were screened by di-
TKF2-5TGGCCCTCATCCCGLCS (880-896) gestion with the restriction enzym&éo |, EcoR land

Plasmids construction TK gene was amplified via Xbal.
PCR from the plasmid pMC19TK kindly provided by Dr  Ad-TK production Approximately 16 HEK 293 cells
Mario Capechi (Mansour et al. 1988) with the primers TKwere plated in 25 cfflasks 24 h before transfection, by
and TKR. Amplification was performed during 30 cyclesyhich time they reached 60-70% confluency. After that,
of 94°C (1 min), 5PC (1 min) and 7&C (1 min 30 sec), after 2.5 pg of pAdeno-XTK, digested withacl, were trans-
aninitial 5 min at 92C to denature input DNA, with a final fected using the calcium phosphate co-precipitation tech-
5 min at 72C for strand extension. The 1200 bp produaiique (CalPho$¥ Mammalian Transfection kit, Clontech
was purified and cloned into tleoRVsite of pSH plas- Inc., USA) according to the manufacturer’s instructions.
mid (Ventura & Villa 1993) that contains SV40 and EN1Upon evidence of extensive cytopathic effect the cells
promoters, generating pSHTK. TK gene sequence wagre harvested, submitted to three freeze and thawing
confirmed, after cloning, by automatic sequencing witBycles and centrifuged at 2,000Xg for 10 min. The super-
the ABI prism® Big Dye Terminator Cycle Sequencinghatant was collected and viral titer determined by plaque
Ready Reaction (Applied Biosystems, USA) using thassay in HEK 293 cells. The presence of TK gene was
primers described above (TKF, TKR, TKR1, TKR2, TKR3accessed by Southern blot (Sambrook et al. 1989). Viral
TKF1, TKF2 and TKF3) and ABI PRISW 310 Genetic DNA was isolated (Hitt et al. 1998) and digested Witial,
Analyzer (Applied Biosystems, USA). No mismatch byseparated on a 0.8% agarose gel, transferred onto a
the PCR cloning was observed in the TK gene. Hybond N nylon membrane (Amersham, USA) and hy-

The insertion of the TK gene, SV40 and EN1 promotsridized with a $2P] labeled probe of 680 bp generated by
ers in pShuttle (Clontech Inc., USA) was done with aPCR from pSHTK using the TKF1 and TKR3 primers.
intermediate vector, pBI-TK, constructed by sub-cloning Adenovirus infection and ganciclovir treatment
TK gene and the two promotedéhol-Notl fragment) into  HeLa and CCR2 cells were plated 24 h prior to infection,
pBI-L (Clontech Inc., USA). In this constructbalsites  with all experiments being performed when cells reached
flank the cassetteXbal digested pBI-TK was used to a confluency of 70-80%. The infection procedures were
transfer TK and promoters to pShuttle, resulting in thearried out with the recombinant adenoviruses (Ad-TK
vector pShuttleTK. In this construct, TK gene is undesind Adfgal) diluted in DMEM without serum and anti-
the control of three promotersdf,, |, SV40 early and biotics for 1 h at 37C. Complete growth media containing
EN1). GCV (25 pg/ml) was then added to the cell culture. After 4

Characterization of pSHTK clone€CR2 cells were days the cells were fixed and stained.
co-transfected with both pSHTK (10 pg) and pSV40-neo Analysis of TK gene transcripts after tranduction
(1 pg) using Lipofectin (Life Technologies, Inc., USA)with Ad-TK- Hela and CCR2 cells ($@ells in 75crd
according to manufacturer’s instructions. After 48 h thasks) were infected with 2 pfu/cell of Ad-TK. After 48 h
cells were treated with 400 pg/ml of Geneticin (Life TechRNA was extracted and a Northern blot performed as de-
nologies, Inc., USA) in growth media to select the clonescribed above, with &§P] labeled probe of 680 bp gener-
The clones obtained were incubated in growth mediged by PCR from pSHTK using the TKF1 and TKR3 prim-
containing different concentrations (12.5, 25 and 50 pefs. Quantification of the probe radioactivity hybridized
ml) of GCV. DNA from the sensitive clones was extracteth the TK transcripts was done by exposition of the bloted
and submitted to PCR as described previously. RNA wag/lon membrane in a Phosphorimager Storm 840 (Mo-
extracted according to the acid guanidinium thiocyanatéecular Dynamics, USA).
phenol-cloroform method (Chomczynski & Sacchi 1987) RESULTS
and Northern blot (Sambrook et al. 1989) was performed
using Hybond N nylon membranes (Amersham, USA), TK gene expression from pSHTrior to the con-
and hybridized with &fP] labeled probe of 1200 bp gen-struction of Ad-TK it was necessary to verify if the sub-
erated by PCR of pSHTK using the TKF and TKR primersloned TK gene sequence was correct and the expressed
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gene working properly. The vector pSHTK, constructedShuttleTK recovery. The candidate clones were screened
as described in Materials and Methods, has the TK gehg digestion with appropriate restriction endonucleases.
driven by the EN1 and SV40 promoters. pSHTK and pSV4@a our experience over 70% of the ampicilin resistant clones
neo (which carries a eucariotic resistance marker) weobtained carried the sought-after recombinant adenoviral
co-transfected into CCR2 and clones were selected wittasmid.
geneticin (see Materials and Methods). All clones ob- Obtaining Ad-TK adenovirus in HEK293 cell§he
tained were submitted to ganciclovir treatment and amompasmid pAdeno-XTK contains tweacl restriction sites,
them two showed sensitivity. The best GCV concentravhich are located at both ends of the viral genome, 3’ and
tion was 25 pg/ml, which did not show any apparent tox&’ of the inverted terminal repeats (ITRs). Thus, to ensure
effect to the control cells and was effective to kill cellgfficient replication and packaging of recombinant aden-
harboring TK gene (data not shown). The presence aadirus carrying TK gene (Ad-TK), the plasmid was di-
expression of TK gene in the GCV sensitive clones wagsted withPacl and used to transfect HEK 293 cells.
also assessed by PCR and northern blot respectively (ddthen cells grew to confluence before viral plaques ap-
not shown). peared, they were trypsinized and transferred to a larger
Construction of pAdeno-XTK vecterThe overall flask, and after 21 days plaques appeared turbid due to
strategy developed here is diagrammed in Fig. 1 and ight scattering by dead cells indicating the adenovirus
volves three steps. To begin with, the TK gene and prpresence. To confirm the presence of the TK gene in the
moters SV40 and EN1 were transferred from pSHTK teecombinant adenovirus, the viral DNA was extracted and
pBI-TK, and then to pShuttle vector, which contains tha Southern blot was carried out, using the DNA of recom-
human cytomegalovirus immediate early promotgi?  binant adenovirus with tHggalactosidase gene (Aityal)
ig)» in such a way that the TK gene was placed dowms negative control and pShuttleTK as positive control.
stream of the three promoters (see Materials and Methig. 2 shows the probe hybridized with viral DNA extracted
ods). Next, the entire expression cassette, which from HEK 293 cells transfected with the Ad-TK construct.
pShuttleTK is flanked by uniqul-Scelandl-Ceul sites, Cytotoxicity of adenoviral vectors containing TK
was excised using these enzymes and ligated into thene in vitro- To determine whether recombinant aden-
pAdeno-X vector digested with the same enzymes. Thwirus containing the three promoters(R, g, SV40
new vector contains a different resistance markemnd EN1) upstream of TK gene would render tumor cells
(ampicilin) from pShuttleTK (kanamycin), preventingsensitive to ganciclovir-mediated cell killing, 40,000 HeLa
cells were infected with either ABigal at 80,000 pfus or
Ad-TK at different titers. The transduced cells were then

TK supplied or not with GCV at 25 pug/ml in the culture me-
|-Ceu |f:L"~" \ dium. Four days Iate_r the cells irjfected wit_h Bakl re-
!  Pl-Scel mained attached while the cells infected with Ad-TK de-
s tached completely from the plate at 60,000, 30,000 or 15,000
L S pfus. Cells infected with Ad-TK cultivated in the absence
I-Ceul Pl-Scel o _ of GCV did not show evidence of cell killing (Fig. 3A). In
P oy l dgesiwith PiScel a similar experiment, 40,000 CCR2 cells infected with Ad-
- - TK at 60,000 or 30,000 pfus and treated with GCV were
Pacl || Pt JiPacl  «EEEEEL_N completely killed. Lower virus titers (15,000, 7,500 or 3,750

W A LS pfus) were not totally efficient. No toxic effect to the CCR2
; cells was observed after infection with Ad-TK without
GCV treatment (Fig. 3B).

ligation

K
-Ceul iju §Piscel
-

e Kb 1 2 3 4
Pac| ||BAmsmeiT® ipac)
7 g 5
% Pemv )
digest with Swa | to eliminate 4 — >
E DAY non recombinants el -
= stransform Escherichia coli 3
& EN1 *purify recombinant adenovirus 25
edigest with Pac | ' >
hee " lmTK_PI_SQE I.Pac' Fig. 2: Southern blot characterization of adenovirus carrying thy-
midine kinase gene (Ad-TK). Recombinant viral vectors were grown
l in HEK293 cells, purified, digested with Xba | and run in agarose
gel. The resulting blot probed to detect TK gene is presented. Lanes
transfect HEK 293 cells - 1: 0.01 ng of Ad-TK DNA; 2: 2 ng of adenovirus carryifig

galactosidase gene (Airal) DNA; 3: 4 ng of AdBgal DNA and 4:
Fig. 1: schematic view of the construction of adenovirus carryin§.001 ng of pShuttle-TK plasmid digested with Xbal. The positions
thymidine kinase gene using Adend™ Expression System. of molecular weight markers are indicated on the left.
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Fig. 3:infection of HeLa or CCR2 cells with adenovirus carrying thymidine kinase gene (Ad-TK). HeLa (A) or CCR2 (B) cells (40,000/
well), when indicated, were infected with Ad-TK (upper panels) or adenovirus camygadactosidase gene (lower panels) with the
indicated pfu number. Infected and uninfected (control) cells when indicated were treated with glanciclovir (GCV) (25 |@vml). G
treatment started 1h after infection and the cells were fixed and stained 4 days later.

Analysis of TK gene expression in Ad-TK transduced DISCUSSION

cells - After transduction with Ad-TK, a northern blot  ~,nventional methods for creating recombinant ad-
analysis was done in RNA extracted from HeLa or CCRgn\iry;s vectors rely on in vitro homologous recombina-
cells 48 h after transduction, to verify the size of the trag n in HEK 293 cells oE. coli. We did experiments with
scripts starting from any of t'he three promoters. We couthMm17 and PE1splA (Bett et al. 1994) and the pAdEasy
detect two sizes of transcripts of TK gene, one deriveq ciem (He et al. 1998) but in our hands they were ineffi-
fr%m tfhe clohse togetherdyy /SV40 promoters and the cient The protocol originally developed by Mizuguchi
other from the 1.5 Kb downstream EN1 promoter (Fig. 4304 kay (1998, 1999) gave us straightforward results. The
The relative amount of these transcripts was measurF cedure is based on the application of an in Vige
for each cell type in a Phosphorimager, and the ratig,, 1 incorporate the gene of interest into a plasmid
Pclli/lv ie/SVA40:EN1 was 3:2 for CCR2 and 4:1 for HeLgqyntajning replication-incompetent human adenoviral type
cells. 5 genome (pAdeno-X). This system provides a mean to
obtain a homogeneous population of recombinant aden-
Kb 1 2 3 4 ovirus, which avoids the need of plaque purification pro-
cedures.

In the experiments reported here, we first tested if the
TK gene sub-cloned in the vector pSHTK was functional.
That was accomplished by the transfection of CCR2 cells
that showed sensitivity to GCV treatment. Using the TK
gene expression cassete from pSHTK, Ad-TK was con-
structed and B,y g added upstream of the two previ-
ous promoters (Fig. 1). From the results shown in Fig. 3,
Fig. 4: Northern analysis of thymidine kinase (TK) gene expresWe conclude that the presence F’f the ,three promc_)ters
sion in adenovirus carrying thymidine kinase gene (Ad-TK) transtPomy g, SV40 and EN1) re$U|ted in efficient expression
duced cells. RNA was extracted from HeLa or CCR2 cells 48 h aftaf TK gene from the Ad-TK virus. Furthermore, in spite of
transduction with Ad-TK. The resulting blot probed to detect TKusing a number of pfus smaller (30,000) than the number
gene transcripts is presented. Lanes - 1: untransduced CCR2 cellsbiZ'Ce”S (40,000), there was complete elimination of CCR2
transduced CCR2 cells; 3: untransduced Hela cells; 4: transduced S ! . P .

HelLa cells. The positions of molecular weight markers are indlceIIS (Fig. 3B). In the experiment using the same number

cated on the left. of Hela cells, complete elimination occurred at 30,000 and

4.40—p
2.37—»

1.35»
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15,000 pfus (Fig. 3A). This phenomenon has been termed agent, 9-(2-hydroxyethoxymethyl) guanifeoc Natl Acad

the bystander effect (Culver et al. 1992, Freeman et al. Sci USA74: 5716-5720.

1993), where GCV kills cells expressing TK gene and nearfyerett RD 1988. Promoter sequence and cell type can dra-
cells that are not expressing it. Previous studies (Fick et Matically affect the efficiency of transcriptional activation
al. 1995, Mesnil et al. 1996) have shown that gap junc- induced by herpes simplex virus type 1 and its immediate-

. ) early gene products.Mol Biol 203 739-751.
tions play a role in the bystander effect of the TK/GC zeddine ZD, Martuza RL, Platika D, Short MP, Malick A,

system, by allowing the passage of phosphorylated GCV' ¢ B, Breakefield XO 1991. Selective killing of glioma
metabolites from TKto TK" cells. This is of key impor-  celis in culture and in vivo by retrovirus tranfer of the her-
tance in the treatment of solid tumors in vivo, were an pes simplex virus thymidine kinase geNew Biol 3 608-
injection of Ad-TK into the center of the cell mass re- 614.
sulted in the regression of the whole tumor (Eastham et Bick J, Barker FG, Dazin P, Westphale EM, Beyer EC, Israel
1996). MA 1995. The extent of heterocellular communication me-
In Fig. 4 is shown that the Ad-TK transduced cells diated by gap junctions is predictive of bystander tumor
have two sizes of transcripts for TK gene, one derived cytg;gxmny in vitro. Proc Natl Acad Sci US24: 11071-
g&@:ﬂgﬂ?ﬁg ;_OgeKtS ?jrgl:'\c\rg%rlsg/rﬁ%erf mr%trirost:rnq_;gerg_reeman SM, Whartnby KA, Koeplin DS, Moolten FL, Abboud
. T O . p U CN, Abraham GN 1993 The “bystander effect”: tumor re-
tios of transcription indicate a differential expression in gression when a fraction of the tumor mass is genetically
the target cells since the ratig\R, |g/SV40:EN1was 3:2  modified Cancer Re§3: 5274-5283.
for CCR2 and 4:1 for HeLa cells. Suicide gene employed ®raham FL, Smiley J, Russel WC, Nairn R 1977. Characteris-
cancer gene therapy requires expression from promoters tics of a human cell line transformed by DNA from a human
that can be efficient in different cell types, and as it has adenovirus type 51 Gen Virol 36: 59-72.
been reported different cell types affect the efficiency offde TC, Zhous S, Da Costa LT, Yu J, Kinzler KW, Volgelstein B
given promoter activity (Everett 1988, Shillitoe & Noonan 1998. A simplified system for generating recombinant
2000). This may cause important differences in the levels adenoviruseseroc Natl Acad Sci USB5: 2509-2514.
and duration of the suicide gene expression and lead tf'§Man JR, Alder HL, Aguilar-Cordova E, Rojas-Martinez A,
failure of efficiency of one promoter in a given tumor cell. \év{.’ Olgég ITnmseitILg' Q/r\]/ Qiﬁleer;;y%;h:gjeﬂsocég;icnb%:rgf'qﬁe
This failure is less likely to occur with the Ad-TK de- '

. prostate: a phase | clinical tridHum Gene Ther 97.083-
scribed here due to the presence of three strong promot-1gg2.

ers, in such a way that when one promoter is weak thgt M, Bett A J, Addison C L, Prevec L, Graham F L 1998.
others may be more effective, thus optimizing this system Construction and propagation of human adenovirus vec-
and having the potential to be effective in a large variety tors. In JE CelisCell Biology: A Laboratory Handbook
of tumor cells. Academic Press, San Diego, p. 500-512.
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