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ABSTRACT

Cyclophosphamide (CPA) and ifosfamide (IFA) are widely used anti-
cancer prodrugs that are bioactivated in the liver by specific cytochrome
P450 enzymes (CYPs). The therapeutic activity of these antitumor agents
can be compromised by a low therapeutic index that is, in part, due to the
systemic distribution of activated drug metabolites. Here, recombinant
retroviruses were used to deliver six different CPA- or IFA-metabolizing
human CYP genes to 9L gliosarcoma cells: 2B6, 2C8, 2C9, 2CI8 (Met3"5
and Thr'"5alÃeles),2C19, and 3A4. Intratumoral cytochrome P450 expres

sion conferred substantial sensitivity to CPA cytotoxicity, with the most
dramatic effects seen with CYP2B6. Strong CPA chemosensitivity was
also seen following transduction of CYP2C18-Met, despite a very low level
of CYP protein expression (>60-fold lower than that of 2B6). In contrast
to CPA, the cytotoxicity of IFA was greatest toward tumor cells trans
duced with CYP3A4, followed by CYPs 2B6 and 2C18-Met. A substantial
further increase in chemosensitivity was achieved upon transduction of
2B6 or 2C18-Met-expressing tumor cells with P450 reducÃase,which
provided for more efficient intratumoral prodrug activation and cytotox
icity at lower drug concentrations. With 2B6- plus P450 reductase-trans-
duced tumor cells, CPA but not IFA conferred a strong cell contact-
independent bystander cytotoxic effect on non-P450-expressing 9L cells.
CPA treatment of tumors that were transduced with 2B6 or 2C18-Met
together with P450 reducÃaseand were grown s.c. in immunodeficient
mice resulted in a large enhancement of the liver P450-dependent antitu
mor effect seen with control 9L tumors, with no apparent increase in host
toxicity (growth delay of >25-50 days in P450-expressing tumors versus
-5-6 days without P450). CYP2B6plus P450 redactase and CYP2d8-Met
plus P450 reducÃasethus appear to be excellent gene combinations for use
with CPA in P450/prodrug activation-based cancer gene therapy.

INTRODUCTION

Several cancer chemotherapeutic agents, including CPA,3 IFA,
procarbazine, and dacarbazine, are prodrugs that undergo liver P450-
catalyzed metabolism to yield active, chemotherapeutic metabolites
(1,2). The administration of anticancer prodrugs may provide advan
tages associated with improved chemical stability and slow release of
activated drug metabolites in situ. However, because the metabolic
activation of classic cancer chemotherapeutic prodrugs largely occurs
in the liver, it leads to uncontrolled release and systemic distribution
of cytotoxic drug metabolites that kill sensitive host cells, in addition
to the tumor cell targets. Recently, gene therapy methods have been
introduced to address this problem by delivering prodrug activation
genes to malignant cells, which thereby acquire the capacity for
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intratumoral prodrug activation (3-5). One widely studied model uses
the antiviral drug ganciclovir (6) in combination with herpes simplex
virus thymidine kinase, which phosphorylates the prodrug and gen
erates nucleoside analogues that induce DNA chain termination and
cell death in actively dividing cells (7, 8). Similarly, the bacterial gene
cytosine deaminase can be used as a "suicide gene" that confers on

tumor cells the ability to activate the antifungal compound 5-fluoro-
cytosine to 5-fluorouracil, a potent anticancer agent (9, 10).

Current gene therapy technologies are limited by their inability to
deliver prodrug activation or other therapeutic genes to a population
of tumor cells with 100% efficiency. The effectiveness of this cancer
gene therapy strategy can be greatly enhanced, however, by using
drugs that exhibit a strong "bystander effect" (5). Bystander cytotox

icity results when active drug metabolites diffuse or are otherwise
transfered from their site of generation within a transduced tumor cell
to a neighboring, naive tumor cell. Ideally, the bystander effect leads
to significant tumor regression even when a minority of tumor cells is
transduced with the prodrug activation gene (e.g.. Refs. 11 and 12).
Bystander cytotoxic responses may also be mediated through the
immune system, following its stimulation by interleukins and other
cytokines secreted by tumor cells undergoing apoptosis (13). Al
though the ganciclovir/herpes simplex virus thymidine kinase and
5-fluorocytosine/cytosine deaminase combinations have shown good
activity in preclinical models, and clinical trials are underway (14-
16), their ultimate effectiveness may be limited by the cell cycle
dependence of their cytotoxicity and by the fact that the bystander
cytotoxic effect requires direct cell-cell contact through gap junctional
intercellular communication to transfer the active drug metabolite in
the case of ganciclovir (17). Furthermore, the nonmammalian nature
of these two enzymes could elicit immunological responses that
further limit their effectiveness in cases in which repeated gene
delivery and drug treatments are required. Finally, ganciclovir was
introduced originally for the treatment of herpes infections (6), and
consequently, its ultimate therapeutic utility for cancer treatment is
uncertain.

The oxazaphosphorine prodrugs CPA and IFA, widely used in the
treatment of human cancers (18), are bioactivated in the liver via a
4-hydroxylation reaction catalyzed by certain P450 enzymes, with
electron input from the flavoenzyme NADPH P450 reducÃase(19).
The resultant 4-hydroxy metabolites undergo spontaneous ÃŸ-elimina-
tion to yield acrolein and a bifunctional DNA alkylator, phosphor-
amide mustard from 4-hydroxy-CPA. and isophosphoramide mustard
from 4-hydroxy-IFA. These electrophilic mustards are active in a cell
cycle-independent manner and covalently cross-link genomic DNA,
leading to cell death via an apoptotic mechanism (20, 21). In the case
of IFA, an alternate, P450-catalyzed metabolic pathway deactivates
the drug through side chain oxidation, yielding the inactive metabo
lites 2-dechloroethyl-IFA and 3-dechloroethyl-IFA and the neurotoxic
metabolite chloroacetaldehyde (22). Although IFA is an isomer of
CPA, it is activated by a distinct subset of P450 enzymes, both in
rodent models and in humans (23, 24), and it exhibits a unique
spectrum of antitumor activity, host toxicity, and drug resistance
(25-27). Intratumoral expression of the rat CYP gene 2B1 (28), the
protein product of which activates CPA and IFA by 4-hydroxylation
(19, 23), has shown promise in preclinical studies as an effective
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strategy to enhance both the selectivity and the cytotoxicity of these
drugs in a variety of human and rodent tumor models (Refs. 29-32;

for review see Ref. 33). It is anticipated that the clinical development
of this gene therapy strategy will benefit from the use of human CYP
genes involved in oxazaphosphorine activation (24, 34, 35), which
avoids complications associated with immune responses elicited by
the expression of CYP genes from heterologous species. This study
was undertaken, therefore, to evaluate the efficacy and potential utility
of human P450 genes for CPA- and IFA-based cancer gene therapy.

Recombinant retroviruses based on Moloney murine leukemia virus
(36) and packaged in the ecotropic packaging cell line Bosc 23 (37)
are presently generated and used to establish 9L gliosarcoma cell lines
that stably express six individual human CYP genes belonging to the
CYP 2B, 2C, and 3A families (28). The impact of human CYP gene
transfer, both alone and in combination with P450 reducÃase gene
transfer (38), on the responsiveness to oxazaphosphorine therapy was
evaluated both in vitro and in an in vivo tumor model system.

MATERIALS AND METHODS

Chemicals. CPA and IFA were obtained from the Drug Synthesis and
Chemistry Branch of the National Cancer Institute (Bethesda, MD). The
chemically activated derivatives of CPA and IFA, 4-hydroxyperoxy-CPA and
4-hydroperoxy-IFA, were obtained from Nova Pharmaceutical Corp. (Bethes

da, MD). Puromycin hydrochloride was purchased from Sigma Chemical Co..
and hygromycin was from Aldrich.

Construction of Recombinant Retroviruses. cDNAs encoding three hu
man CYP 2C enzymes (39), CYP2C8 (clone 7b), CYP2C18-Met'S5 alÃele

(clone 6b: GenBank accession no. HUM2C18), CYP2C18-Thrâ„¢5 alÃele(clone

29c; GenBank accession no. HUMCYP2CI8). and CYP2C19 (clone Ila:
GenBank accession no. HUMCYP2C19), each cloned in the EcoRl site of
pBluescripl-SK+/ . were provided by Dr. J. Goldstein (National Institute of

Environmental Health Sciences, Research Triangle Park, NC). The human
CYP cDNAs 2C9 (plasmid 217; Cys144 variant, cloned in the EcoR\ site of

pUVl; GenBank accession no. HUMCYP2C9A). 2B6 (plasmid 328: cloned in
the Â£coRI site of pUC9; GenBank accession no. HUMCYP2BB), and 3A4
(plasmid 359: cloned in the Â£cv)RIsite of pGEM7zf+; GenBank accession no.
HUMCYPNOA) were obtained from Dr. F. Gonzalez (National Cancer Insti
tute. Bethesda, MD). Rat P450 reducÃasecDNA was provided by Dr. G. Gil
(University of Massachusetts. Worcester, MA). Retroviral vectors of the pBabe
series (36), which encode genes that confer resistance to either puromycin
(pBabe-puro) or hygromycin (pBabe-hygro) and are transcribed from an in
ternal SV40 early promoter, were obtained from Dr. B. Speigelman (Dana-

Farber Cancer Institute, Boston, MA). P450 cDNAs were cloned into the
pBabe-puro multiple cloning site, which provides for transcription of the P450

gene from the retroviral long terminal repeat promoter. P450 reducÃasecDNA
was subcloned into pBabe-hygro cut with EcoRl-Sall. In the final retroviral

construcls, each of ihe human CYP cDNAs retained the following lengths of
5'- and 3'-untranslaled region sequences, respectively: 2C8, 78 and 359 bp;
2C9, 11 and 369 bp: 2C18-Met3"5. 43 and 341 bp: 2C18-Thr185, 200 and 333

bp; 2C19, 6 and 268 bp; 3A4, 30 and 457 bp; and 2B6, 7 and 1563 bp.
Construction of Stable 9L Gliosarcoma Cell Lines by Retroviral Infec

tion. The ecotropic packaging cell line Bosc 23 (Ref. 37; 2.5 X IO6cells in a
60-mm dish), obtained from Dr. J. Aster (Brigham and Women's Hospital.

Boston, MA), was cultured in 3 ml of DMEM containing 10% heat-inactivated
fetal bovine serum. 584 g/liter i.-glutamine. 100 units/ml penicillin, and 100

Hg/ml streptomycin. Prior to transfection, the cells were changed to fresh
medium containing 25 JUIMchloroquine. Three h later, 24 ptg of each pBabe-

based plasmid were transfected into the cells using calcium phosphate (37).
Plasmid DNA was suspended in 0.5 ml of 0.25 M Cad, and then added
dropwise with shaking in a Falcon tube containing 0.5 ml of 2X HEPES-

buffered saline solution [84 mM HEPES (pH 7.1), 547 mM NaCl, 19.8 mM KC1,
0.7 mM Na2HPO40-2H2O, and 5.54 mM glucose). The mixture was added

immediately to the cells and left for 5 h before the medium was changed. The
total supernatant (3 ml) containing released viral particles was removed 48 h
later and used to infect 9L rat gliosarcoma cells (0.5 X IO6 cells in a 100-mm

dish) in the presence of 4 jig/ml polybrene. Three h later, the medium was

adjusted Io 10 ml by addition of fresh DMEM. The cells were Irypsinized 48 h
later and split into four 100-mm dishes. Selection for puromycin- or hygro-
mycin-resislanl 9L cells was carried out with 2 ng/ml puromycin and/or 250
/j.g/ml hygromycin for 2-3 days. Drug-resistanl cells were propagated and then

evaluated for CYP or P450 reducÃaseenzyme activities and protein expression
(see below). Coexpression of P450 enzymes and P450 reducÃasewas achieved
by infecting cells with retrovirus encoding a P450 gene, puromycin seleclion
of a 9L/P450 pool of cells, clonal seleclion of cells that have elevated P450
levels (see below), followed by infection of the clonal 9L/P450 cell line with
retrovirus encoding P450 reducÃase. Hygromycin selection was then carried
out for 2 days to obtain pools of 9L/P450 cells that overexpress P450 reduc
Ãase.

Clonal Selection of 9L/P450 Cell Lines. Cells from each pool of puro-
mycin-resistant. P450-expressing 9L cells were trypsinized and diluted lo

aboul one cell per 50 pii and then plated al calculated densities of one. three,
and five cells per well in a 96-well tissue culture plate. Wells containing single
colonies were identified when the colonies were nearly confluent (â€”15days

later) using a light microscope: the cells were then trypsinized and split into
two wells of a 48-well tissue culture plate. One well of each clone was

untreated and kept as a control, and the second well was treated with either 2
mM CPA for 9L/2B6, 9L/2C8, 9L/2C9. 9L/2C18, and 9L/2CI9 cells or with 2
mM IFA for 9L/3A4 cells. Clones that exhibited an enhanced sensitivity to
CPA or IFA toxicity were typically detected by day 2 or day 3 of drug
treatment, i.e., ~2 days earlier than seen for the others; these clones were then

propagated and further evaluated for P450 protein levels and enzyme activilies.
The yield of clones showing enhanced drug sensitivity was 27 of 36 for
9L/2B6, 20 of 34 for 9L/3A4, and 4-5 of 34 for the others. In the case of

CYP3A4, each of the isolated clones grew more slowly than the original
9L/3A4 pool or the 9L/wt or 9L/pBabe controls. Slow-growing clones were

occasionally seen for some of the 9L/2C isolates, but these were not selected
or evaluated further.

Western Blot Analysis. Microsomes were prepared from near confluent
100-mm dishes of each P450-expressing 9L cell line. Cells were washed with
ice-cold 50 mM KPrl mM EDTA (pH 7.4) and then scraped into 2 ml of the
same buffer and sonicated for a sufficient time to induce cell lysis (~20 s) in
15-ml Corex lubes. The homogenate was centrifuged at 12.000 rpm and 4Â°C

for 20 min, and the resultant supernatant was then ultracentrifuged for 60 min
al 45,000 rpm and 4Â°C.The microsomal pelici was resuspended by sonicalion

in 50 mM KP,, 1 mM EDTA, and 20% glycerol (pH 7.4). Microsomal protein
(60 Â¿ig/well) was electrophoresed Ihrough a 10% SDS-polyacrylamide gel.

then transferred to nitrocellulose, and further probed with rabbit polyclonal
anti-CYP2B6, anti-CYP3A4. and anli-CYP2C anlibodies prepared againsl
short COOH-lerminal synthetic peptides (40), which were kindly provided by

Dr. R. Edwards (Royal Postgraduate Medical School, London, United King
dom). Lymphoblast-expressed CYP2B6 and CYP3A4 (Genlesl Corp..
Woburn, MA) and yeasl-expressed CYPs 2C8, 2C9, 2C18, and 2C19 (oblained
from Dr. J. Goldstein: Ref. 35) were electrophoresed at 0.2-1.2 pmol P450/

well and used as standards to quantilale P450 levels in the 9L cells.
BROD and P450 ReducÃaseAssays. BROD activity was assayed using 70

/ng of microsomal protein in 1 ml containing 0.1 M KP| (pH 7.4), O.I mM
EDTA, and 4 Â¿tM7-benzyloxyresomfin (Molecular Probes. Inc., Junction Cily.

OR). Reactions were started by adding 1 mM NADPH (final concentration),
and Ihe release of the fluorescent metabolite resorufin was measured over an
8-min time period at 20-25Â°C using a Shimadzu RF-1501 fluorescence spec-

trophotometer. Fluorescence was read at 550 nm (excitation) and 586 nm
(emission). Activily values were quanlitated using resorufin standard. P450
reducÃase activity was assayed in 0.3 M KPÂ¡buffer (pH 7.7) using 20 fig
microsomal prolein by monitoring the NADPH-dependent reduction of cyto-
chrome C at 550 nm al 30Â°C (E = 21 mM~'cm~'). Under Ihese assay

conditions, 9L cell microsomes exhibited a P450 reducÃaseaclivity of 50-60

nmol cylochrome C reduced/min/mg. corresponding to a P450 reducÃase
specific contenÃ of 16-19 pmol of P450 reducÃase prolein/mg, based on a

reducÃase specific aclivily of 40 fÂ¿mol/min/mg and a P450 reducÃase M, of
78.000 (41).

RT-PCR Analysis of CYP2C18 Expression. Tolal RNA from 9L/P450 or
9L/pBabe cells prepared from confluent 100-mm dishes (42) was trealed with

RQ1 DNase (RNase free: Promega). Five /ig of trealed RNA was then healed
at 70Â°Cfor 10 min in 11 jul of DEPC-trealed H2O containing 10 pmol of a

reverse transcriptase primer. Two fj.\ of 10X RT buffer (Promega). 2 ^.1of 0.1
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M DTT. 40 units of RNasin, and 100 units of Moloney murine leukemia virus
reverse transcriptase were then added in a final volume of 20 fi\. Samples were
incubated at 45Â°Cfor 1 h, followed by heat inactivation at 60Â°Cfor 2 min.

RT-PCR was carried out using 1 ^il of the reverse transcription reaction.
Negative controls for RT-PCR consisted of mock reverse transcription mix

tures, containing all components except for reverse transcriptase.
Cytotoxicity Assays. To evaluate the chemosensitivity of the P450-ex-

pressing 9L tumor cells, cells were plated in triplicate at 500-2000 cells/well
of a 48-well plate 18-24 h prior to drug treatment, unless indicated otherwise.
Cells were typically treated with 0-2 mM CPA or IFA, continuously for 4 days.

Cells remaining after this time were quantitated using a crystal violet/alcohol
extraction assay. Briefly, culture dishes were washed once with PBS, stained
for IO min with crystal violet [1.25 g crystal violet (Sigma) dissolved in 500
ml containing 50 ml of 37% formaldehyde and 450 ml methanol] and then
washed with PBS twice for 20 min per wash. Absorbance values were
measured in an SLT Spectra microtiter plate reader using a 595-nm filter.

Background absorbance determined from wells containing culture medium
alone was subtracted from each value. Data are presented as mean cell number
relative to drug-free controls Â±SD for triplicate samples, unless indicated

otherwise. Error bars not seen in the individual figures are too small to be
visible.

Bystander Cytotoxicity/Coculture Experiments. 9L/pBabe cells were
plated in duplicate at IO5 cells/well in the lower chamber of a six-well Falcon

coculture plate (30-mm diameter wells; Falcon 3046). 9L/2B6/reductase cells
were plated in 25-mm cell culture inserts (0.4-fj.m pore size; Falcon 3090), at

dilutions ranging from 0.1 to 6 times the number of 9L/pBabe cells plated in
the lower chamber. Twenty-four h after plating the cells, culture medium was

aspirated from both compartments and then replaced with 2 ml of fresh DMEM
in the lower wells and 1 ml containing 2 or 3 mM CPA or IFA in the upper cell
culture insert (final drug concentration, 0.67 or 1 mM. as indicated in each
experiment). Relative cell numbers were quantitated 4 days later by crystal
violet staining.

Semicarbazide Trapping/Fluorescence Assay for 4-Hydroxy Metabo
lites. 9L/P450 cells were seeded on a 48-well plate in duplicate at 2 X IO4

cells/well. Twenty-four h later, 2 mM CPA or 2 mM IFA was added to the cells

together with 5 HIMsemicarbazide (final concentration) in 1 ml of DMEM (pH
7.4) to trap and stabilize the initial 4-hydroxy metabolite. Cells were counted
24 h after drug addition, and the culture medium was analyzed for 4-hydroxy-
CPA or 4-hydroxy-IFA as described previously (38), as follows. Culture
medium (400 /t!) was removed and then treated with 160 /j.1of ice-cold 5.5%
(w/v) ZnSO4, 160 Â¿ilof ice-cold saturated Ba(OH)2, and 80 /u.1of ice-cold 0.01

M HC1. The mixture was vortexed and then centrifuged at 16,000 X g for 15
min. Three hundred /j.1of the supernatant were transferred under dim light to
a clean tube containing 540 ju.1of water and 160 ^.1 of freshly prepared
fluorescent reagent (60 mg of 3-aminophenol and 60 mg of hydroxylamine-
HC1 per 10 ml of l M HC1). The tubes were vortexed and heated at 90Â°Cfor

20 min. Fluorescent readings were obtained at 350 nm (excitation) and 515 nm
(emission) using 800 p.\ of each sample. Fluorescent values were converted to
nmol 4-hydroxy metabolite/ml of original culture medium based on standard
curves generated using 4-hydroperoxy-CPA and then normalized to units of
nmol 4-hydroxy metabolite formed per 24 h per IO6 cells.

Tumor Growth Delay Assay. Six-week-old male ICR/Fox Chase/outbred

immunodeficient seid mice (Ref. 43; Taconic Farms, Germantown, NY)
weighing 26-31 g were given s.c. tumor cell injections to form solid tumors.
Tumor cells were grown in culture to â€”¿�75%confluency, harvested by trypsin
digestion, washed in PBS, resuspended in fetal bovine serum-free DMEM at a
concentration of 8 X IO6 cells/ml, and kept on ice. Mice were shaved on both
hind flanks and then were injected s.c. on the left flank with 4 X IO6 9L/pBabe
tumor cells and on the right flank with 4 X IO6 of either 9L/2B6/reductase or

9L/2C18-Met/reductase tumor cells (eight mice/group). Tumor cell injections
were in a volume of 0.5 ml of serum-free DMEM using a 0.5-inch 27-gauge
needle and a 1-ml syringe. Tumor growth was monitored twice a week using

Vernier calipers (Manostat Corp., Switzerland) to measure tumor area. On days
26 and 27 after tumor cell inoculation, four animals from each group (four
9L/pBabe:9L/2B6/reductase mice and four 9UpBabe:9L/2Cl8-Met/reductase

mice) received daily i.p. injections of CPA at 150 mg/kg dissolved in 0.3 ml
of 0.9% NaCl. The remaining animals received saline injections. Average
tumor areas ranged from 80 to 145 mm2 at the time of CPA injection. Mice

were given a second course of CPA treatment (150 mg/kg X two daily
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injections) beginning 24-29 days after the first CPA injection, as indicated in

each experiment.

RESULTS

Retroviral Expression of Human P450s in 9L Gliosarcoma
Cells. 9L cells were infected with pBabe-based retroviral particles

(36) produced in the packaging cell line Bosc 23 (37) and engineered
to code for each of six human P450 genes: CYPs 2B6, 2C8, 2C9,
2CÃŒ8,2CI9, and 3A4. The corresponding P450 proteins have each
been shown to activate CPA or IFA in a heterologous cDNA expres
sion system (24, 35). Included in these studies are 2C18-Met385 and
2C18-Thr385, two allelic variants of CYP2C18 that display differences

in their oxazphosphorine metabolism activities (35). The retroviral
approach to stable transfection used in these studies is rapid and yields
a pool of cells containing many thousands of independent clones, each
of which expresses the P450 gene at a random integration site. In each
case, s60-70% of the infected 9L tumor cells acquired resistance to

puromycin, indicating a high efficiency for retroviral gene delivery.
P450 protein expression was readily detectable in the pools of
CYP2B6 and 2C9 cells, as shown by Western blot analysis of isolated
cellular microsomes (Fig. \A and data not shown). In the other cases.

A.

9L cell lines

! 2B6

B.

9L cell lines

0.5 1.0 2C18 0.5 0.5

1 8 9 10
Fig. 1. Western blot analysis of CYP protein levels in 9L/P450 cell lines. Shown are

Western blots of 9L/wt and 9L/P450 cell microsomes (60 fig/lane) probed with antibody
lo P450 2B6 (A) or P450 2C (B). Shown in A, Lane ÃŒ,are 9L microsomes prepared from
the original pool of 2B6 transduced cells, prior to selection of the 2B6 clone shown in
Lane 2. cDNA-expressed P450 2B6 (A. Lanes 4 and 5; lymphoblasl expression) and P450
2C standards (B, Lanes I. 2, 9, and 10; yeast expression) were analyzed in parallel at the
indicated number of pmol P450 protein per well. Very similar band intensities were
obtained for CYP2Cs expressed in lymphoblasts (Gentest). The anti-CYP2C COOH-
terminal antibody used in this study (anti-FIPV-COOH) consistently gave strong Western
blot signals with cDNA-expressed 2C8 and somewhat lower signals with 2C9 compared

with 2C18 and 2C19.
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Fig. 2. BROD activity in 9L/P450 cell lines.
Shown are BROD activity values measured in mi-

crosomes prepared from the original retroviral
P450-infected 9L cell pools (â€¢)or from individual
clonal cell lines (-/. -2. and -3\ C3). which were
identified on the basis of their enhanced sensitivity
to CPA or IFA (see text). Arrows, individual clones
of each 9L/P450 pool selected for subsequent study.
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the level of P450 protein expression in the pool of puromycin-

resistant cells was low (2C8 and 2C19) or not detectable (CYP3A4
and both CYP2C18 alÃeles).Clonal selection was therefore carried
out to obtain individual 9L/P450 clones with higher levels of P450
protein expression. Clones showing enhanced sensitivity to CPA or
IFA (see "Materials and Methods") were propagated and analyzed

by Western blotting. In each case, the 9L/P450 clones selected on
the basis of increased sensitivity to CPA or IFA had a higher
specific P450 protein content (Fig. 1 and data not shown) and
higher P450 enzyme activity (Fig. 2). The microsomal P450 con
tent of the selected clones, determined by Western blotting using
lymphoblast-expressed or yeast-expressed human P450s as stand

ards, is presented in Table 1. The highest levels of expression were
observed with 9L/2B6 (20-25 pmol of P450/mg of microsomal
protein) and 9L/2C9 (10-15 pmol/mg) cells, whereas 2C18-Met
was the lowest (<0.3 pmol/mg). 9L/2C8, 9L/2C18-Thr, 9L/2C19,

and 9L/3A4 cells exhibited intermediate levels of P450 expression
(0.5-3 pmol/mg). Expression of both 2C18 transcripts was con
firmed by RT-PCR (data not shown). These expressed P450 protein

levels can be compared to an endogenous P450 reducÃase protein
level of ~ 16-19 pmol of P450 reducÃase protein/mg of 9L micro
somal protein (see "Materials and Methods").

BROD Activity of the Tumor Cell-expressed P450 Genes.
P450-dependent BROD activity, which is catalyzed by many hu

man P450 enzymes at various rates, was used to monitor the

Table 1 P450 protein contenÃin 9UP450 clonal cell lines"

9L/P450 clonal
cellline2B62C82C92C18-Met2C1

8-Thr2C193A4Clone

no.1213223Specific

P450 contenÃ
(pmol of P450/mg

of microsomalprotein)2(1-250.5-110-15Â£0.30.5-11.5-31-2

" Individual P450 clones were selected from pools of puromycin-resistanl 9L/P450

cells on the basis of their enhanced sensitivity lo CPA (or to IFA, in the case of 9L/3A4),
as described in "Materials and Methods." Microsomes prepared from the indicated clones

were analyzed on Western blots (as in Fig. I ) for P450 protein content in comparison lo
a standard curve based on 0.2-1 pmol of the corresponding cDN A-expressed P450 protein
standard using either a lymphoblast cDNA-expression system (CYPs 2B6 and 3A4;

Genlesl Corp.) or a yeast expression system (35). Data are shown as a range of values from
two or three separate experiments.

enzymatic activity of the transfected P450 genes. Fig. 2 shows that
all of the P450-expressing cell lines exhibited higher BROD ac
tivity than parental (wild-type) 9L cells (9L/wt) or 9L/pBabe

controls. Moreover, the isolated 9L/P450 clones (Fig. 2, D) each
expressed higher BROD activity than the original 9L/P450 retro-

viral pools (Fig. 2, â€¢¿�).9L/P450 clonal cell lines chosen for further
study (Fig. 2, arrows) were selected on the basis of their level of
P450 expression (Western blotting and BROD activity) and their
sensitivity to CPA or IFA.

Cytotoxicity of CPA and IFA toward P450-expressing 9L

Tumor Cells: Growth Inhibition Assays. To evaluate the impact
of retroviral P450 transduction on 9L chemosensitivity, cells were
cultured in the presence of various concentrations of CPA or IFA,
and cytotoxicity was evaluated by a growth inhibition assay scored
4 days later. 9L/wt and 9L/pBabe cell lines, used as P450-negative

controls, were insensitive to millimolar concentrations of both
CPA (Fig. 3A) and IFA (Fig. 3C). By contrast, all of the P450-
expressing 9L cells showed a concentration-dependent growth

inhibition by CPA. 9L/2B6 cells were the most susceptible to CPA
cytotoxicity (s95% growth inhibition at 1 mM CPA), consistent
with the high catalytic activity of CYP2B6 with respect to CPA
activation (24)4 and the comparatively high level of CYP2B6

protein expression achieved using this retroviral expression system
(Table 1). Each of the other tumor cell lines, except 9L/2C8, also
showed significant acquired drug sensitivity: at 1 mM CPA, ~60%
growth inhibition was observed for 9L/2C9 and 9L/2C18-Thr cells,
75-85% inhibition was obtained for 9L/2C19 and 9L/2C18-Met
(Fig. 3ÃŸ),and ~90% growth inhibition was observed for 9L/3A4
(Fig. 3A). The cytotoxicity of CPA toward 9L/2C18-Met cells is
especially remarkable, given the very low level of CYP2C18-Met

protein expression in these tumor cells (Table 1). This effect is
likely due to the low Km and high catalytic efficiency CYP2C18-

Met for CPA (35). In contrast to the moderate to high sensitivity of
many of the 9L/P450 cell lines to CPA, only three of the 9L/CYP
cell lines showed significant sensitivity toward IFA when tested at
concentrations up to 1 mM. 9L/3A4 cells were, by far, the most
sensitive to IFA, although significant IFA growth inhibition was
also achieved in 9L/2B6 and 9L/2C18-Met cells (Fig. 3, C and D).

4 P. Roy. L. J. Yu. C. L. Crespi, and D. J. Waxman. unpublished data.
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CFA Cytotoxicity IFA Cytotoxicity

Fig. 3. Growth inhibition assay to assess chemo-

sensitization to CPA (A and B) and IFA (C and D)
in 9L/P450 cells. Cells were seeded at 500 cells/
well in 48-well plates and were treated with the

indicated concentrations of CPA or IFA for 4 days.
Control cells for each cell line received no drug
treatment. Relative cell number at the end of the
experiment was determined by crystal violet stain
ing as described under "Materials and Methods."

Data points, means (n = 3) based on the crystal
violet absorbance in drug-treated plates as a percent
of the corresponding drug-free controls; bars, SD.
Data for the P450-defkient control cell lines (9L/WI
and 9L/pBabe) shown in A and C are the same as
shown in B and D.

0 0.25 0.5 0.75 1

0.25 0.5 0.75 1

CPA (mM)

0.25 0.5 0.75 1

IFA (mM)

The other P450-expressing cell lines were insensitive to IFA under

these conditions (Fig. 3D).
P450 Redactase Transduction Further Enhances Cytotoxic Re

sponses. We next investigated whether the endogenous level of
P450 reducÃase in 9L tumor cells is sufficient to maximally support
CPA and IFA activation catalyzed by the transduced human P450
genes. P450 reducÃase activiiies measured in microsomes prepared
from Ihe 9L/P450 cell lines were, in general, noi subslanlially
differenl from 9L/wl and 9L/pBabe controls (Fig. 4). An ~5-fold

increase in P450 reducÃase aclivily was, however, oblained follow
ing relroviral iransduclion of Ihe 9L/2B6 and 9L/2C18-Mel cells

wilh P450 reducÃase (Fig. 4). This overexpression of P450 reduc
Ãasemarkedly increased the cyloloxicily of CPA toward the 9L/
2B6 and 9L/2C18-Mel cells, particularly al lower drug concenlra-
lions (e.g., growlh of 2B6-expressing cells decreased from 75% lo

28% of conlrol al 0.2 mM CPA upon coexpression of P450 reduc
Ãase;Fig. 5A). Similar effecls of P450 reducÃase overexpression
were observed wilh IFA as subslrale (Fig. 5ÃŸ).These effecls were

achieved, allhough endogenous P450 reducÃase levels in ihese cells
(16-19 pmol of P450 reductase/mg of microsomal protein; see
"Materials and Meihods") are comparable lo (9L/2B6 cells) or in

vasi molar excess of (9L/2C18-Mel cells) Ihe expressed P450

prolein levels (compare Table 1). In conlrol experimenls, irans
duclion of P450 reducÃase Iransduction alone, in Ihe absence of
P450 (Fig. 4; 9L/pBabe/Red), did noi confer CPA or IFA cylotox-
icily (Fig. 5). Thus, P450 reducta.se gene iransfer enhances ihera-

peulic aclivily by increasing lumor cell cyloloxicity al a given drug
concenlration. Il is also apparenl from ihese sludies lhal 9L growlh
inhibilion required higher concentralions of IFA lhan CPA for bolh
CYP2B6 and CYP2C18-Mel (Fig. 5, fi versus A). This is, in part,

a reflection of the greater intrinsic sensitivily of 9L lumor cells lo
aclivated CPA, as compared lo aclivaled IFA, as delermined in
cyloloxicily assays using Ihe corresponding chemically activaled
4-hydroperoxy compounds (Fig. 6). In ihis lighl. Ihe subsiantially

greaier sensiiiviiy of 9L/3A4 cells to IFA compared to CPA
(Fig. 3, C versus A) musi, indeed, reflecl Ihe higher rate of

4395

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/19/4391/2468244/cr0580194391.pdf by guest on 19 M

ay 2023



CYP2B6-BASED CANCER GENE THERAPY

M

> 'S

s E"

u Ã¯
Â» SII

o 100-

I

9L/P450 cell lines
Fig. 4. P450 reducÃaseactivity in 9L/P450 cell lines. Microsomes prepared from each

of the indicated cell lines were assayed for P450 reducÃase activity (cytoehrome c
reduction) as described under "Materials and Methods." Red. cell lines transduced with

P450 reducÃase.Columns, means based on n = 3 determinations: bars. SD.

prodrug activation catalyzed by CYP3A4 with IFA compared to
CPA (24).4

Metabolic Activation of CPA and IFA Enhanced by P450 Re-
ductase Transduction. To investigate whether the P450 reductase-
enhanced cytotoxicity of CPA and IFA toward 9L/2B6 and 9L/2C18-

Met tumor cells is due to increased prodrug activation, we measured
the levels of P450-generated 4-hydroxy metabolites in culture super-

natants from each cell line (Fig. 7). P450 reducÃase gene transfer
stimulated a significant increase in cytotoxic metabolites accumulat

ing in the culture medium, both for CYP2B6 and for CYP2C18-Met

cells. In contrast, transduction of P450 reducÃasein 9L parental cells
did not stimulate prodrug activation. These studies also showed that,
in 9L/3A4 cells, IFA 4-hydroxylation was greater than CPA 4-

hydroxylation, consistent with their preferential sensitivity to IFA
(Fig. 3). Moreover, 9L/2C8 cells, which are insensitive to IFA (Fig.
3D), showed IFA metabolite levels just above the 9L/pBabe back
ground (Fig. 7). Some quantitative discrepancies were observed, how
ever. These include the similar level of activated CPA and IFA
metabolites formed in 9L/2B6/reductase culture medium (Fig. 7)
versus the higher level of CPA compared to IFA activation catalyzed
by cDNA-expressed CYP2B6 (24), and the similar levels of activated
metabolites formed by 9L/2B6/reductase compared to 9L/2C18-Met/

reducÃase cells (Fig. 7) versus the grealer drug sensilivily of ihe
2B6-expressing cells (Figs. 3 and 5). These discrepancies may relate

lo ihe relalive insensilivily of ihe fluorescence meiabolile assay and lo
ihe chemical inslabilily of ihe aclivaied CPA and IFA meiaboliles
during ihe 24-h lissue cullure incubalion in the studies described in

Fig. 7. Finally, the grealer inlrinsic sensilivity of 9L tumor cells lo
activated CPA (Fig. 6) is likely lo account for ihe grealer sensilivily
of Ihe 2C18-Mel-expressing cells lo CPA compared lo IFA (Fig. 5),

despite iheir formation of aclivaied CPA and IFA al similar levels
(Fig. 7).

Bystander Killing Effect. CPA irealmenl of lumor cells trans
duced with ral P450 gene CYP2BI is associated wilh a significanl
byslander cyloloxic effecl, whereby neighboring lumor cells lhat do
noi express ihe P450 drug susceplibilily gene also become sensilized
lo ihe prodrug (29, 31). Because 9L/2B6/reduclase cells are them
selves more readily killed by CPA and IFA lhan 9L/2B6 cells (Fig. 5),
we investigated whether bystander tumor cells are also more chemo-
sensilive when culiured with P450 reduclase-transduced 9L/2B6 cells.

Byslander cyloloxicity was evaluated by using cell cullure inserts to
physically separate ihe prodrug-activaling 9L/2B6/reduclase (or 9L/

0.5 1 1.5

CPA (mM)
0.5 1 1.5

IFA (mM)
Fig. 5. Retroviral transduction of P450 reducÃasegene enhances P450-mediated CPA and IFA cytotoxicity. 9L/pBabe cells and 9L cells transduced with P450 and/or P450 reducÃase

(Red) were seeded at 4000 cells/well in 48-well plates and treated with increasing concentrations of CPA (A) or IFA (fi) for 4 days. Cell growth in comparison to drug-free controls
was determined by crystal violet staining. Data points, means for n = 3 replÃcales;bars, SD.
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2B6) tumor cells from the P450-deficient bystander 9L/pBabe cells.

Fig. 8A demonstrates that 9L/2B6/reductase cells exposed to CPA
confer a ~4-fold stronger bystander killing of 9L/pBabe cells than do

9L/2B6 cells, as judged from the 9L/P450:9L/pBabe cell ratio re
quired to effect 50% bystander cytotoxicity. Follow-up experiments

demonstrated that IFA does not display the strong bystander cytotox
icity seen with CPA: CPA treatment of 9L/2B6/reductase cells results
in â€”¿�40%bystander toxicity toward non-P450 tumor cells when the
P450:non-P450 cell ratio is -0.5:1 and >80% toxicity toward the
non-P450 cells as the cell ratio is increased to 23 (Fig. 8ÃŸ).In

contrast, IFA exerted only a modest bystander cytotoxicity to the
non-P450-expressing pBabe controls (up to â€”¿�20%bystander cytotox
icity at cell ratios up to 3:1 and a maximum of â€”¿�50%bystander

cytotoxicity at a cell ratio of 6:1: Fig. SB). This observation, together
with the greater intrinsic potency of activated CPA compared to
activated IFA in the 9L gliosarcoma model (Fig. 6), demonstrates that
CPA is a superior choice compared to IFA for use in conjunction with
CYP2B6 plus P450 reducÃasegene therapy.

Evaluation of Human P450-based Gene Therapy in a seid

Mouse Model. The impact of human P450 gene transfer on 9L
gliosarcoma chemosensitivity was evaluated in vivo using the immu-

nodeficient seid mouse solid tumor model (43). The seid mouse model
is free from the complications associated with immunogenic re
sponses toward 9L tumors expressing human P450 genes, and it
eliminates any contributions from immunological components to by
stander cytotoxicity (13). seid mice were inoculated s.c. with 9L/
pBabe tumors on the left flank and with 9L/2B6/reductase tumors on
the right flank. This experimental design enabled us to control for any
systemic effects that the P450-expressing tumor might have on liver

P450 metabolism. In the absence of drug treatment, 9L/2B6/reductase
tumors grew at a somewhat slower rate than 9L/pBabe tumors, as had
been observed for the cells in culture (Fig. 9, B versus A). Mice were
treated with CPA given as two daily i.p. injections at 150 mg/kg body
weight on days 26 and 27 after tumor implantation, at which time the
tumors were well established in all of the mice. This initial round of
drug treatment resulted in no growth delay for the 9L/pBabe tumors
compared to saline-treated controls (Fig. 9A, â€”¿�CPAversus +CPA). In

contrast, growth of the 9L/2B6/reductase tumors in the same mice was
fully blocked by CPA treatment (Fig. 9B). Administration of a second
cycle of CPA treatment â€”¿�3.5weeks after the first cycle (Fig. 9,

arrows) effected a modest growth delay effect against 9L/pBabe
control tumors, whereas it prolonged the strong antitumor effect seen
in the case of 9L/2B6/reductase tumors until at least day 75 after
tumor inoculation.

In an experiment designed to evaluate the impact of CYP2C18-Met

gene therapy, CPA treatment effected a modest growth delay effect
(â€”5-6 days) toward the 9L/pBabe control tumors, which likely is a
consequence of liver P450-catalyzed drug activation (Fig. 9Q. In

contrast, a significant, albeit incomplete growth inhibition of the
9L/2C18-Met/reductase tumors was observed (growth delay of at least

25 days; Fig. 9D). This effect is especially striking when taken in the
context of the very low level of P450 protein expression in the
9L/2C18-Met tumor cells (Table 1).

DISCUSSION

The primary goals of this study were: (a) to extend earlier preclin-

ical cancer gene therapy studies based on the rat CYP2B1 gene; (b) to
identify human P450 genes that serve as suitable candidates for
P450-based prodrug activation/cancer gene therapy: (c) to assess the

extent to which an improvement in the efficiency of intratumoral drug
activation catalyzed by human P450s can be achieved by cotransfer of
the P450 redactase gene; and (d) to determine whether CPA and IFA

o
O

u

I

100-0

75-

50-

25-

4-OOHDrug

Fig. 6. Intrinsic chemosensitivity of 9L/WI cells to chemically activated CPA and IFA.
9L/WI cells seeded at 2000 cells/well in 48-well plates were treated for 3-4 h with
increasing concentrations of 4-hydroperoxy-CPA or 4-hydroxyperoxy-IFA (0-100 /IM).
Cells were then incubated in fresh drug-free medium and allowed to grow for 4 days. Cell
growth as a percentage of drug-free controls was then determined by crystal violet
staining. Data points, means range for duplicate samples: bars, ranges.

both exhibit bystander cytotoxic effects when activated within tumor
cells by human P450 enzymes. Transduction of the rat gliosarcoma
cell line 9L with replication-defective retroviral particles encoding

each of six human P450 genes was found to chemosensitize the tumor
cells to the cytotoxic effects of CPA, albeit with different apparent
efficiencies (2B6 > 2C18-Met - 3A4 > others). In the case of IFA,

CYP3A4 was the most effective in chemosensitizing the target tumor
cells, followed by CYPs 2B6 and 2C18-Met. A substantial further

improvement in chemosensitivity toward CPA and IFA was obtained
by transduction of P450-expressing tumor cells with the P450 reduÃ©

lase gene. This led to a striking growth delay (>50 days) following
CPA treatment of 2B6- plus P450 reductase-transduced tumors grown

in vivo in seid mice, in which complications associated with immune
rejection (44) and immunological contributions to bystander cytotox
icity (13) are avoided. A significant, albeit less dramatic, CPA growth
delay (>25 days) was seen with 9L/2C18-Met/reductase tumors,

despite their very low P450 expression level. The human CYP genes
2B6 and 2C18-Met are, thus, strong candidates for further preclinical
evaluation for CPA-based P450 gene therapy.

The six human CYP genes investigated in this study were expressed
in the transduced clonal 9L tumor cell lines at widely different protein
levels (sO.3 to 20-25 pmol of P450 protein/mg of microsomal

protein). Although P450 protein levels and CPA cytotoxicity were
somewhat lower in the corresponding initial pools of transduced
tumor cells, the rank order of P450 protein expression level was
similar (2B6 > 2C9 > 2C8 ~ 2C19 > 2C18 and 3A4; data not

shown). This suggests that the large differences in P450 protein levels
in the isolated clonal cell lines do not primarily reflect clonal differ
ences in the site of retroviral integration. Rather, because all six P450
genes were transcribed from the same long terminal repeat retroviral
promoter, the observed differences in P450 protein expression levels
are more likely to be due to differences in the stabilities of the
individual P450 proteins and their mRNAs. Conceivably, some of the
differences in expression could also reflect differential toxic effects
that some of the P450 forms may have on the gliosarcoma recipient
cell. Of note, clonal 9L cell lines selected for elevated expression of
CYP3A4 consistently exhibited slower growth rates in cell culture
compared to the initial pool of retrovirally infected cells (data not
shown). CYP2B6 was expressed at the highest level, and correspond-
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(Table 1) and given the intrinsic lower cytotoxicity of activated IFA
toward 9L tumor cells compared to activated CPA (Fig. 6). In the case
of CYP3A4, the lower level of tumor cell P450 protein may, in part,
reflect toxicity of the CYP3A4 gene product to the 9L cells, as
suggested by the slower growth rate that was repeatedly obtained
upon retroviral transduction with CYP3A4, both in retroviral pools
and in individual clones, as noted above. This apparently toxicity of
CYP3A4 might be circumvented by use of an inducible promoter (49,
50), thereby augmenting intratumoral expression of CYP3A4 in the
context of IFA-based gene therapy. However, CYP3A4 is not likely to

exhibit toxicity toward all tumor cells because slower cell growth has
not been described in other mammalian CYP3A4 expression systems
(51).

Although 4-hydroxy-CPA and 4-hydroxy-IFA yield distinct DNA-
cross-links (five versus seven atoms in the cross-link, respectively),

the two drugs are presumed to act via similar mechanisms in eliciting
apoptosis. Nevertheless, 9L gliosarcoma cells were found to be ~3-

fold more sensitive to activated CPA compared to activated IFA. This

O

â€¢¿�9
G

9L Tumor Cell lines

Fig. 7. Scmicarbazide trapping/fluorescence assay for 4-hydroxy metabolites in cell
culture. Each of the indicated 9L cell lines was seeded on a 48-well plate in duplicate at
2 X 10J cells/well. Twenty-four h later. 2 ITIMCPA (Q) or 2 min 1FA (â€¢)was added to

the colls together with 5 mw semicarbazide (final concentration) in a volume of 1 ml. The
culture medium was analyzed for 4-hydroxy-CPA or 4-hydroxy-IFA 24 h after drug

addition. Data shown is normalized to the total cell number in each well, as described in
"Materials and Methods." Background fluorescence observed in culture medium from

9L/Babe cell controls was subtracted from each sample.

ingly, CYP2B6 conferred on the 9L tumor cells the greatest CPA
sensitivity. CYP2B6 is thus the gene of choice for CPA-based

cancer gene therapy, both in terms of the apparent greater protein/
mRNA stability suggested for CYP2B6 by the current study and
for its high inherent catalytic activity for CPA 4-hydroxylation and
its low rate of CPA deactivation by /V-dechloroethylation.4 How

ever, CYP2C18-Met may also be a useful candidate for CPA-based

cancer gene therapy, given the high chemosensitization achieved in
CYP2C18-Met-expressing cells in the context of very low ex

pressed P450 protein levels. Higher levels of CYP2C18 protein
expression may be achievable using improved retroviral or other
vectors, including nonviral vectors for gene delivery presently
being developed (45-48).

In contrast to the effective intratumoral activation of CPA by a
broad range of P450s, intratumoral IFA activation was catalyzed by a
more restricted subset of the human P450 genes investigated. As
anticipated from studies using expressed P450 cDNAs and human
liver microsomes (24, 35), CYP3A4 was the most potent activator of
IFA, followed by CYP2B6 and CYP2C18-Met, the only CYP2C

subfamily member able to sensitize 9L tumor cells toward IFA at 1
mM. Some IFA chemosensitivity was observed with the other CYP
2Cs at higher IFA concentrations (data not shown). The chemosensi
tization to IFA conferred by CYP3A4 (Fig. 3Q is striking, given the
much lower level of expression of this P450 compared to CYP2B6
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Fig. 8. Bystander cytotoxicity of 9L/2B6/reductase and 9L/2B6 cells. A, bystander
cytotoxicity of 9L/2B6/reductase cells is compared to that of 9L/2B6 cells. In both cases,
9L/pBabe served as the bystander cells. 9L/pBabe cells were plated in duplicate at IO5
cells/well of a 6-well plate (lower culture chamber). 9L/2B6/reductase cells or 9L/2B6
cells were plated in 25-mm cell culture inserts (upper chamber) at concentrations ranging
from IO4 to 6 X IO5 cells, corresponding to ratios of 0.1 to 6 relative to the bystander

9UpBabe cells growing in the lower chamber, as shown on the X axis. Cells were
incubated in a total volume of 3 ml DMEM. 10% FBS. containing 1 mM CPA. final CPA
concentration. B, bystander cylotoxicity of 9L/2B6/reductase cells toward 9L/pBabe cells
with CPA compared to the bystander cytotoxicity with IFA as prodrug. The experimental
design was the same as in A, except that the final drug concentration was 0.67 mM. Data
shown for both panels correspond to the survival of 9L/pBabe bystander cells in the lower
chamber.
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Fig. 9. Tumor growth delay assay in sciti mice
bearing 9L/pBabe. 9L/2B6/reductase and 9L/2CI8-
Met/reductase solid tumors. Shown are the effects
of CPA treatment on growth of 9L/pBabe tumors
growing on the left flank of sciti mice that also bear
either a 9L/2B6/reductase tumor (A) or a 9L/2C18-

Met/reductase tumor (O on the right flank. Also
shown are the effects of CPA on growth of 9L/2B6/
reducÃase(ÃŸ)or 9L/2C18-Met/reductase tumors (D)

in these same mice. Tumor areas were measured
twice a week with Vernier calipers. Arrows (X
arij), days on which CPA was given by i.p. injec
tion at 150 mg/kg. as described under "Materials
and Methods." Data points, mean tumor areas
(mm2: Â«= 4 tumors per treatment group): bars. SE.

Mice not treated with CPA died earlier than the
CPA-treated mice, as indicated by the earlier de
crease in number of remaining mice from n = 4
(initial number of mice/group) to n = 3, 2, or 1. O,
CPA-treated mice; â€¢¿�,saline controls.
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differential cytotoxic effect was most evident at lower drug concen
trations, which may be particularly relevant to the clinical situation.
IFA is known to be activated by hepatic P450s less efficiently than
CPA and is also more extensively deactivated by the W-dechloroethy-
lation pathway (22, 25, 52). Although the A/-dechloroethylation by

product chloroacetaldehyde is generally not considered to be an
active, chemotherapeutic metabolite when it is generated via hepatic
P450 metabolism, it may nevertheless contribute to IFA cytotoxicity
when it is generated within the target tumor cell in situ, in the context
of P450-based cancer gene therapy. This possibility is suggested for
CYP2B6-expressing tumor cells, which were sensitized to both CPA

and IFA cytotoxicity, despite the fact that CYP2B6 metabolizes IFA
primarily via the A'-dechloroethylation pathway to yield chloroacet

aldehyde rather than by 4-hydroxylation, the major CYP2B6-cata-
lyzed metabolic route for CPA.4 Important differences between

CYP2B6-catalyzed CPA and IFA metabolism were also evident from

coculture experiments, in which CPA could mediate a striking by
stander cytotoxic effect but IFA could not. This intriguing finding
may relate to the lower intrinsic cytotoxicity of 4-hydroxy-IFA com
pared to 4-hydroxy-CPA in this tumor cell line, coupled with the fact
that CYP2B6 primarily metabolizes IFA via an jV-dechloroethylation

pathway that generates chloroacetaldehyde, which likely contributes
to the 9L/2B6 cell's chemosensitivity in these studies but may confer

little or no bystander cytotoxicity. Because the bystander effect pro
vides an important mechanism to enhance the effectiveness of prodrug
activation-based cancer gene therapy by compensating for gene trans
fer efficiencies that may be well below 100% (5), IFA-based P450

gene therapy is not likely to be as effective using CYP2B6 and will

require a more active catalyst of IFA 4-hydroxylation, such as

CYP3A4.
Coexpression of rat P450 reducÃase with rat CYP2B1 leads to

enhanced CPA and IFA chemosensitivity (38). This finding was
unexpected, in view of the comparatively high level of endogenous
P450 reducÃasein 9L gliosarcoma cells and the low absolute level of
P450 protein that is expressed. Large increases in tumor cell sensi
tivity to CPA and IFA were also seen in this study following trans-
duction of P450 reducÃase,not only with CYP2B6-expressing tumor
cells but also with 9L/CYP2C18-Met cells, which have a very low
expressed P450 protein level (Table 1), corresponding to a >50-fold

molar excess of P450 reducÃase.The increased chemosensitivity of
9L/P450 cells transduced with a P450 reducÃasegene was paralleled
by an enhanced accumulation of active metabolites for both CPA and
IFA (Fig. 7) and by a substantial increase in bystander cyloloxicily
(Fig. 8/4). P450 reducÃase gene Iransfer in the absence of P450
expression did not confer any chemosensitivity to CPA or IFA,
confirming the P450 dependence of these enhanced cytotoxic re
sponses. Given the clear advantages of transducing lumor cells wilh
P450 reducÃasein combination with P450, bioreductive prodrugs that
are activated by P450 reducÃaseunder hypoxic conditions may readily
be added lo a combinalion chemolherapy/gene iherapy regimen that
includes a P450-activated prodrug. Examples of such bioreductive
prodrugs include mitomycin C and various other quiÃ±ones,nitroimi-
dazoles, heterocyclic A'-oxides, and bioreducible DNA alkylators (53,

54). Although this strategy might seem counterintuitive, given the
requirement of O2 for P450-catalyzed monoxygenase reactions, receÃ±Ã
sludies have shown no significant loss of P450-dependent prodrug
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activation in P450-transduced tumor cells grown under hypoxic
conditions.5 This, in turn, suggests that hypoxia response elements

(55) may be useful for transcriptional targeting (56) of P450 in
combination with P450 reducÃaseto solid tumors, which are charac
terized by a localized hypoxic environment (57).

Of the four human CYP2C gene products, CYP2C18 is the most
active catalyst of CPA and IFA 4-hydroxylation (35), and in this
study, CYP2C18 was the most active in chemosensitizing 9L gliosar-

coma cells to both CPA and IFA. Of the two CYP2C18 alÃeles
studied, CYP2C18-Met was particularly active, despite its very low
level of expression, as noted above. Indeed, CYP2C18-Met mediated
a 9L cell killing effect that is comparable to that seen in CYP3A4-
expressing tumor cells, in which the P450 protein level was several-

fold higher. This observation has important implications both for the
potential utility of CYP2C18-Met for CPA-based cancer gene therapy

and with respect to its role in CPA and IFA activation in human liver
tissue. Whereas CYP3A4 is the most abundant P450 in a typical
human liver sample, CYP2C18 is in much lower abundance (58, 59).
Although CYP2C18 is an active CPA and IFA 4-hydroxylase when

assayed in a yeast cDNA expression system (35), the proposed direct
involvement of this or other specific human CYP 2Cs in oxazaphos-

phorine metabolism in human liver (24, 60) cannot be clearly estab
lished, owing to the high cross-reactivity among the human P450 2C
proteins and the absence of P450 2C form-specific inhibitory probes.

Nevertheless, the present demonstration that all four CYP 2C mem
bers can sensitize 9L tumor cells to CPA provides further support for
the proposal that, in aggregate, these enzymes contribute significantly
to the metabolism of CPA in human liver tissue. Interestingly,
CYP2C18-Thr, though just detectable when retrovirally expressed in

9L tumor cells, conferred sensitivity to CPA, but not to IFA up to 1
mM. The two CYP2CÃŒ8allelic variants differ at a single amino acid
(Met versus Thr385) and exhibit clear kinetic differences using CPA

and IFA as substrates (35), implicating residue 385 as an important
determinant of the specificity of CYP2C18 toward these isomerie
prodrug substrates. Clinically, this observation could be important
when using IFA, in view of the much more rapid activation of IFA by
CYP2C18-Met compared to CYP2C18-Thr, and given that the 2C18-
Met alÃeleoccurs in ~30% of the Caucasian population, whereas the
2C18-Thr alÃeleis more abundant, present in â€”¿�70%of the population

(61).
CYP2C9 is the most abundant CYP 2C enzyme expressed in human

liver (58) and can activate CPA, and at a 3-fold lower catalytic
efficiency, IFA in a yeast expression system (CYP2C9-Cys144 alÃele;

Ref. 35). The CYP2C9-selective inhibitor sulfaphenazole has been

reported to slow the elimination of CPA in a subset of cancer patients
(62), suggesting a role for CYP2C9 in hepatic metabolism of this
drug. Consistent with these observations is our finding that CYP2C9
can sensitize 9L tumor cells to CPA, albeit with much lower effi
ciency than CYP2C18 and CYP2C19, particularly when the several-

fold higher level 9L CYP2C9 protein expression is taken into account.
Although CYP2C9 is, thus, not the gene of choice for CPA or
IFA-based P450 gene therapy, this and other P450 genes (28) may

prove useful when combined with other cancer chemotherapeutic
prodrugs (2).

The use of retroviruses and other viral vectors for delivery of
therapeutic genes to tumor cells has become increasingly feasible with
recent improvements in vector design (45, 63, 64). Nonviral vectors,
including cationic liposomes, DNA-protein complexes, nonviral T7

autogene vectors, and other approaches (47, 48, 65) have also under
gone significant development and improvement in recent years. Fur-

5 Y. Jounaidi and D. J. Waxman, unpublished data.

ther enhancement of P450/P450 reducÃase gene delivery may be
achieved by linking these genes using an internal ribosome entry site
sequence (66) to achieve iheir coordinate expression on a bicislronic
message. Alternatively, construclion of a fusion gene which encodes
a calalytically active P450-P450 reducÃase fusion protein (67) may

allow for highly efficient expression of P450 activity. Limitations
associated with comparatively low retroviral liters could, in part, be
overcome by ihe use of more powerful promoters lo ensure a high
level of gene expression, coupled with the use of drugs, such as CPA,
that exhibit a sirong bystander cytotoxic effect. Innovative strategies
to achieve tumor-selective gene expression, including transcriptional

targeling, cellular targeting, and selective delivery in situ of both the
prodrug and the therapeutic gene have been described (68-70). Fur
ther development of CYP2B6, CYP2C18-Met, and other P450 genes

for prodrug activation cancer gene therapy will be directed at the
implementation of these and other approaches to enhance the enzy-

malic activity, tumor cell chemosensitivity, and targeling specificily
of P450/P450-reductase-based gene therapy.
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