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ABSTRACT

Enzyme-prodrug therapy using ganciclovir and herpes simplex virus-
thymidine kinase (HSV-TK) has demonstrated excellent antitumor activ

ity in many different types of malignant cells. Previously, we noted that
ganciclovir was substantially more cytotoxic than other HSV-TK sub

strates. Therefore, we embarked on a study to determine the basis for the
superior cytotoxicity of ganciciovir. In I 25Ilk human glioblastoma cells
that stably express HSV-TK, ganciclovir elicited a >4 log cell kill instead
of the <1.S log cell kill mediated by two other HSV-TK substrates,
1-ÃŸ-D-arabinofuranosylthymine (araT) and acyclovir. Study of the metab
olism of these drugs demonstrated that acyclovir was poorly phosphoryl-

ated to its active triphosphate with DNA incorporation below the limit of
detection, which may explain the < 1 log cell kill in these cells. Lower levels
of ganciclovir triphosphate accumulated compared with araT triphos
phate (araTTP) under conditions that induced al log cell kill (67 versus
1235 pmol/107 cells, respectively), and the half-life for the triphosphate of

ganciclovir was shorter than that of araT (terminal half-lives of 15 and

41 h, respectively). Incorporation of ganciclovir monophosphate into DNA
was less than that of araT monophosphate, and both analogues were
retained in DNA for a48 h. Thus, the superior cytotoxicity of ganciclovir
was not due to enhanced metabolism to active forms. Highly cytotoxic
concentrations of ganciclovir produced only weak inhibition of DNA
synthesis. This allowed cells to proceed through S and ( ;, M phases during
and after drug exposure, resulting in a doubling of cell number by 48 h
after drug washout. As they attempted to progress through the cell cycle
a second time, ganciclovir-treated cells accumulated in early S-phase and

remained there until cell death, suggesting that ganciclovir incorporation
in the DNA template was important for cytotoxicity. In contrast, strong
inhibition of DNA synthesis by araTTP prevented cells from traversing
the cell cycle for at least 12 h after drug washout, when the active
metabolite was largely degraded. araT-treated cells were unable to divide

for at least 72 h after drug exposure, at which point the surviving cells
displayed a normal cell cycle distribution pattern. Based on the results
presented here, we propose a novel paradigm in which the ability of
ganciclovir to incorporate into DNA without inhibiting progression
through S-phase, combined with high cytotoxicity for incorporated gan

ciclovir monophosphate, produces multilog cytotoxicity.

INTRODUCTION

Tumor cells that have been engineered to express HSV-TK3 can

activate antiviral drugs such as ganciclovir to a toxic metabolite (1).
Many studies have demonstrated that this strategy results in cytotox
icity for a variety of tumor cell types in vitro and has resulted in
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dramatic tumor regressions in several animal models (2-10). These
promising preclinical results have prompted clinical trials of HSV-
TK/ganciclovir gene therapy in patients with end-stage cancers in

cluding brain tumors (11). Although this novel approach has the
potential for high impact in cancer treatment, the mechanism by which
HSV-TK/ganciclovir elicits this potent antitumor response is not well
understood. Cells expressing the HSV-TK gene are able to phospho-

rylate ganciclovir, an acyclic deoxyguanosine analogue, to a toxic
triphosphate metabolite that is thought to interfere with cellular DNA
synthesis (12-15). Accordingly, other nucleoside analogues selec
tively phosphorylated by HSV-TK, such as araT and acyclovir, should
also elicit cytotoxicity in this model through a similar DNA-directed
mechanism (16-18). However, previous results from our laboratory

demonstrated that ganciclovir was substantially more cytotoxic than
either araT or acyclovir in C6 rat glioma cells that expressed HSV-TK

(19). Most impressive was that ganciclovir elicited a >4 log cell kill
compared with s 1.5 log cell kill mediated by the other analogues
after a 24-h incubation. Other nucleoside analogues, such as difluoro-
deoxycytidine (20), typically produce only a 1- to 2-log decrease in

viability in vitro under similar conditions. Thus, the ability of ganci
clovir to produce multilog cell killing is unusual for an antimetabolite
and likely contributes to the efficacy of HSV-TK/ganciclovir in ani

mal tumor models.
Although a wealth of reports exist in the literature demonstrating

the antitumor activity of HSV-TK/ganciclovir, information on the

metabolism and cytotoxic mechanism is largely lacking. Mechanistic
studies with other nucleoside analogues, such as l -ÃŸ-D-arabinofurano-
sylcytosine (21-24), have resulted in improved clinical protocols that

have optimized response and decreased toxicity (24, 25). These stud
ies have demonstrated that for nucleoside analogues, the ability of
tumor cells to retain the active triphosphate metabolite and incorpo
rate it into DNA determines the cytotoxic potential of the parent drug.
With the superior cytotoxicity of ganciclovir compared with araT and
acyclovir, we hypothesized that the triphosphate derivative of ganci
clovir would achieve higher concentrations, be retained for longer
periods of time, or be incorporated in DNA to a greater extent.
Therefore, we initiated a study of the metabolism and cell cycle
effects of these three agents in a single cell line that stably expresses
HSV-TK in an effort to elucidate the mechanism that may confer

multilog cytotoxicity. The results demonstrated that enhanced metab
olism did not account for the superior cytotoxicity of ganciclovir.
However, the drugs differed markedly with respect to progression
through the cell cycle. Based on these results, we propose a novel
paradigm for the multilog cell killing observed with ganciclovir.

MATERIALS AND METHODS

Chemicals. [8-'H]Ganciclovir (12.4 Ci/mmol). [methyl-^rKN^lhymine-l-
ÃŸ-D-arabinofuranoside (2.9 Ci/mmol). [8-'H]acyclovir (15.0 Ci/mmol), and
|5-'H]uridine (20.0 Ci/mmol) were obtained from Moravek Biochemicals. Inc.
(Brea, CA). [nit'f/iv/-"'H]Thymidine (64 Ci/mmol) was purchased from 1CN

Biomedicals. Inc. (Irvine, CA). Ganc'iclovir (Cytovene) was a generous gift

from Syntex (Palo Alto. CA). Propidium iodide. thymine-l-/3-D-arabino-
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t'uranoside, acyclovir, 9-erythro-(2-hydroxy-3-nonyl) adenine, and other nu-

clcoside and nucleotide standards were purchased from the Sigma Chemical
Co. (St. Louis, MO). HPLC grade ammonium acetate and ammonium phos
phate were purchased from J. T. Baker, Inc. (Phillipsburg, NJ). Ammonium
phosphate was also obtained from Fisher Scientific (Pittsburgh, PA). All other
chemicals were of the highest purity available.

Enzymes. RNase A (EC 3.1.27.5; 50 units/mg), spleen phosphodiesterase
(EC 3.1.16.1: 2 units/mg). alkaline phosphatase from calf intestine (EC 3.1.3.1;
2000 units/mg), proteinase K (EC 3.4.21.14; 20 units/mg), and nuclease from
Staphylncoccus aureus (micrococcal nuclease: EC 3.1.31.1: 15.000 units/mg)
were obtained from Boehringer Mannheim (Indianapolis, IN). RNase Tl (EC
3.1.27.3; 4618 units/mg) was obtained from Life Technologies, Inc. (Grand
Island. NY).

Generation of Stably Transduced U251 Cell Lines. U251 human glio-

blastoma cells were maintained in exponential growth in RPMI 1640 supple
mented with 10% calf serum and 2 ITIMglutamine (Life Technologies, Inc.). To
generate U251 clonal cell sublines that stably expressed the HSV-TK (U25ltk)
or /3-galactosidase (U251ÃŸg) cDNA, cells were transduced with retrovirus

vectors that use the retrovirus long terminal repeat sequence as a promoter and
contain the cDNA for neomycin resistance. Transduced cells were selected
with 400 fig/ml G418: individual colonies were expanded and subsequently
maintained in medium containing 200 /ig/ml G418. Expression of HSV-TK

was confirmed by assaying cell lysates for ganciclovir phosphorylation (19),
and ÃŸ-galactosidase expression was verified by staining with the substrate
5-bromo-4-chloro-3-indolyl-ÃŸ-D-galactopyranoside.

Cytotoxicity Studies. Cytotoxicity was assessed in the parental U251.
U251ÃŸg(ÃŸ-galactosidase-expressing). and U251tk (expressing HSV-TK) cell

lines by a standard colony formation assay as described previously (19).
Exponentially growing cells were treated with drug for up to 24 h, followed by
plating 10-50 viable cells/well. Cells were allowed to grow for 7-9 days, at

which time they were stained with crystal violet, and colonies of at least 50
cells were enumerated.

Analysis of Ganciclovir, AraT, and Acyclovir Metabolism. After incu
bation with radiolabeled ganciclovir. araT, or acyclovir, cells were harvested,
and nucleotides were extracted with perchloric acid and neutralized as de
scribed (20). The phosphorylated derivatives of ganciclovir and araT were
separated from endogenous nucleotides and quantitated by strong aniÃ³n ex
change HPLC using a Waters (Milford. MA) gradient system composed of two
Model 501 pumps, a U6K injector module, and a Model 996 photodiode array
detector, and the system was controlled by Millenium 2010 software. Before
injection, each sample was spun at 12.(XX)X g for 5 min to remove paniculate
matter, and the pH was adjusted to 2.8 to match the starting elution buffer pH.
Samples were loaded onto a 5 Â¡IMPartisphere 4.6 X 250-mm SAX column

(Whatman, Hillsboro, OR), and nucleoside triphosphates were eluted with a
linear gradient of ammonium phosphate buffer ranging from 0.15 M. pH 2.8, to
0.6 M (pH 3.7 or pH 2.8). To separate nucleoside mono-, di-, and triphosphates.

ammonium phosphate buffer ranged from 0.01 (pH 2.8) to 0.7 M (pH 3.7 or
2.8). Analogue nucleotides were resolved from the endogenous nucleotides by
these procedures. Nucleotides were identified based on their UV spectra over
the range of 200-355 nm and coelution with authentic standards. Cellular

nucleotides were quantitated by comparison of their peak areas with that of a
known amount of the appropriate standard at wavelengths 254 and 281.
Fractions containing radiolabeled ganciclovir and araT nucleotides were col
lected and quantitated based on the known specific activity of the parent
tritiated nucleoside. To confirm the identity of radiolabeled ganciclovir and
araT nucleotides. samples were degraded to nucleosides with alkaline phos
phatase and analyzed by reversed phase HPLC. Greater then 95% of total
tritium comigrated with authentic standards for ganciclovir or araT.

DNA Incorporation Studies. To isolate DNA from cells, we initially
extracted nucleic acids with phenol-chloroform, followed by digestion of RNA

with RNase A according to standard procedures (26). However, HPLC analysis
of the digested DNA demonstrated that with these methods, at least 10% of the
RNA remained in the DNA preparation. Therefore, we developed an improved
procedure to degrade the RNA completely, which required the use of RNase
Tl in addition to RNase A. as we have recently described in detail (27). For
analysis of the amount of analogue nucleotide incorporated into DNA, cells
were incubated with tritiated ganciclovir, araT. or acyclovir, and harvested;
DNA was isolated according to our improved procedure. The purified DNA
preparations were digested to internally incorporated 3'-monophosphate nu

cleotides and terminal nucleosides with micrococcal nuclease and spleen
phosphodiesterase as described previously (27). The products were analyzed
by reversed-phase HPLC. DNA digests were loaded onto a Partisphere C18

column (Whatman, Hillsboro. OR), and samples were eluted with 0.1 M
ammonium acetate (pH 5.4) isocratically for 8 min, followed by a linear
gradient that added methanol/0. l M ammonium acetate (pH 5.4) at a rate of
0.9% per minute for 24 min. One-min fractions were collected and assayed for

radioactivity. The nucleotides and nucleosides were quantitated by comparison
of their peak areas with that of a known amount of the appropriate standard at
wavelengths of 254 and 281 nm. The 3'-monophosphate derivatives of gan

ciclovir and araT were identified and quantitated after digestion to nucleosides.
As expected, ganciclovir and araT incorporation in nucleic acids was

associated exclusively with DNA. Therefore, in some studies the amount of
drug incorporated into DNA was determined from the amount of tritium in the
acid-insoluble fraction of perchloric acid cell extracts.

Measurement of DNA Synthesis. To measure the effect of ganciclovir and
araT on DNA synthesis, cells were treated with [mi>r/iv/-3H]thymidine (0.016

(XM)for the last 10 min of each drug incubation. After cellular nucleotides were
extracted with perchloric acid, the acid-insoluble fraction was washed once in
ice-cold 0.4 N perchloric acid and assayed for radioactivity. The acid-soluble

nucleotides were separated and quantitated by HPLC as described above to
determine the specific activity of the ['H]dTTP precursor pool. The incorpo

ration of tritium into DNA was then calculated as cpm incorporated divided by
cpm/nmol ['HldTTP. Values are expressed as a percentage of the control (no

drug) values.
Cell Growth and Cell Cycle Analysis. The effect of ganciclovir and araT

on cell growth and cell cycle distribution was measured periodically during a
24-h drug incubation and for 3 days after drug removal. At each time point,
cells were harvested, counted, and fixed by the addition of ice-cold 70%

ethanol. Fixed cells were washed once in PBS and then incubated with 40
fjLj>/m\RNase A and 18 /ig/ml propidium iodide for at least 2 h at 4Â°Cto stain

the DNA. In some experiments, trout erythrocytes were included as an internal
standard for (low cytometry. DNA content was determined using a Coulter
EPICS C flow cytometer (Hialeah. FL) measuring propidium iodide fluores
cence at 630 nm. Cell cycle distribution was analyzed using the MultiCycle
computer program (Phoenix Flow Systems, San Diego. CA).

RESULTS

Cytotoxicity of Ganciclovir, AraT, and Acyclovir. The effects of
ganciclovir. araT, and acyclovir were evaluated on the clonogenic
survival of U251 cells that were transduced to stably express HSV-TK
(U251tk). U251 cells expressing the ÃŸ-galactosidase gene (U251ÃŸg)

were used as controls for retroviral transduction. All three compounds
were more cytotoxic to cells that expressed HSV-TK (U251tk) than in
cells lacking HSV-TK (U251ÃŸg;Fig. 1), consistent with reports that

o.ooi
0.01 0.1 l 10 100

\iM Drug
1000

Fig. 1. Comparison of ganciclovir, araT. and acyclovir cytoloxicity in U25ltk cells.
U251tk (cinseJ symhuls) and U251ÃŸg(O) cells were incubated wilh ganciclovir (â€¢,O),
araT (â€¢).or acyclovir (A) for 24 h and then assayed for clonogenic survival. Values
represent the average ot"triplicate determinations; barx, SE. AraT and acyclovir ( 100 /AM)

did noi decrease the survival of U25lÃŸgcells (dala noi shownl.
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Fig. 2. Effect of length of incubation on cytotoxicity of ganciclovir. U251 tk cells were
incubated with ganciclovir at concentrations of 0.1 (â€¢),1.0(*), 10 (â€¢),or 100 (A) /Â¿M
for the indicated time periods. Survival was determined by a colony formation assay.

these analogues are selectively phosphorylated by HSV-TK (14-18).
During a 24-h incubation, ganciclovir (IC5()= 0.12 /AM)was substan
tially more cytotoxic than either araT (IC5()= 11 /AM)or acyclovir
(IC50 = 73 /AM)in U251tk cells (Fig. 1), similar to previous studies in
C6 rat glioma cells that expressed HSV-TK (19). Most impressive was
that ganciclovir elicited a >4 log cell kill at 3 /AM,whereas 1000 /AM
araT or acyclovir resulted in s 1.5 log cell kill. This profound de
crease in cell survival was observed during shorter drug incubation
periods as well, where a 2-h exposure to 10 or 100 /AMganciclovir
decreased cell survival by 2 and 4 logs, respectively (Fig. 2). Ganci
clovir was also more toxic than acyclovir or araT in U251/3g cells,
although these cells were 1000-fold less sensitive to ganciclovir than
U251tk cells (not shown).

Phosphorylation and Retention of Ganciclovir, AraT, and Acy
clovir. Initially we hypothesized that the multilog cytotoxicity of
ganciclovir was due to accumulation of higher levels of phosphoryl
ated ganciclovir compared with the less effective araT. Therefore, we
compared the amounts of analogue mono-, di- and triphosphate
formed from each nucleoside after a 24-h incubation. With 0.1 /AM
ganciclovir (25% cell survival) or 1 /AMaraT (90% cell survival), the
amount of GCVTP that accumulated was at least 20-fold lower than
araTTP over the 24-h incubation period (Fig. 3). AraTTP achieved its
peak value (1588 pmol/107 cells) within 40 min of drug addition and
maintained that level over the 24-h time course. GCVTP accumulated
linearly for 4 h and then accumulated more slowly over the next 20 h
to 44 pmol/107 cells. This low level of GCVTP is similar to the

concentration of the cellular deoxynucleotides. For both ganciclovir
and araT, the triphosphate was the major metabolite (70-95% of total
radioactivity), compared with the di- and monophosphate forms.
Ganciclovir diphosphate represented a slightly higher proportion of

the ganciclovir nucleotides compared with araT diphosphate, which
may reflect better phosphorylation of araT diphosphate in mammalian
cells. No other radiolabeled metabolites were observed for ganciclovir
or araT.

Analogue triphosphate formation was also evaluated at higher
concentrations of ganciclovir and araT over a 4-h incubation period.
At concentrations ranging from 0.1 to 10 /AM,the amount of araTTP
exceeded that of GCVTP by 2-20-fold (Fig. 4). Only at a concentra
tion of 100 LIMdid the amount of GCVTP exceed that of araTTP.
However, this concentration is 20-fold higher than the amount of
ganciclovir that reduced cell survival by >99%. Similar studies con
ducted in cells treated with 10 or 100 /AMacyclovir for 24 h resulted
in acyclovir triphosphate levels that were 7-30-fold lower than
GCVTP or araTTP levels after 4 h (Fig. 4). Thus, the weak cytotox
icity of acyclovir may be due to low triphosphate accumulation.

Because the superior cytotoxicity of ganciclovir could not be ex
plained by higher accumulation of its triphosphate, we hypothesized
that lengthy retention of GCVTP compared with araTTP accounted
for the multilog cytotoxicity. Cells were incubated for 4 h with 1or 10
/AMganciclovir or 10 or 100 /AMaraT to measure the rate of degra
dation of the triphosphates (Fig. 5). Elimination of ganciclovir
triphosphate appeared monophasic with iln values of 11 and 15 h
after incubation with 1 and 10 /AMganciclovir, respectively. The
elimination of araTTP was biphasic at 10 and 100 /AM,with tl/2 values
of 1.4 and 1.9 h, and tl/2l} values of 35 and 41 h, respectively.
Although the initial elimination of araTTP was more rapid than that of
GCVTP, the terminal half-life of araTTP was substantially longer and
resulted in 5-fold higher levels of araTTP 2 days after drug washout
(Fig. 5).

0.1 1 10 100 1000
Drug Concentration (\iM)

Fig. 4. Accumulation of triphosphates of ganciclovir. araT. and acyclovir. U25ltk cells
were incubated with tritium-labeled ganciclovir (â€¢)or araT (â€¢)for 4 h or acyclovir (A)
for 24 h. Nucleotides were analyzed by HPLC. Values represent the average of duplicate
determinations: bars. SD.

Fig. 3. Phosphorylation of ganciclovir and araT. U251tk
cells were incubated with ['HJganciclovir (O.I /IM: A) or
['HJAraT ( 1 /XM;Bl for 24 h. Nucleotides were extracted

with perchloric acid, neutralized, and analyzed by HPLC.
Values represent the average of duplicate determinations;
bars, SD.
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Fig. 5. Comparison of GCVTP and araTTP elimination. U251tk
cells were treated with [3H|GCV at concentrations of 1 (â€¢)or 10 Â¿LM
<â€¢)or (3H]araT at concentrations of 10 (â€¢)or 100 (â€¢)/IM for 4 h.

Alter drug washout. GCVTP and araTTP were extracted from cells
and analy/cd by HPLC. Values represent the average of duplicate
dclerminalions; htir\, SD.
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Incorporation of Ganciclovir, AraT, and Acyclovir into DNA.
All three analogues have been reported to incorporate into cellular
DNA (13-15, 17. 18. 28). Because DNA incorporation has been

correlated with cell death for several other nucleoside analogues (29),
the extent of incorporation was studied with ganciclovir, araT, and
acyclovir. After incubation with tritiated ganciclovir or araT. >90%
of the radiolabel was recovered in the DNA fraction, similar to the
recovery of ('H]thymidine, with background levels of radioactivity

associated with RNA. These results demonstrate that GCVMP and
araTMP incorporate exclusively into DNA in these cells. Similar
experiments conducted with radiolabeled acyclovir resulted in unde-

tectable levels of tritium incorporated into nucleic acid, which likely
reflects the low levels of acyclovir triphosphate that accumulated.
Because more sensitive analysis of acyclovir incorporation into DNA
required prohibitively expensive levels of ['Hjacyclovir, these studies

were not pursued further.
To determine whether GCVMP and araTMP incorporated into

DNA at internuclcotide or terminal positions. DNA was degraded to
3'-monophosphates and terminal nucleosides with the successive ac

tions of micrococcal nuclcase and spleen phosphodiesterase as de
scribed previously (27). Analysis of DNA isolated from cells treated
with 0. l /IM ganciclovir for 6 h revealed that less than 5% of the drug
was incorporated as the terminal nucleoside, whereas >90% appeared
to elute at a position consistent with the ganciclovir derivative of a
3'-monophosphate (Fig. 6. A and B). To confirm that the radiolabeled

compound was ganciclovir monophosphate, for which a standard was
not available, samples were degraded to ganciclovir with alkaline
phosphatase and analy/cd by reversed-phase HPLC. As shown in Fig.

6, C and D, >95% of total tritium comigrated with internal standards
for ganciclovir. Similar studies confirmed the identity of araT 3'-

monophosphate. Increasing the dose of ganciclovir to l /IM or the
incubation time up to 48 h did not increase the percentage of termi
nally incorporated drug (data not shown). Similar studies conducted in
cells treated with 10 and 1(X)/IM araT for 24 h demonstrated that
>90% of the araTMP also incorporated into DNA at internal positions
(data not shown).

In some ganciclovir-treatcd samples, a small level (5-10%) of
tritium elutcd from the column 1-10 min after the internal standard for

ganciclovir (Fig. 6. A and C). The amount of these products decreased
as the amount of micrococcal nuclease was increased. Also, the
amount of these products varied depending upon the commercial
source of the micrococcal nuclease. This suggested that the late-
eluting products were due to the incomplete digestion of small oligo-

nucleotidcs containing ganciclovir, similar to results reported by
Cheng el al. (13). In DNA digests from cells labeled with tritiated
araT or thymidine. all of the radioactivity could be accounted for by
the amount of the corresponding 3'-monophosphate and nucleoside

(data not shown).

3876

These studies demonstrated that both ganciclovir and araT are
incorporated at internucleotide positions in cellular DNA. Next we
wished to determine whether the superior cytotoxicity of ganciclovir
was due to higher DNA incorporation during a 24-h drug incubation.
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Fig. 6. HPLC analysis of DNA digests from U25ltk cells treated with ganciclovir.
U25ltk cells were treated with O.I JXM['Hjganciclovir lor 6 h, followed by isolation of
DNA and degradation to 3'-monophosphates and terminal nucleosides with micrococcal

nuclease and spleen phosphodiesterase (A and B). To verify the identity of the peak
identified as ganciclovir 3'-monophosphate, an aliquot of the digest was degraded further

to nucleosides with alkaline phosphatase (C and D). Both samples were collected and
assayed in I-min fractions (A and O, and ahsorbance of the nucleotides and nucleosides
was measured at 254 nm (B and /)). One nmol of GCV was included in the digests as an
internal standard. Shown are representative chromatograms from more than 12 experi
ments.
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Table 1 incorporation of nucleotide analogues into DNA

U251tk cells were incubated with ganciclovir or araT for 24 h. DNA from cells was
extracted and digested to 3'-monophosphates and terminal nucleosides as described in
"Materials and Methods." Greater than 90% of the incorporated nucleotides were present

in intemucleotide linkages. Results are expressed as the total amount of analogue in DNA
(sum of 3'-monophosphate and nucleoside incorporation). Each value represents the

average Â±SD of duplicate determinations.

Length of
Concentration incubation

Drug (UM)(h)Ganciclovir

0.1612241.0

61224AraT

100 24pmol

nucleotide per
100 pig of DNA
(average Â±SD)1.042.999.304.0415.1947.950.660.460.401.513.4835.16261.01

15.98

10000

1000r-
o

O
ja
"o

i
Hr After Drug Washout

Fig. 7. Retention of nucleotide analogues in DNA. U251tk cells were incubated with
tritium-labeled ganciclovir (0.1 U.M) (â€¢)or araT (IO (ÃŒM)(â€¢)for 4 h, followed by
perchloric acid precipitation of the nucleic acid fraction. The acid-insoluble pellet was
solubilized, and tritium was measured by scintillation spectromelry. The results represent
the average of duplicate determinations from a representative experiment: hars, SD.

DNA incorporation increased for both araT and ganciclovir through
out the incubation period. As indicated in Table 1, the amount of
araTMP exceeded that of GCVMP by a factor of at least 5-fold after
a 24-h incubation, although survival decreased by more than 3 logs

with 1 /AMganciclovir compared with <1 log with 100 /AMaraT. Thus,
despite its superior incorporation into DNA, araT was not as effective
as ganciclovir at decreasing cell survival.

Although GCVMP was incorporated into DNA to a lesser extent
than araTMP, it seemed possible that lengthy retention of GCVMP
might account for its multilog cytotoxicity. DNA retention of
GCVMP and araTMP was assessed for 24 h after a 4-h incubation

with 0.1 /AMganciclovir or 10 /AMaraT (Fig. 7). After drug washout,
the amount of each analogue in DNA increased for 4 h. No significant
decrease in amount of araTMP or GCVMP in DNA was observed for
at least 24 h after drug washout. Small decreases in GCVMP in DNA
at 48 h after drug washout reflected larger numbers of cells in those
cultures, because the cell number nearly doubled over this time
period. Thus, these analogues appeared similar in that both were well
retained in DNA in the absence of exogenous drug.

Effects on DNA Synthesis and Cell Cycle Progression. During
the course of these studies, we noted that although ganciclovir was
much more cytotoxic, it was not a potent inhibitor of cell growth. We
hypothesized that this was due to a weak effect of ganciclovir on DNA
synthesis. Therefore, the ability of each drug to inhibit DNA synthesis
was measured in intact cells using [3H]thymidine incorporation into

cellular DNA after a 1-h drug exposure. Results were corrected for the
specific activity of [3H]dTTP in the precursor pool. Treatment with 1

/AMganciclovir inhibited DNA synthesis by only 50%, whereas a
much less cytotoxic treatment with 100 /AMaraT resulted in 90%

inhibition (Fig. 8). Longer incubation with 1 /AMganciclovir for up to
24 h did not result in a more complete block (60% maximum inhibi
tion; data not shown). Greater inhibition of DNA synthesis (80%) with
ganciclovir required concentrations 10-fold (Ã¤lO JU.M)higher than

necessary to kill 99.99% of the population. This weak inhibition of
DNA synthesis by ganciclovir corresponded to lower levels of
triphosphate compared with araT (Figs. 3 and 4).

To verify that potential competition between the analogues and
thymidine for HSV-TK did not interfere with the accuracy of the

DNA synthesis assay, we measured DNA synthesis inhibition using
aphidicolin in U251tk and wild-type U251 cells using the ['Hlthymi-

dine incorporation assay. Aphidicolin blocked DNA synthesis to a
similar extent in both cell lines (data not shown), indicating that this
is an appropriate measure of DNA synthesis in cells that express
HSV-TK.

In view of the weak inhibition of DNA synthesis elicited by
ganciclovir, we extended these studies to compare the effects of these
drugs on cell growth and progression through the cell cycle. These
parameters were measured during a 24-h incubation with I /AMgan

ciclovir or 100 /AMaraT and for 6 days after drug washout (Fig. 9).
AraT had a greater inhibitory effect on cell growth compared with
GCV during the 24-h drug exposure period (89% versus 55% growth
inhibition, respectively). After drug washout, araT-treated cells re

mained growth inhibited for at least 2 days and then increased in
number. Although there was a decrease in cell number between 5 and
6 days after araT washout, this trend must have reversed at a later time
because as much as 24% of the population survived, according to a
colony formation assay. The results discussed below also indicate that
the decrease in araT cell number represented the elimination of dead
cells, leaving primarily viable cells in the culture. In cultures treated
with ganciclovir, initially the cells were able to replicate, and they
completed one doubling between 12 and 48 h after drug removal.
However, the cultures then displayed a continuous decline in cell
number for the next 4 days, and the majority of the cells lifted off the
plate within 5 days after drug removal. This was consistent with the
killing of >99.99% of the cells observed in a colony formation assay
conducted at the same time.

In the study displayed in Fig. 9, cell cycle progression was meas
ured by flow cytometry after cells were fixed and the DNA stained
with propidium iodide. During drug incubation, araT-treated cells

accumulated in late G,/early S phase and appeared to be blocked there
until after drug washout (Fig. 10). After drug washout, araT-treated

cells progressed synchronously through S phase and then through

0.01 0.1 1 10 100
Drug Concentration (|i \1)

Fig. 8. Effect of ganciclovir and araT on DNA synthesis. U251tk cells were incubated
with the indicated concentrations of ganciclovir (â€¢)or araT (â€¢)for I h. Each culture was
pulsed with [3H]thymidine for the last IO min of the incubation. Cells were then extracted

with perchloric acid, and the amount of tritium in the acid-insoluble material was
measured. The ['HJdTTP levels were measured by HPLC to correct for alterations in the

specific activity of this nueleotide. Values represent the average of duplicate determina
tions; bars. SD.
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5x10

Control

AraT

+Drug Hr After Drug Washout

Fig. 9. Effect of ganciclovir and araT on cell growth. U251tk cells were incubated with
no drug (â€¢),1 /Â¿Mganciclovir (â€¢).or 100 /Â¿MaraT (A) for 24 h. at which time the
drug-containing medium was washed out of each culture and replaced with fresh medium.
Cells were harvested by trypsinization at the indicated times, and cell number was
measured for 6 days after drug washout. Values represent the average of duplicate
determinations.

G-.-M over a 48-h period (Fig. 11). Cells continued to progress

through the cell cycle, and by 6 days after drug removal, the flow
cytogram exhibited a normal distribution. In contrast, ganciclovir-

treated cells were able to progress through mid and late S phase during
the drug exposure period (Fig. 10). Within 48 h after ganciclovir
washout, cells had completed one cell cycle, at which point the cell
number had doubled (Fig. 11) and the cell cycle distribution pattern
appeared similar to that of control cells. However, as the cells at
tempted to initiate another round of DNA synthesis during the next
24 h, all cells accumulated in early to mid S-phase and remained there

until cell death.
Induction of Apoptosis. With previous reports indicating that

ganciclovir can induce apoptosis in some cell types (30-32), we

wished to determine whether the difference in cytotoxicity between
araT and ganciclovir was reflected in the onset or percentage of cells

Control

Fig. 10. Cell cycle progression in U25ltk cells during ganciclovir or
araT exposure. Cell cycle progression was assayed at three time points
during a 24-h ganciclovir (1 JIM)or araT (100 Â¿IM)incubation. After the
indicated drug incubation periods, cells were harvested, fixed, and
stained with propidium iodide for analysis by flow cytometry as de
scribed in "Materials and Methods." This set of DNA histograms is

representative of data derived from three similar experiments. Data from
channels 1-40. the sub-G, fraction representing mainly apoptotic cells.
were omitted for clarity and are not included in the cell cycle analysis.

Ganciclovir

AraT

undergoing apoptosis. In the experiment described in Figs. 9-11,
apoptotic cells were identified by sub-G, DNA content as analyzed by

flow cytometry. In control cultures, no more than 6% of the cell
population was undergoing apoptosis at any time during the study
(Fig. 12). Both araT- and ganciclovir-treated cultures contained ap

optotic cells within 48 h after drug removal. The percentage of
apoptotic cells in each culture increased for 4 days after drug removal,
when at least 60% of the cells treated with araT or ganciclovir were
undergoing apoptosis. At 6 days after drug removal, the cultures
diverged in which araT-treated cells showed a dramatic decrease in
apoptotic cells, whereas ganciclovir-treated cells continued to exhibit
>60% apoptotic cells. This corresponded to the time at which a

normal cell cycle distribution pattern was observed with araT,
whereas ganciclovir cells remained blocked in early S phase. It was
noted at 5 days after araT and ganciclovir washout that a substantial
number of cells were not attached to the flasks. Analysis of these
floating cells by flow cytometry demonstrated that a90% were ap
optotic at 5 days after drug incubation. On day 6, the floating cells
from the ganciclovir-treated culture were 90% apoptotic, whereas the
araT-treated culture showed a decrease to only 60% of floating cells

as apoptotic. Taken together, these results demonstrate that cells
exposed to ganciclovir undergo apoptosis for a longer period of time
compared with araT, reflecting the multilog cytotoxicity uniquely
associated with ganciclovir.

DISCUSSION

Although many groups have reported impressive antitumor activity
of ganciclovir in cells transduced to express the HSV-TK gene (1-10),

there are few reports on the cytotoxic mechanism of ganciclovir
nucleotides. Such information becomes more important in view of our
recent report that ganciclovir is a superior cytotoxic agent than other
HSV-TK substrates tested, eliciting a multilog cell kill compared with
â€¢¿�^1.5 log cell kill with araT or acyclovir (19). It was expected that the

potent antitumor activity would be related to accumulation of high
levels of ganciclovir nucleotides or their lengthy retention, properties
shown to be important for clinically effective nucleoside analogues

i ^^ i
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11. Cell cycle progression in U251lk cells after 24 h of drug exposure. Following the drug exposure described in Fig. 10, drug-containing medium was replaced with fresh

i. and cells were harvested periodically and processed for cell cycle analysis by flow cytometry.

(21, 22, 25). The studies described here demonstrate that ganciclovir
differed markedly from classic nucleoside analogues in which mas
sive cytotoxicity with ganciclovir was associated with low nucleotide
levels and modest effects on DNA synthesis, suggesting a novel
mechanism for multilog cell killing.

Of the three analogues evaluated here, acyclovir was poorly phos-

phorylated, and incorporation into DNA was below the limit of
detection. Thus, for this analogue, low activation and incorporation
into DNA is consistent with its low cytotoxicity. In contrast, compar
ison of the cellular metabolism of ganciclovir and araT showed that
GCVTP at levels similar to that of the endogenous deoxynucleotides
resulted in a 5 log cell kill, whereas araTTP levels 300 times higher
elicited no more than 90% cytotoxicity. Lengthy retention of low
levels of ganciclovir nucleotides could not explain the superior cyto
toxicity because at all concentrations tested, the terminal half-life of
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Il
12 24 36 48 72 96 120

Hr After Drug Washout
Fig. 12. Apoptosis after drug exposure. U251tk cells were incubated with either no

drug (^). ganciclovir (S). or araT (â€¢)as described in the legend to Fig. 10. Apoptosis
was analyzed as the percentage of cells with sub-G, DNA content as measured by flow

cytometry.

GCVTP was shorter than that of araTTP. Furthermore, there was no
evidence that a metabolite other than GCVTP was the cytotoxic agent
because this nucleotide was the major form of ganciclovir in U251tk
cells, and no unidentified metabolites were observed. Taken together,
these results demonstrate that the superior cytotoxicity of ganciclovir
compared with araT is not due to higher accumulation or a longer
half-life of its toxic triphosphate form. Rather, GCVTP appears to be

a more potent cytotoxic agent.
A comparison of the metabolism of ganciclovir from previous

studies using either murine cells transduced to express HSV-TK (14,
33) or herpes virus-infected cells (12, 34, 35) demonstrates that the
accumulation of ganciclovir mono-, di-, and triphosphate derivatives
was similar to that observed in U251tk cells. However, in HSV-

infected Vero cells (12, 34) or primary rabbit kidney cells (35), the
half-life of GCVTP was longer than that in U251tk cells. Smee et al.
(34) showed that 60-70% of total GCVTP was retained in HSV-

infected Vero cells 24 h after drug removal, compared with only 20%
retention observed here in the U251 tk cells. These differences may be
accounted for by the different cell types used in these studies, or
possibly that viral infection slows elimination of GCVTP from mam
malian cells.

Although nucleotide accumulation was lower from ganciclovir
compared with araT, it seemed possible that higher incorporation of
GCVMP into DNA could explain the superior cytotoxicity. However,
more araTMP was observed in DNA compared with GCVMP at all
concentrations tested. High incorporation of araTMP into DNA was
likely due to the excellent affinity of replicative DNA polymerases for
araTTP (36) and the fact that araTTP levels exceeded those of the
endogenous competitor dTTP by at least 10-fold. In contrast, GCVTP
levels were usually 10-fold lower than those of araTTP and similar to

the amount of the competing dGTP. Greater cytotoxicity with ganci
clovir, despite lower incorporation into DNA, demonstrates the po
tency of the incorporated nucleotide.

The unique cytotoxicity of ganciclovir does not involve DNA chain
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termination because DNA digestion studies showed that GCVMP
incorporated into DNA at internal positions to a similar extent as
aruTMP. Other groups have observed internal incorporation of
GCVMP in DNA in studies with virally infected or transformed cells
(13. 15). This is consistent with the fact that ganciclovir has a
hydroxyl group on its sugar ring analogous to a 3'-hydroxyl on dGMP

that can support further DNA elongation. In contrast, investigators
demonstrated that acyclovir, which lacks an equivalent 3'-hydroxyl

group, acts as a chain terminator (17, 37). In cell-free systems,

investigators have reported that GCVMP polymerization onto a syn
thetic template primer inhibits further DNA extension, either imme
diately after GCVMP incorporation or after the polymerization of an
additional nucleotidc (38-40). Although the method for measuring

internucleotidc DNA incorporation described here cannot distinguish
between GCVMP incorporated in the penultimate position on a DNA
strand versus elongation into mature DNA, the cell cycle studies
clearly indicated that the GCVMP-containing DNA was elongated to

full length. In contrast, studies with purified polymerases on a defined
template demonstrated that GCVMP is a strong inhibitor of elongation
after the addition of one nucleotide (38, 40). Reardon (38) demon
strated that there was a 7-fold increase in Km values for polymerase a

for addition of the next two nucleotides after GCVMP was incorpo
rated. There are two possible explanations for this apparent discrep
ancy between cell-free and intact cell results: (a) the strong inhibition

of polymerization beyond one or two nucleotides after GCVMP
observed in cell-free studies was done in a short-term assay system. If

it were possible to extend the incubation time in this system, it may
show that further elongation was slowed but possible. In intact cells,
DNA synthesis was slowed by ganciclovir, and it is possible that the
kinetics of elongation were slowed but the extended incubation time
allowed cells to complete DNA replication: and (b) there may be
critical factors absent in cell-free experiments but present in intact

cells that allow the polymerases to elongate DNA containing
GCVMP. Current models for DNA replication implicate polymerase
S in leading strand synthesis with participation in lagging strand
synthesis after priming by polymerase a and primase (41). Although
the specific role lor polymerase â‚¬¿�is not clear, it is a highly processive
polymerase, as is polymerase 8. It is possible that in the case that the
higher concentrations of GCVTP can inhibit polymerase 6, its activity
may be assumed by the less sensitive polymerase e to continue leading
and lagging strand synthesis.

The inhibition of ganciclovir-treated cells in early S phase after one

cell division suggested that the presence of GCVMP in the DNA
template forms a critical lesion for ganciclovir cytotoxicity. Several
observations described here indicate that GCVMP can incorporate
into the DNA template: (a) incorporated GCVMP formed internucle-

otide linkages; (b) GCVMP was retained in DNA after the cell
number had doubled: and (c) most cells divided after cytotoxic gan
ciclovir treatments. Thust et al. (42) have also hypothesized that
GCVMP incorporation in the DNA template is a critical lesion based
on studies showing that ganciclovir-induced chromosomal aberrations
in Chinese hamster V79-E cells were much greater 24 h after drug

removal (after cells had divided) than during drug treatment. The
mechanism by which GCVMP in the template strand may produce
multilog cytotoxicity is not clear. It is possible that GCVMP is an
unsuitable substrate in the DNA template for replicative polymerases,
or alternatively, the acyclic moiety may alter the secondary structure
of DNA, interfering with the binding of enzymes involved in DNA
replication. Indeed, it has been demonstrated that ganciclovir induces
significant distortion in a decamer duplex of DNA (43). It is not clear
whether araTMP is present in the DNA template strand or whether
this lesion is repaired prior to the next round of DNA synthesis. The
studies of araTMP retention in DNA lasted for 48 h after drug

exposure, and the cells exposed to araT did not divide during this
time. However, in view of the lengthy retention of araTMP in DNA,
it seems likely that this analogue would be present to some extent in
the DNA template. If so, then it would be important to compare the
effects of araTMP and GCVMP in the template on DNA replication.

These studies demonstrated that ganciclovir produced only modest
inhibition of DNA synthesis. The two major factors that result in
inhibition of DNA synthesis are: (a) direct competition by GCVTP
with dGTP for DNA polymerases; and (b) slowing of DNA elongation
after incorporation of GCVMP (38-40). Regarding direct inhibition

of DNA polymerases, in vitro studies have demonstrated that GCVTP
is a selective inhibitor of DNA polymerase Ã´(K{ = 2 /J.M), with
40-70-fold less potent inhibition of DNA polymerases a and e (40).

The studies shown here demonstrate that, even at highly cytotoxic
concentrations, intracellular concentrations of GCVTP ranged from
only 5-20 /J.Mduring a 24-h incubation period. Because the cellular
concentration of the endogenous competitor, dGTP, is ~4 JU.Min U251

cells, potent inhibition of polymerase Ã´would be expected only at
high concentrations and long incubation periods. Regarding the effect
of incorporated GCVMP on DNA synthesis, the data presented here
suggest that GCVMP in DNA is not a potent inhibitor of chain
elongation in intact cells. Taken together, the weak inhibition of DNA
polymerases and poor inhibition of elongation by ganciclovir resulted
in weak inhibition of DNA synthesis in intact cells.

The strong inhibition of DNA synthesis observed with agents such
as araTTP may in fact protect cells from cytotoxicity. The data
indicated that the majority of the incorporation of araTMP into DNA
occurred during drug exposure, when cells were blocked at the G,-S

interface, and up to 24 h after drug washout when most cells pro
gressed only into mid-S phase. Therefore, araTMP was incorporated

mainly into early replicating regions of DNA. In contrast, incorpora
tion of GCVMP occurred throughout the drug exposure period and up
to 12 h after drug washout, as cells progressed slowly through early,
mid, and late S-phase. Thus, GCVMP was incorporated throughout

the genome, whereas araTMP incorporated primarily into early and
perhaps some mid-S replicating regions.

Based on these results, we propose a novel paradigm for multilog
cell killing by ganciclovir. The data suggest that there are two major
factors that contribute to the multilog cytotoxicity observed with
ganciclovir: (a) ability to be incorporated into DNA without strong
inhibition of DNA synthesis; and (b) potent cytotoxic effect of the
incorporated GCVMP. This then would allow incorporation of the
highly toxic GCVMP into DNA throughout the genome, which we
propose is more cytotoxic than incorporation into early replicating
regions. Clearly, the chemical nature of the analogue plays a role
because bromodeoxyuridine, a thymidine analogue, can be incorpo
rated throughout the genome but is not as cytotoxic, likely due to the
structural similarity of this analogue to endogenous thymidine (44).
There are several mechanisms by which incorporation throughout the
genome could elicit multilog cytotoxicity. Incorporated GCVMP is
known to cause distortions in the structure of duplex DNA (43).
Multiple incorporations may cause greater distortion in the DNA
conformation so that, during the subsequent S-phase, DNA synthesis

is initiated but halted rapidly. Alternatively, it is possible that
GCVMP in the template strand is unsuitable as a substrate for DNA
polymerases and that when such a lesion is encountered, DNA repli
cation is terminated.

An important finding of these studies was that the ability of nucle-

oside analogues to inhibit cell growth did not predict relative cyto
toxicity for the three analogues studied here. Compared with ganci
clovir, araT was a superior inhibitor of DNA synthesis and cell growth
during a 24-h drug exposure and for 72 h afterward. By these meas

ures, araT would have been judged the more potent of these agents.
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10.

However, the colony formation assay demonstrated that only ganci -

clovir elicited a 4 log cell kill at concentrations that produced little
growth or DNA synthesis inhibition over a 72-h period. Commonly,

growth inhibition has been used as a predictor of cytotoxicity for
ganciclovir as well as numerous other antitumor agents. The data here 6'

demonstrate that, at least for ganciclovir, growth inhibition grossly
underestimates the cytotoxicity of the drug and is an inappropriate 7-

measure of drug efficacy. The weak effect on cell growth at highly
cytotoxic concentrations of ganciclovir is not unique to the U251 tk 8.
cell line because it has occurred in other cell types that we have
examined, including rat glioma cells (19) and two colon carcinoma 9
cell lines (45). Although we note some variation between cell lines in
sensitivity to ganciclovir, multilog cell killing has been demonstrated
in all cell types we have examined to date. Thus, these studies
demonstrate that, due to the delayed nature of the cytotoxicity pro
duced by ganciclovir, longer-term survival assays such as colony- "â€¢

forming ability should be used in assessing the antitumor activity for Â¡3.
this drug.

The potency of GCVTP reported here has important implications
for the susceptibility of HSV-TK-negative cells to ganciclovir cyto- 13
toxicity when in the presence of HSV-TK-positive cells (termed the
bystander effect). A major reason that HSV-TK/ganciclovir therapy

has been successful in reducing tumor size in animal studies is that 14.
expression of HSV-TK in as few as 10% of the cells in the tumor is

sufficient to produce complete tumor regression after ganciclovir
treatment (5-7). Although there may be an important immune com- is.
ponent that contributes to the efficacy of HSV-TK/ganciclovir therapy

in vivo (46), bystander cell killing has been demonstrated in vitro in [6
the absence of immune effects (1, 33, 45, 47-53). Although the

mechanism of this bystander effect in vitro is not entirely understood,
it has been proposed that it is due to passage of toxic ganciclovir
nucleotides from cells that express HSV-TK expression to bystander
cells that lack HSV-TK through gap junctional intercellular commu- '8-

nication (47, 48, 51, 53-55) or engulfment of apoptotic vesicles (56).

Both mechanisms should also facilitate transfer of other nucleotide 19.
analogues such as araTTP. However, based on the results described
here in cells that express HSV-TK, low levels of GCVTP compared
with araTTP will elicit substantially more cytotoxicity in bystander 20.

cells. Because present gene transfer techniques typically result in
slO% transduction of tumors in animal models (11), only minimal 21.
transfer of phosphorylated nucleotides to HSV-TK-negative cells is
possible. Consequently, HSV-TK-mediated therapy requires highly 22

potent agents such as GCVTP for effective tumor reduction.
In summary, these studies have demonstrated that the superior

cytotoxicity of ganciclovir compared with araT did not result from
enhanced metabolism or higher DNA incorporation. Instead, these
results provide evidence that incorporation of GCVMP into the DNA
template is a highly potent lesion. The multilog cell killing displayed
uniquely by ganciclovir occurs through a delayed mechanism that
permits cells to complete one cell division, after which they appear to 25'

permanently arrest in early S-phase. Based on these findings, the
effect of template incorporated GCVMP on DNA replication merits 26.
further investigation.

27.
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