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ABSTRACT

The mechanisms by which cytotoxic agents perturb the normal cell
biology and cell cycle progression of cancer cells were explored using
B16F10 cells genetically modified to express the Herpes Simplex Virus-

thymidine kinase gene. Culture in the presence of the nucleoside analogue
ganciclovir induced a profound morphological change that required entry
of treated cells into S phase and was dependent on prenylated proteins
such as those of the rlw gene family. Cell cycle arrest occurred in late S
phase or G2 phase due to the activation of the G2-M DNA damage

checkpoint. This checkpoint control operated at the level of inhibition of
the activity of Cdc2/cyclin B and occurred by two mechanisms: (a) p53-
mediated up-regulation of p2lCIPIAVAFI expression and its association

with Cdc2/cyclin B; and (In prevention of the dephosphorylation of tyro-

sine 15 of Cdc2. These events occurred in vitro and in vivo, and were
shown to mediate bystander killing in this model. The mechanism of cell
death seemed to be due to the irreversible cell cycle arrest at the (Ã,-M

checkpoint, rather than induction of apoptosis. These data link DNA
damage checkpoints with cytoskeletal signaling pathways and the core cell
cycle machinery and may represent a general mechanism of cytotoxicity of
this class of nucleoside analogues.

INTRODUCTION

The molecular mechanisms governing transitions from one phase of
the mammalian cell cycle to the next have been extensively studied
during the past decade (1). How environmental information received
by cells is processed into biochemical signals that can interact with the
cell cycle machinery is an ongoing field of investigation. Particular
attention is focused on the mechanisms by which damage to the
genome regulates passage through the cell cycle or induces cells to
undergo programmed cell death. Cell cycle checkpoints have been
identified as critical molecular regulators that must be overcome for
the passage from one phase of the cycle to the next (2). For instance,
in response to DNA damage, cells often arrest in G l through a process
mediated by inhibition of Gl CDK~Vcyclin complexes whose kinase

activity is required for entry into S phase (3). This has led to the
discovery of CDKIs such as p21CIPIAVAF1that bind to and inhibit

CDK/cyclin function (4-6). Other DNA-damage checkpoints have

been described, including a slowing of progression through S phase,
and a G-.-M checkpoint that blocks entry into M phase (2). Under

standing the mechanisms regulating cell cycle progression and check
point activation is important for elucidating pathways that regulate
normal growth and differentiation, and to better understand how
genetic defects identified in cancer cells allow the unregulated cell
cycles that characterize these cells (3). Furthermore, differences in the
response of normal and cancer cells to DNA damaging agents could
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permit better use of known chemotherapeutic agents or the design of
novel drugs tailored to the defective cell cycle control mechanisms of
cancer cells.

Studying the mechanisms of action of cytotoxic drugs can provide
insights into the cell biological and molecular events that mediate the
antitumor activity of these agents. In one such system, cells are
genetically modified to express the HSV-rÂ£gene. This enzyme, in

contrast to the normal cellular thymidine kinase, has a high affinity for
the nucleoside analogue GCV, which is converted efficiently into
GCV-TP only in cells expressing HSV-tk (7). GCV-TP is then incor

porated into nascent DNA strands during S phase, and this results in
chain termination and single strand breaks in synthesized DNA (7).
Because the toxicity of this system depends on the expression of the
HSV-fÂ£gene, the targeted expression of HSV-tk in cancer cells has

led to extensive studies of this prodrug system as a novel form of
cancer gene therapy (8. 9). Despite this large body of work, which
now includes numerous clinical gene therapy trials (10), little is
known about how GCV incorporation into cellular DNA affects signal
transduction pathways that interact with the basal cell cycle machin
ery. This information is important because it may lead to better use
of the prodrug system in the clinic, but also as a general model for
the antitumor mechanisms of other nucleoside analogues (such as
1-ÃŸ-n-arabinofuranosylcytosine, Ara-C) that share similar mecha

nisms of action.
In this study, we have used the HSV-tk/GCV system to study the

cell biological and cell cycle checkpoint response of HSV-tk-express-

ing BI6F10 melanoma cells (referred to as 8A cells) to this form of
cytotoxic therapy. Surprisingly, this treatment induced a profound
change in the organization of major cytoskeletal components of 8A
cells with an associated change in the size and shape of treated cells.
This required that cells enter into S phase, and was followed by an
irreversible arrest in late S/G2 phase that accounted for the eventual
death of treated cells. Data are presented that this arrest occurred
through activation of the G^-M checkpoint mediated by p53-depend-
ent induction p2|clpl/WAH1 and by inhibiting the dephosphorylation

of TyrlS of Cdc2. These data provide new insights into the mecha
nisms of action of DNA-damaging cytotoxic agents, and link cy

toskeletal signaling pathways and DNA checkpoint controls to the
core cell cycle machinery.

MATERIALS AND METHODS

Cell Lines. The murine melanoma cell line BI6FIO was kindly provided
by Dr. Robert Wiltrout (National Cancer Insitute. Frederick. MD) and was
maintained in DMEM (Life Technologies. Inc.. Gaithersburg. MD) supple
mented with 1(X) units/ml Penicillin/Streptomycin (Life Technologies. Inc.)
and 5% FBS. GCV (kindly provided by Syntex. Inc.. Palo Alto. CA) was
stored as a stock solution of 2 mg/ml in PBS at -20Â°C.

Plasmid Constructs. The plasmid pTyr-tk was derived from a plasmid

containing two tandem repeats of the murine tyrosinase enhancer cloned
directly upstream of the tyrosinase promoter region driving expression of the
ÃŸ-gÂ«lactosiilase gene, as described previously (11). ÃŸ-galactosidase DNA
sequences were excised by digestion with Noll, and the HSV-/A gene was

inserted into the Noti site.
Generation of HSV-tk-expressing Cell Lines. Cell lines stably expressing

the HSV-fA gene were generated by transfection using the Lipofectumine
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reagent (Life Technologies, Inc.). B16F10 cells were cotransfected with
pTyr-iA and pSV2neo (Clontech Laboratories. Inc., Palo Alto, CA), and stable
clones were selected by culture in 8(K)fig/ml G4I8. HSV-tk-expressing clones
ni' B16F10 were identified by growth inhibition during culture in the presence

of 10 jug/ml GCV. Clone 8A was sensitive to the toxic effects of GCV and was
selected for further study. B16-neo cells were generated by transtection with

the pSV2neo construct only, and clones selected in G418.
Bystander Assays. B16F10 cells were trypsinized and 5 X 10fi cells were

washed in serum-free media and pelleted by centrifugation at 4(K) x #. Cells
were stained with the plasma membrane-specific dye PKH26 as described by

(he manufacturer (Sigma Chemical Co., St. Louis, MO). PKH26 is fluorescent
and is not transferred between adjacent cells. Labeled B16F10 cells were
washed three times with complete media. The 8A cells were cultured for 48 h
in the presence of I ng/nil GCV and then extensively washed in media without
GCV. PHK26-labeled B16F10 cells were mixed at a 1:1 ratio with either the
GCV-treated or mock-treated (PBS only) 8A cells, and the cells were plated
at Mr cells/well plate in 6-well plates. After 24 h of coculture. cells on
coverslips were fixed in 3.7% formalin. The morphology of the PKH26-

labeled cells was determined by fluorescent microscopy using a Zeiss
Axiovert 135 M microscope.

Histochemical Staining of Cytoskeletal Components. Cells were plated
on coverslips in 6-well tissue culture plates (Costar Corp., Cambridge, MA) at
2 X 10s cells/well in complete DMEM. Staining of cells with DAPI (Sigma

Chemical Co.) was performed after fixation in 3.7% formaldehyde in PBS for
10 min. and permeabilization in 0.2% NP-40 for 2 min. For immunohisto-

chemical staining, cells were grown on coverslips for varying periods of time
in the presence or absence of GCV, and fixed in acetone:methanol (1:1) at
â€”¿�20Â°Cfor IO min. Actin filaments were visualized by staining with FITC-

phalloidin (Molecular Probes. Eugene, ORI as suggested by the manufacturer.
Microtubules were stained with anti-ÃŸ-tubulin antibody (clone TUB 2.1;
Sigma Chemical Co.), and focal adhesions were identified with anti-vinculin
antibody (Vin-11-5: Sigma Chemical Co.). After washing, specific binding by
primary antibody was detected with antimouse F(ab')2-FITC (Boehringer

Mannheim. Indianapolis. IN). Coverslips containing stained cells were rinsed
in PBS and mounted using Vectashield mounting medium (Vector Laborato
ries. Inc.. Burlingame, CA).

p53-Luciferase Transfections and Luciferase Assay. The 8A cells were

transfected with the a luciferase expression vector containing tandem repeats
of the p53 transcriptional response element (PG13-PY-LUC) or with a nega
tive control plasmid (MG15-PY-LUC) containing mutant p53 binding ele

ments (kindly provided by Dr. Bert Vogelstein, Johns Hopkins University
School of Medicine. Baltimore. MD) using Lipofectamine as recommended by
the manufacturer (Life Technologies. Inc.). The 8A cells (4 X 10s) were plated

on 60-mm plates and transfected with 4 /j.g of PG13-PY-LUC. As an internal

control for transfection efficiency, 0.5 /*g of pCMVÃŸ(Clontech Laboratories,
Inc.) was added to each transtection. Cells were then split into two 60-mm

plates and treated with either PBS or GCV at the indicated concentrations for
24 h. Luciferase activity was measured using the Luciferase Assay System as
indicated by the manufacturer (Promega, Madison, WI). Light unit values
obtained on a Lumat luminometer (EG&G Berthold, Wellesley. MA) were
normali/ed to ÃŸ-galactosidase expression levels (Tropix. Bedford. MA). Re
sults are expressed as "fold increase" above PBS-treated control after normal

ization for /3-galactosidase activity.

Cell Cycle Analysis. After culture under the indicated conditions, cells
were trypsini/ed and washed twice in ice-cold PBS containing 1% FBS. Cell

pellets were resuspended in 300 jxl of 1% FBS/PBS and fixed by the addition
of 7(X) /ni of 100% ethanol for 15 min at 4Â°C.Fixed cells were washed twice

in ice-cold 1% FBS/PBS and resuspended in 500 /j.1of PBS containing 2.5 Â¿U

of RNase Cocktail (Ambion. Inc., Austin. TX). The cells were incubated at
37Â°Cfor 15 min. and DNA content was determined by the addition of 50 fj.\

of propidium iodide (Sigma Chemical Co.) at 0.5 mg/ml PBS. Cell cycle
analysis was performed using an Epics 750 Flow Cytometer (Coulter Elec
tronics. Hialeah. FL), and data were analyzed using MultiCycle software.

Immunoprecipitations and Western Blot Analysis. After culture under
the indicated conditions, cells were lysed in modified RIPA buffer (50 mM
Tris-HCI. pH 7.4. 1% NP-40, 0.25% Na-deoxycholate. 150 mM NaCl. 1 mM

EDTA. 1 mM phenylmethylsultbnyl flouride. 1 fig/ml aprotinin. 1 jig/ml
leupeptin, 1 mM Na orthovanadate. I mM NaF). Cell lysates were homogenized
using a 2IG syringe, and nuclei and insoluble material pelleted by centrifu

gation at 14,000 X g at 4Â°C.Equal amounts of protein were size fractionated

by SDS-PAGE. Western blot analysis was performed by transfer of size-
fractionated proteins onto Immobilon-P membranes (Millipore, Bedford. MA).

Filters were blocked in 5% dry milk, 1% normal goat serum in PBS, with
gentle rocking either at room temperature for l h or overnight at 4Â°C.

Immunoblotting was performed for 2 h at room temperature in a blocking
buffer using primary antibodies at 1 Â¿ig/ml.After four washes in 10 mM Tris,
pH 8.0, 150 mM NaCl, 0.05% Tween 20, filters were incubated for 45 min at
room temperature in PBS blocking buffer containing a 1:5000 dilution of horse
radish peroxidase-conjugated secondary antibody (Amersham Corp., Arlington

Heights. IL). Filters were washed four times in 10 mM Tris. pH 8.0, 150 mM
NaCl. 0.05% Tween 20. and a signal was detected using the ECL system
(Amersham Corp.). The following antibodies were used: anti-cyclin Bl. anti-
Cdc2 kinase. anti-phosphotyrosine (4G10: all from Upstate Biotechnology.
Inc.. Lake Placid, NY), and anti-p21 (clone M-19; Santa Cruz Biotechnology,

Inc., San Diego, CA),
Histone HI Kinase Assays. Cells were lysed in buffer containing 50 mM

Tris, pH 7.5, 150 mM NaCl. 5 mM EDTA, 1% Triton X-100, 2 mM sodium

orthovanadate. 2 mM NaF. 2 mM PP;, 1 mM DTT. 1 mM AEBSF. and 10 /Ag/ml
leupeptin and aprotinin. Lysates were clarified by centrifugation at 14.000 X g
for 20 min. The supernatant was removed and 4 jitg of anti-cyclin B antibody
was added for 3 h at 4Â°C.Immune complexes were collected by addition of
protein A-Sepharose (Boehringer Mannheim) for l h at 4Â°Cwith rotation.

Immunoprecipitates were washed three times in lysis buffer, and one time in
kinase reaction buffer (80 mM ÃŸ-glycerophosphate. 20 mM EGTA. 50 mM

MgCU 1 mM DTT. 20 mM HEPES. pH 7.0, and 10 Â¿tg/mlaprotinin and
leupeptin). Kinase reactions were performed in 12 /j.1kinase buffer containing
1 ^Ci [-y-"P]-ATP (300 Ci mmoP '; Amersham Corp.) and 4 /ig of histone HI

(Life Technologies. Inc.) as substrate. Samples were incubated at 25Â°Cfor 15

min. and the reaction stopped by the addition of 2 X SDS-PAGE sample buffer
and boiled for 5 min. Samples were fractionated by SDS-PAGE, followed by

autoradiography and Phosphorimage analysis.
In Vivo Tumor Preparations, s.c. tumors were generated by injection of

IO5 8A cells were into the flanks of female C57BL/6 mice in 0.2 ml of PBS.

After the tumors reached approximately 0.5 cm X 0.5 cm in size, the animals
were treated for 7 days with twice daily i.p. injections of GCV (1.5 ml of 2
mg/ml solution) or PBS alone. On day 8. the tumors were resected; half of the
tumor was fixed in formalin and embedded in paraffin, whereas the other half
was minced and incubated for 2 h at 37Â°in tumor digestion buffer containing

collagenase type IV, DNase I. and hyaluronidase. After 2 h. the single cell
suspension was passed through sterile gauze, washed three times in culture
medium, and the cells were plated onto coverslips overnight. Cells were
photographed or processed for staining of actin cables as described above.
Animal studies were performed in compliance with the "Guide for the Care
and Use of Laboratory Animals."

I ,<i\Â»statin Treatment of Cells. Cells (8A) were plated onto coverslips at
5 X IO4 cells/well of 6-well dishes. After 24 h, the medium was changed to

growth medium containing 30 /J.M lovastatin, 10 /xg/ml GCV, or the combi
nation. Cell morphology was determined 24 h later, and photographs were
taken. Alternatively, cells were grown for 24 h in 10 /Â¿g/mlGCV, followed by
the addition of 30 /IM lovastatin for the ensuing 24 h.

Serum Starvation. The 8A cells were plated overnight onto coverslips at
5 X IO4cells/well in 6-well plates. Growth medium was removed, and the cells

were washed three times in serum-free medium and grown for 48 h in medium

containing 0.05% FBS. The medium was then changed to normal growth
medium, medium containing 0.05% FBS plus 10 jug/ml GCV, or 10% FBS
plus 10 jug/ml GCV. After an additional 48 h, cell morphology was docu
mented by photomicroscopy.

Clonogenic Assay of GCV-treated Cells. B16-neo or 8A cells were plated
at 5 X 10s cells/60-mm tissue culture plate 1 day before treatment. Cells were

then cultured in growth medium containing no additions, 10 fj.Mof the broad
specificity caspase inhibitor BOC (12), GCV1, or GCV1 plus 10 [IM BOC
(cells were pretreated for 30 min in 10 Â¿IMBOC before the addition of GCV 1).
Twelve hours later, cells were harvested by trypsinization, washed in growth
medium, and plated at 250 or 100 cells/well in 6-well plates. Culture was

continued in normal medium without GCV. but in the presence of BOC (in
relevant groups). Fresh medium was added every third day. Cultures were
maintained for 2 weeks, at which time plates were stained with mÃ©thylÃ¨neblue

3856

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/17/3855/2467377/cr0580173855.pdf by guest on 19 M

ay 2023



â€˜@@

â€˜:@ â€˜@,@
@.

â€˜t..,@

. â€¢1,. .

.@ â€œ :.@@

. SB@

@ , @,
â€¢@;:@

â€˜ up@

@.@

. . 4 1

. â€˜, , â€œ:@_@@

- - . @â€” @--@e

@WD

â€˜:@â€¢@.T-E

t@ ,F

,!iâ€”

@:

@â€˜

@ .@

,-

-@

@ â€˜@@@

#__---@ â€˜-@-

H@

I@@'
.w

.@

G2-M CHECKPOINTARRESTINDUCED BY HSv-TK/GCV

and the colonies were counted. The cultures of 8A cells treated with GCV1 or
GCV1 + BOC were maintained for an additional 2 weeks without any
evidence of colony formation.

RESULTS

A Profound Morphological Change Is Induced by HSV-tk/GCV
Treatment of B16F1O Cells. To determine the effects of targeted
expression of the HSV-tk gene in melanoma cells, B l6FlO cells were
stably transfected with DNA sequences encoding the HSV-tk gene
under transcriptional regulation of the mouse tyrosinase promoter/
enhancer elements. The tissue-specific killing conferred by this con
struct and the subsequent generation of a recombinant adenovirus

containing this transcription unit will be described elsewhere (1 1). An

HSV-tk-expressing clone of B16F1O was isolated and this clone, 8A,
was used in subsequent experiments. When 8A cells were cultured in
the presence of GCV, an unexpected, dramatic alteration of cell
morphology was conferred by HSV-tk/GCV treatment. The cell bio
logical basis for this morphological change was studied by immuno
histochemical analysis of nuclear and cytoplasmic stucture. As shown
in Fig. 1, nuclei of treated cells (B) were markedly enlarged compared
with control cultures (A), but appeared structurally intact, with none of
the features associated with apoptotic cell death (condensation of
nuclear DNA and fragmentation of the nucleus). Furthermore, no
mitotic forms were observed in multiple fields of GCV-treated cul
tures, although they were abundant in control cultures.

Cytoskeletal components of treated and untreated 8A cells were

Fig. 1. Alterations in nuclear and cytoskeletal
components induced by culture in the presence of
GCV.The 8A cdlls(BI6F1O cells genetically mod
ified to express HSV-tk) were plated on coverslips
and cultured under normal growth conditions (A,
C, E, and G) or in media containing 1 @sg/miGCV
(B,D. F. and!!) for48 h. Cells werethenfixed and
stained with the indicated reagent and visualized
by fluorescentmicroscopy.All photographsare
X400. A and B, DAP! staining of nuclear DNA; C
and D, staining with FITC-phalloidin to detect
actin cables; E and F. primary antibody directed
against @-tubulin(notetwo mitotic figures in E); G
and H, focal adhesions are demonstrated by stain
ingwithanti-vinculinmonoclonalantibody.
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G,-M CHECKPOINT ARREST INDUCED BY HSV-7X/GCV

Fig. 2. Cell cycle analysis of GCV-trealed 8A
cells. The 8A cells were grown in complete me
dium containing l /ig/ml GCV for varying periods
of time, and cell cycle analysis was performed. A.
cells grown under normal conditions (in the ab
sence of GCV). R. after the growth of 8A cells in
the presence of PBS diluent added to growth me
dium for 72 h. C. cells grown in GCV for 24 h. D.
cells grown in GCV for 72 h.
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analyzed. The small, retractile appearance of 8A cells grown under
normal conditions (see Fig. 4A). was consistent with the absence of
actin stress fibers (although lamellipodia and filopodia were abundant:
Fig. 1C) and the collapsed nature of the tubulin lattice (Fig. IÂ£).In
contrast. GCV-trcated 8A cells displayed an abundance of actin stress

fibers that traversed the entire cell (Fig. ID) and an extended lattice of
tubulin (Fig. IF). Similar observations were made after staining of
treated or untreated 8A cells for vimentin intermediate filaments (data
not shown). GCV-induced stress-fiber formation was associated with

the transition from minute focal adhesions observed in untreated 8A
cells (Fig. 1C) to the larger plaques observed in treated cells (Fig. \H).
Therefore, the GCV-induced morphological change can be attributed
to dramatic alterations in multiple components of the cellular cy-

toskeleton and nucleus, and suggests that this is a highly regulated
cytoskeletal transition. Similar GCV-induced alterations were ob
served in other HSV-fA: transfected cell lines, including the human
melanoma SK-MEL-28, and in the neuroblastoma T98G (data not

shown). This unusual cellular response to cytotoxic therapy led us to
study the signal transduction pathways involved, and to determine the
mechanism of DNA-damage-induced cell cycle arrest in response to
HSV-tk/GCV treatment.

Cell Cycle Analysis of GCV-treated 8A Cells. The mechanism of
action of GCV requires that cells enter S phase during which GCV-TP

is incorporated into newly synthesized DNA (7). Experiments were
performed to determine how GCV-treatment would effect the cell

cycle progression of 8A cells. Growth of 8A cells in the presence of
I /xg/ml GCV for 24-72 h resulted in the progressive arrest of cells
in a cell cycle position consistent with late S phase and/or G2-M (Fig.

2). Because the majority of 8A cells were able to completely transit S
phase, it seems that elongation of nascent DNA can continue even in
the presence of GCV. The addition of nucleotides to nascent DNA
strands containing terminal GCV residues has been described, al
though this is associated with a marked slowing of DNA polymerase
processivity (7).

The GCV-induced Cell Cycle Arrest Is Irreversible. Prelimi
nary observations indicated that once cells had attained the altered
morphology, washout of the GCV-containing media and culture in

normal growth media did not result in reversion to the normal phe-

notype. and the treated cells ultimately went on to die. To test this
more directly, a clonogenic assay was performed. Control B16-neo or

8A cells were grown in the presence or absence of GCV ( 1 /j.g/ml) for
12 h. Some wells contained the general caspase inhibitor BOC (12),
which was added to determine whether activation of the cells apop-

totic machinery played a role in the type of cellular toxicity observed.
This seemed unlikely, given the time course and morphology of cells
during the period of their demise. After 12 h, cells were harvested by
trypsinization and replated in normal growth medium (with or without
BOC). As shown in Table 1, culture of 8A cells for 12 h in GCV
resulted in the complete loss of clonogenic potential, whereas no
inhibition of colony formation was observed in the control popula
tions. The presence of BOC in the cultures had no effect on this
outcome. Therefore, the GCV-induced cell cycle arrest and morpho

logical changes are irreversible, and lead to the death of cells that
become "locked" in the late S/G2 phase of the cell cycle.

Morphological Change Is Coupled to GCV-induced Cell Cycle
Arrest. Two hypotheses were considered to account for the action of
GCV on cellular morphology. GCV-TP could act directly through

Table I Clunogt'nic siin'ivtil of GCV-tretttetl 816-neo or 8A cells

B16-neo and 8A cells were cultured for 12 h in under normal growth conditions or in
the presence of the caspase inhibitor BOC 110 /Â¿M>.GCV I. or the combination. After 12 h.
cells were plated at 250 or I(X)cells/well of 6-well dishes: at this time. GCV was omitted
from culture medium, but BOC was continued in those groups that had initially been
cultured in its presence. After an additional an 2 weeks of culture, colonies were stained
with mÃ©thylÃ¨neblue and the number of colonies containing ^20 cells was determined.
Treatment of 8A cells with GCV1 or GCV1 + BOC yielded no colonies of >2 cells.

Colony number

CelllineB

16-neoBI6-ncoB

16-neoB
16-neo8A8A8A8ATreatmentNoneBOCGCVIGCVI+BOCNoneBOCGCVIGCVI

+ BOC250170

Â±7175
Â±9181
Â±9176

Â±13174
Â±13170
Â±50010087

Â±987
Â±487

Â±1291
Â±288

Â±479
Â±500
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G,-M CHECKPOINT ARREST INDUCED BY HSV-7X/GCV

Fig. 3. S phase-dependent toxicity of HSV-tk/GCV treatment. The 8A cells were
growth-arrested in DMEM containing 0.05% FBS for 48 h at which time the indicated
changes in culture conditions were made. Cultures were then continued for 48 h, after
which photographs were obtained. A. medium was changed to normal growth medium
(10% serum) in the absence of GCV. R, growth was continued in medium containing
0.05% serum plus l Â¿ig/mlGCV. C culture medium was changed to medium containing
10% serum plus 1 fig/ml GCV. Photomicrographs are X320.

unknown signal transduction pathways to induce the noted architec
tural changes within treated cells. Alternatively, the GCV-induced cell

cycle arrest could trigger these cytoskeletal and nuclear events. To test
this point, two experiments were performed. First, 8A cells were
cultured for 48 h in 0.05% serum, conditions that result in Gl arrest
in >95% of the cell population. When GCV is added to cells main
tained in low serum, no morphological change is noted (Fig. 3, A and
B). However, if at the time of GCV addition the medium is changed

to normal growth medium containing 10% serum, then the morpho
logical change is observed (Fig. 3C). These data indicate that cell
cycle progression into S phase is required for the GCV-induced

effects. Thus, morphological changes are directly linked to incorpo
ration of GCV-TP into nascent DNA, and to the subsequent cellular

response to this form of DNA damage.
Lovastatin is an inhibitor of the enzyme HMG-CoA reducÃasethat

catalyzes the rate-limiting step in cholesterol biosynthesis. In addition,

lovastatin inhibits the formation of isoprenoid intermediates required
for the posttranslational modification of prenylated proteins, including
members of the Ras and Rho families of small GTP-binding proteins

(13). Treatment of cells has two main effects: (a) cell cycle arrest in
mid-Gl (14); and (b) inhibition of the formation of actin cables and

other cytoskeletal components due to loss of function of Rho/Rac/
Cdc42A family members (15). We tested the effect of lovastatin on
GCV-treated 8A cells. Cells cultured simultaneously in the presence

of both lovastatin and GCV displayed a cell cycle pattern in which
arrested cells were distributed between Gl (due to the lovastatin-
induced block) and G-.-M (due to the GCV-induced block). However,
despite the fact that half of this cell population arrested in G2-M, the

whole population attained a morphology characteristic of lovastatin
treatment (round, refractile cells), whereas no cells were observed that
exhibited the GCV-induced morphological change (Fig. 4B). This

suggests that it was the inhibition of protein prenylation by lovastatin
that prevented the GCV-induced morphological change from occur

ring, and not a Gl arrest of the entire population induced by lovas
tatin. This was confirmed by culturing 8A cells in GCV alone for 24 h,
at which time the expected morphological alteration was observed
(Fig. 4C). If lovastatin was added to these cultures for an additional
24 h, a collapse of the cytoskeleton occurred (Fig. 4D). Immunoflu-

orescence staining demonstrated that this resulted from collapse of the
lattices of thick and intermediate filaments and a significant reduction
in the number of actin cables (data not shown). In some of the cells
shown, maintenance of focal adhesion-mediated attachment to extra

cellular matrix resulted in long cellular processes. These processes
eventually retract, and cells no longer adhere to the culture dish. These
experiments demonstrate that induction and maintenance of the al
tered morphology observed in GCV-treated cells requires both the

activity of prenylated proteins and entry into S phase.
Bystander-mediated Events. Experiments were performed to test

whether the morphological alteration induced by culture in GCV
could be conferred by a bystander mechanism ( 16). This is defined as
the transfer of GCV-mediated toxicity to neighboring cells that do not
express the HS\-tk gene. To test whether GCV-treated 8A cells could

confer the morphological change to untreated cells, B16F10 cells were
labeled with the red fluorescent dye PKH-26, which stably binds to

cell membranes of treated cells and is not transferred to unlabeled
cells. PKH-26-labeled B16F10 cells were cultured at a 1:1 ratio with

either untreated 8A cells, or together with 8A cells that had been
cultured for 24 h in 10 ;u.g/ml GCV and then washed extensively. As
observed in Fig. 5/4, untreated 8A cells do not induce an altered
morphology in the labeled B16F10 cells, whereas GCV-pretreated 8A

cells did cause the labeled cells to adopt the altered morphology (Fig.
5ÃŸ).Other experiments using transwell plates or the culture of mixed
cell populations at low density demonstrated that the bystander effect
was not conferred by a transacting soluble factor, but required cell/cell
contact between the GCV-treated 8A and labeled B16F10 cells.

The GCV-induced Morphological Change Occurs in Vivo. It
was of interest to determine whether a similar mechanism of GCV-

induced cellular toxicity occurred in vivo. C57BL/6 mice received s.c.
injections of 8A cells; tumor nodules developed in 7-10 days. Tumor-

bearing mice were treated for 7 days with i.p. injections of either GCV
or PBS (control mice). Tumors were resected, and portions of the
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Fig. 4. Lovastalin prevents GCV-induced morphological
alterations hy inhibiting reorganization of the cell cytoskel-

eton. The 8A cells were cultured in the presence of PBS
diluent. GCV alone, or the combination of GCV and the
HMG-CoA reducÃaseinhibitor lovastatin. as indicated. Af
ter completion of the culture period, cells were photo
graphed (X200). A. cells grown under control conditions
with the addition of PBS diluent. H. cells were cultured lor
24 h in medium containing 10 fig/ml GCV and 30 /IM
lovastatin. O cells grown in medium containing 1(1jxg/ml
GCV for 24 h. Â£),cells shown in C were grown for an
additional 24 h in the presence of 10 /xg/ml GCV plus 30
JAMlovastatin.

tumors were fixed for histolÃ³gica! examination; the remaining por
tions were used to generate single cell suspensions. HistolÃ³gica!
analysis of H&E-stained tumor sections demonstrated that GCV treat

ment caused enlarged nuclear and cell size of tumor cells in the treated

Fig. 5. The bystander effect confers the morphological alterations on neighboring cells.
BI6FIOcells were labeled with the membrane dye PKH-26. which allows visualisation of

the labeled cells under fluorescent microscopy. The 8A cells were prepared by growth for
24 h in the presence or absence of 10 Â¿ig/mlGCV and then washed extensively. A,
PKH-26-labeled BI6FIO cells were cultured for 24 h at a 1:1 ratio with 8A cells that had
been grown under normal conditions (in the absence of GCV); only labeled BI6FIO cells
are visible, and these appear morphologically unaltered. H, PKH-26-labeled B16FIO cells
were cultured for 24 h at a 1:1 ratio with GCV-treated 8A cells. The BI6FIO cells have
been induced to attain the altered morphology caused by contact with 8A cells.

groups (Fig. 6). This was confirmed by noting the fewer number of
cells within a given area of the treated group (B) as compared with
tumor sections from PBS-treated controls (A). After an overnight

culture of the single cell suspensions in the absence of GCV, cells
from the in v/'vrMreated groups demonstrated the altered morphology

and actin cable structures like those observed after in vitro culture in
GCV (Fig. 6, D and F). Cells derived from control groups demon
strated the normal morphology characteristic of untreated 8A mela
noma cells (Fig. 6, C and Â£).That the cells observed in the GCV
group were in fact 8A cells and not cells derived from host animals
(i.e.. fibroblasts) was clear from the presence of dark melanosomes
overlying many of the nuclei. These data suggest that the same
mechanism of GCV-induced antitumor activity occurred in vitro and

in vivo.
Molecular Mechanism of GCV-induced Cell Cycle Arrest. We

tested the hypothesis that the GCV-induced cell cycle arrest in late

S/G2 phase occurred as the result of cell cycle checkpoints that
monitor the fidelity of DNA synthesis and the integrity of the genome
(2). Incorporation of GCV-TP into nascent chains of replicated DNA

could trigger these checkpoints. To test this, we asked whether culture
of 8A cells in the presence of GCV would lead to the activation of
p53-transactivating activity (17). BI6-neo control and 8A cells were

transfected with a luciferase indicator plasmid that contained four
tandem p53 consensus binding motifs upstream of a minimal thymi-

dine kinase promoter. Cells were then grown in the presence or
absence of 1 or 10 /j.g/ml GCV for 24 h, and extracts were prepared
for luciferase assay. As shown in Fig. 1A, no induction of the p53-
responsive elements is detected in B16-neo cells. However, a GCV-
dose-dependent increase in p53 transactivating activity is observed in

the 8A cultures. This level of transactivation is similar to that ob
served after y-irradiation of 8A or B16-neo cells with 10 or 20 Gy
(data not shown). No induction occurred with the MG15-PY-LUC

plasmid that encodes mutant p53 binding sites.
Association of p21CIPIAVAI"with Cdc2/Cyclin B. An important

cell cycle regulatory event mediated by p53 in response to DNA
damage is the induction of expression of the CDKI p2iclpl/WAF1

(4-6). The induction of p21 was examined 24 h after irradiation of
B16-neo and 8A, or after 24 h of growth in media containing GCV. As
shown in Fig. IB. Western blot analysis demonstrated that y-irradia-
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O;-M CHECKPOINT ARREST INDUCED BY HSV-7X/GCV

Fig. 6. GCV-induced morphological alterations are induced in viva. C57BL76 mice received s.c. injections of 5 X 10 8A lumor cells. After tumors reached 5 x 5 mm", mice were

treated with either PBS (A. C. and /:) or GCV (ÃŸ.O. and D administered i.p. twice daily for 7 days. Tumors were then resected and processed as descrihed. A. H&E-stained sections
of formalin-fixed tumors from PBS-treated mice(X200). R. H&E staining of GCV-trealed animals I X2()0). C-F. tumors were dissociated hy enzymatic digestion in rimi, and mdi\idual
cells were grown overnight under standard culture conditions in the absence of GCV. C. cells from PBS-treated animals (X200). D. cells from GCV-treated mice (X200). E. cells from
PBS-treated mice stained with FITC-phalloidin (X400). F. cells from GCV-lrealed mice stained with FITC-phalloidin (X400).

tion of either cell line led to the induction of high levels of quite dissimilar. As shown in Fig. 1C, by 24 h after irradiation, 8A
p21cipi/wAFi protein Growth of 8A cells in the presence of GCV also

induced significant p21 expression, especially at the higher GCV
concentration. No induction of p21 was observed in control B16-neo
cells grown in GCV, although the DNA-damage pathway was intact
because induction did occur in response to y-irradiation. However,
despite the similar induction of p21clpl/WAFI in 8A cells in response

to both irradiation and GCV. the cell cycle profile responses were

cells had arrested in both Gl and G,-M of the cell cycle. After this

checkpoint arrest, cells reentered the cycle, and by 72 h a near normal
pattern was noted (compare with the GCV response shown in Fig. 2).
Thus, in response to both irradiation and culture in the presence of
GCV. p53 transactivating activity and expression of p21clpl/WAFI

were induced in 8A cells, although the cell cycle response to these
toxic treatments was quite different.
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Inhibition of Cdc2/Cyclin B Hi Histone Kinase Activity by
GCV-treatment. The cell cycle arrest of GCV-treated 8A cells in
late S phase or G2 phase suggested that there was a block to entry into
M phase (also suggested by previous DAPI-staining data), and led us
to evaluate the status of the M phase-specific Cdc2/cyclin B complex.
Because cyclin B protein levels increase as M phase is approached
(18), we determined the level of cyclin B in control cells or 8A cells
cultured in the presence or absence of GCV. As shown, culture of the
8A cells in GCV resulted in a significant increase in the level of cyclin
B (Fig. 8A). Cyclin B associated with Cdc2 was also increased, as
demonstrated by immunoprecipitation/Western blot analysis (Fig.
8B).Furthermore,immunoprecipitationof theCdc2/cyclinB complex
with anti-cyclin B antibody demonstrated that p21CIPI/WAFI was
associated with this complex in GCV-treated 8A cells, but not in
control cells (Fig. 8B).

To more precisely determine the activation status of Cdc2, 8A cells
were grown in GCV or in the presence of nocodazole (an antimicro
tubule agent that arrests cells in M phase), and extracts were immu
noprecipitated with anti-cyclin B antibody. These immune complexes
were tested for associated Cdc2 protein content, and for in vitro
histone H 1 kinase activity. Upon size fractionation on more discrim
mating 4â€”20%gels, Cdc2 from GCV-treated cells ran as a doublet,
with the slower migrating band being consistent with a state of
hyperphosphorylation (Fig. 8C). Nocodazole-treated cells contained
only the faster migrating form, as expected for the active species of
the M phase Cdc2 enzyme. The remaining cyclin B immunoprecipi
tate from this experiment was tested for associated histone Hi kinase
assay (Fig. 8D). Nocodazole-treated cells contained high levels of
Cdc2/cyclin B kinase activity. Control cells grown under normal
conditions exhibited less activity. Virtually no activity was observed
in immunoprecipitates from 8A cells grown in the presence of GCV1
or GCV1O. Thus, the failure of GCV-treated 8A cells to enter M
phase can be ascribed to inhibition of the kinase activity of the mitotic
Cdc2/cyclin B complex.

Inhibitory phosphorylations of Cdc2 on residues TyrlS and Thrl4
must be removed by the action of the dual specificity phosphatase
Cdc25C for the Cdc2/cyclin B complex to become active as the
driving force for M phase (18, 19). The slower migrating form of

Cdc2 observed in GCV-treated cells (Fig. 80 suggested the presence
of a hyperphosphorylated form of Cdc2. This was tested directly. The

8A cells were cultured in normal medium, or in the presence of
nocodazole, GCV1, or GCV1O as described for the in vitro kinase

experiment. Cdc2 was immunoprecipitated from the extracts, and

immunoblot analysis was performed to detect tyrosine phosphoryla

tion of Cdc2. As shown in Fig. 8E, cells grown under the control

conditions demonstrated detectable levels of tyrosine phosphorylation
of Cdc2, whereas Cdc2 isolated from nocodazole-treated cells was
almost completely dephosphorylated, as expected. However, Cdc2
from GCV-treated cells demonstrated a very high level of tyrosine
phosphorylation. Similar levels of Cdc2 protein were present in each
sample as determined by Cdc2 immunoblot. Thus, treatment with
GCv leads to an inactive form of Cdc2/cyclin B, perhaps due to its
association with p21CIPI/WAFI, or the failure to remove inhibitory
phosphate residues from Cdc2.

DISCUSSION

The cellular and molecular processes described in this study expand
current knowledge of responses to treatment with a cytotoxic prodrug
therapy commonly used in the field of cancer gene therapy (10). Many
studies have examined the process of bystander killing (16, 20, 21)
and attempted to determine whether apoptosis is the ultimate mediator
of GCV-induced death (21). However, limited information is avail
able concerning the molecular mechanisms by which the incorpora
tion of GCV-TP into nascent strands of replicating DNA alters cell
biological processes and cell cycle progression.

The observed morphological change induced by GCV can be as
cribed to a reorganization of multiple cytoskeletal components, in
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I or 10 @sg/mlGCV. Protein extracts were prepared and immunoblotted with polyclonal antibody directed against p21. C, cell cycle analysis of 8A cells in response to 2000 cOy of
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O2-M CHECKPOINT ARREST INDUCED BY HSV-TK/GCV

Fig. 8. Inhibition of Cdc2/cyclin B kinase ac
tivity by treatment with GCV. A. induction of
cyclin B levels by GCV treatment. BI6-neo or 8A
cells were grown in the presence ( + ) or absence (-)

of I jig/ml GCV for 24 h. and the levels of cyclin
B were determined by immunoblotting. B, associ
ation of p2Iclp"WAPI with Cdc2/cyclin B com

plexes after GCV treatment. Bl6-neo or 8A cells

were cultured for 24 h in the presence ( + ) or
absence (-) of I ^tg/ml GCV. Cyclin B and asso
ciated proteins were immunoprecipitated from the
extracts, and immunoblot analysis was performed
on size-fractionated proteins (10% SDS-PAGE)

with antibodies directed against cyclin B, Cdc2. or
p2|CipiAVAM as indicated c. the 8A cells were

grown in normal medium (Q. 1 or 10 /Â¿g/mlGCV
(G, and G,,,. respectively), or 50 ng/ml nocodazole
or 24 h, and protein extracts were prepared. Cyclin
B and associated proteins were immunoprecipi
tated. fractionated on 4-20% SDS-PAGE. and im-

munoblotted with an antibody directed against
Cdc2. Cdc2 ran as a doublet in the G,- and G,,,-

treated samples under these gel conditions. D, cy
clin B immunoprecipitates from C were assayed
for in vilrii kinase activity using histone HI as
substrate. E. the 8A cells were treated with nocoda
zole. G,, or GK), as described in C. Cdc2 was
immunoprecipitated from extracts of control (O.
nocodazole (N), or GCV (G,. Gâ€ž,)-treated cells,
and size fractionated on 10% SDS-PAGE. Tyro-
sine phosphorylation of Cdc2 was detected with
antibody 4G10. Total Cdc2 immunoprecipitated
was roughly equivalent in each sample, as shown
by the Cdc2 immunoblot.
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eluding the appearance of actin stress fibers, and spreading of the
lattice of thick and intermediate filaments. Associated with stress fiber
formation was a quantitative and qualitative change in the nature of
focal adhesion plaques. After GCV treatment, these became larger and
were associated with actin filaments. These data suggest a switch from
Rac-mediated cytoskeletal regulation in the untreated 8A cells, to an
activation of the Rho pathway after GCV-induced cell cycle arrest

(22). In mammalian cells, focal adhesions with actin stress fibers are
formed in a Rho-dependent manner in response to growth factors and

phospholipids (23). Our data suggest that GCV treatment leads to an
activation of Rho and this activates a cascade of events that culminate
in a rearrangement of the cell cytoskeleton. This is consistent with the
inhibition of morphological change noted when cells are treated with
lovastatin plus GCV, because Rho function is dependent upon post-

translational modification by attachment of a farnesyl moiety (13, 15).
Lovastatin induces cell cycle arrest in mid-Gl (14) and, hence, its

modification of GCV toxic effects could have been due to preventing
entry into S phase. However, this was not the case, because when
added to a nonsynchronous culture, at least half of lovastatin-treated

cells entered S phase and in the presence of GCV became arrested in
late S/G2 phase (data not shown); yet no morphological change
occurred. Furthermore, the addition of lovastatin after GCV treatment
induced a cytoskeletal collapse, supporting the hypothesis that it is
acting by inhibiting cytoskeletal regulatory pathways. Consistent with
the known S phase-specific mechanism of action of GCV-TP (7, 8),
serum starvation prevented the GCV-induced morphological changes.

Thus incorporation of GCV into nascent DNA per se, or the cell cycle
arrest that follows, seems to coordinately regulate multiple cytoskel
etal pathways in the cell, thus linking DNA damage checkpoints and

cell cycle arrest with regulation of the cytoskeleton at the molecular
level.

The cell biological characteristics of GCV-induced toxicity ob

served in vitro were also manifested in vivo, suggesting that the same
molecular events were responsible. Bystander killing in this system
was notable for the induction of morphological changes that are
indicative of GCV incorporation into DNA of the bystander cells. In
accord with published data (16. 20). we believe that this occurs by the
passage of GCV-TP into neighboring cells through gap junctions

(which have been observed by electron microscopy of B16F10 cells).
These data may be relevant to the mechanisms of toxicity of other
cancer therapeutics, particularly other nucleoside analogues. For in
stance, preliminary data indicate that 1-ÃŸ-D-arabinofuranosylcytosine

induces many of the same cell biological responses in unmodified cell
lines (i.e., B16F10, SK-MEL-28, and T98G) as observed in GCV-
treated, HSV-tk-expressing cells.' This includes both morphological

changes and cell cycle arrest, and suggests that GCV-TP and Ara-
C-TP perturb normal cellular processes by similar mechanisms.

The exposure of 8A cells to GCV induces cell cycle arrest in late S
phase or G2 phase, indicating that cells are able to traverse S phase
even in the presence of GCV-TP. The cell cycle data do not allow us

to determine whether some cells have arrested in late S phase without
completing DNA replication, or if the population of GCV-treated 8A

cells represents a homogeneous population blocked before entry into
M phase. Entry into M phase requires an active mitotic CDK complex,
and our data demonstrate that GCV treatment leads to an inactive

â€¢¿�'Unpublished results.
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Cdc2/cyclin B complex. One explanation for this was the finding that
GCV treatment led to the up-regulation of p53-mediated transcrip-
tional transactivation, resulting in the induction of p21clpl/WAFI.
Furthermore, the association of p21CIPI/WAhl with the Cdc2/cyclin B

complex in GCV-treated cells demonstrates the potential for the p53

pathway to be involved in blocking entry into M phase. Although
p2|Cii>i/wAn was a|so Â¡n(juce(jÂ¡nSA ce][s Â¡nresponse to y-irradia-

tion. only a transient cell cycle arrest at the Gl and G2-M checkpoints

was noted. No Gl checkpoint response was induced by GCV, as
expected from its S phase-specific mechanism of action.

Before M phase, Cdc2 is maintained as an inactive kinase by
inhibitory phosphorylations of Thrl4 and Tyrl5 (18. 19). These are
maintained by the Wee 1 and Mik 1 kinases, whose functions are
overlapping and redundant (19, 24, 25). Entry into M phase is initiated
by the activation of the dual specificity phosphatase Cdc25C, which
removes inhibitory phosphorylations from Cdc2 and promotes entry
into M phase ( 18, 19, 25). We have presented data that GCV treatment
leads results in an inactive Cdc2/cyclin B complex. Biochemical data
indicate that G-.-M checkpoint regulation was manifested at least in

part by maintenance of Cdc2 in its inactive phosphorylated state,
presumably due to the failure to activate the Cdc25C phosphatase.

Our results are consistent with recent data demonstrating that G2
arrest in response to DNA damage occurs, at least in part, by regu
lation of the activity of Cdc2 by Tyrl5 phosphorylation (25. 26). Cells
expressing nonphosphorylatable forms of Cdc2 exhibited a greatly
reduced G2 delay in response to X-irradiation (26). However, the

delay was not completely abrogated, suggesting that mechanisms not
involving Cdc2 phosphorylation must contribute to the G2 check
point. In response to DNA damage. Cdc2 phosphorylation is thought
to be maintained primarily by the inhibition of Cdc25C phosphatase
activity, which may be regulated in part by phosphorylation of Ser216
on Cdc25C by the Chk 1 kinase (27-29). This phosphorylated form of
Cdc25 is found in a complex with 14-3-3 proteins, a family of

proteins that bind phosphorylated signal transduction molecules and
thereby modify their activities (30). The Cdc25C/14-3-3 complex

apparently lacks phosphatase activity, and hence Cdc2 remains in the
inactive, phosphorylated state (29). Chk 1 may be an immediate
downstream target of mediators ot checkpoint function (such as ATM
and ATR). recently described members of the phosphoinositide kinase
superfamily (31, 32). We speculate that the ATM-regulated DNA
damage checkpoint is activated in response to GCV-induced DNA

damage, resulting in the inhibitory phosphorylation of Cdc25C and
arrest in G2-M. We have attempted to demonstrate an association
between Cdc25C and 14-3-3 proteins in GCV-treated 8A cells, but

have been unsuccessful.
Taken together, our data demonstrate the possible involvement of

two distinct pathways for G2-M checkpoint arrest in response to
GCV-treatment. One is mediated through p53 and requires the binding
of the CDKI p21<'lpl/WAFI to the Cdc2/cyclin B complex. The second

acts by maintaining the Cdc2/cyclin B complex in a phosphorylated,
inactive state. Interestingly, these pathways may be interconnected by
a common dependence upon the transactivating activity of p53. DNA
damage leads to the stabilization of the p53 protein through a process
thought to be mediated by ATM or ATR (2, 33, 34). In addition to its
well-known role as an inducer of p2iclpl/WAR, p53 has been shown

to induce the a isoform of 14-3-3 that induces G2 arrest when

ectopically expressed in cells (35), presumably by complexing with
phosphorylated Cdc25C. There exists a precedence for the joint
checkpoint actions of CDKI binding and inhibitory phosphorylation
of specific CDKs. Mouse embryo fibroblasts deficient in p21 are only
partial defective in Gl checkpoint function (36, 37), suggesting the
existence of an independent Gl checkpoint pathway. Recently, it was
demonstrated that tyrosine phosphorylation of CDK4 may be required

for Gl checkpoint arrest in response to some forms of DNA damage
(38). Thus both Gl and G2-M DNA damage checkpoints may be

regulated in a dual manner by the induction of CDKI activity and the
direct inhibition of CDK activity by inhibitory phosphorylations.

Clonogenicity data of GCV-treated 8A cells (Table 1) indicate that

once the cell cycle arrest and morphological change occur, the process
becomes irreversible. It is unclear why the arrested cells were unable
to repair the GCV-induced DNA damage and then progress back into

the cell cycle. Irradiation of 8A cells also results in cell cycle check
point arrest, however this is transient, and the cells reenter the cell
cycle within 24 h. Thus, 8A cells have appropriate checkpoint re
sponses to -y-irradiation, yet the nature of the response to GCV-

induced damage is quite different. Possible explanations for the dif
ferent cellular responses to DNA damaging therapies include
defective repair processes that are specific for base misincorporation
and chain termination events (qualitatively different from irradiation),
GCV-induced DNA damage that is too extensive (quantitatively dif

ferent from irradiation), orthat the position of cell cycle arrest induced
by GCV is not conducive to efficient DNA repair. Whether or not
apoptosis occurs as a terminal event, the irreversibility of the toxic
process can be ascribed to a cell cycle arrest at the G2-M checkpoint.

Similar conclusions were recently drawn in a study of the response of
isogenic colon cancer cells competent or defective for the expression
of p21CIP1/WAFI(39). In response to y-radiation, p21+/+ cells un

derwent irreversible Gl arrest, with most of the cells remaining
adherent to the culture dish and metabolically active; however clono-
genic potential was very low. Cells of the p21-/- genotype had

similarly low clonogenicity, but irradiated cells underwent apoptosis
and detached from the culture dish (39). Thus, in the presence of intact
checkpoint function, one outcome is an irreversible cell cycle arrest,
that results in the ultimate demise of the cell that is not mediated by
apoptosis. In our studies, cell cycle arrest occurred in G2-M because

of the specific mechanism of action of the cytotoxic agent used.
Consistent with this interpretation, we have observed identical results
when B16F10 cells are treated with 1 Â¿IMAra-C, a nucleoside ana
logue whose mechanism of action involves conversion to Ara-C-TP
and incorporation into DNA in manner analogous the GCV-TP (40).
Thus, the mechanism of cell response to GCV-TP may be common to

this class of antitumor agents.
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