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Abstract Purpose: Cell cycle-related events in CCRF-
CEM lymphocytic leukemia cells were examined sub-
sequent to inhibition of thymidylate synthase (TS) or
GAR formyltransferase (GARFT) and prior to cell
death or stasis. Methods: Cell populations were treated
with the GARFT inhibitors 6R-5,10-dideazatetrahy-
drofolate (lometrexol) or LY309887, the TS inhibitor
ZD1694, or the multitargeted antifolate LY231514.
DNA content, nucleoside precursor incorporation and
proliferating cell nuclear antigen (PCNA) expression as
functions of drug treatment were assessed by multi-
parameter flow cytometry. Cellular respiration was
measured by MTT analysis and apoptosis was detected
by extraction of DNA fragments. Results: Cell popula-
tions treated for up to 96 h with lometrexol or
LY309887 did not replicate and maintained a cell cycle
distribution with distinct G

1
, S and G

2
/M regions. The

number of S phase cells in treated populations was
slightly elevated relative to control as measured by
DNA content and PCNA. However, these cells were
unable to incorporate 5-bromodeoxyuridine (BrdU).
Throughout treatment, cells incubated with GARFT
inhibitors maintained intact membranes and respired
at a level comparable to untreated cells. In contrast,
ZD1694 as well as LY231514, induced synchronization
of the treatment population at the G

1
/S interface with-

in 12 h of drug addition. This was followed by syn-
chronous entry of the population into S phase. After
24 h of treatment, more than 90% of the cells were
capable of incorporating BrdU and stained positive for
PCNA. DNA fragmentation occurred in cells treated
with ZD1694 or LY231514 but not in those treated
with GARFT inhibitors. In addition, the viable cells

remaining after 24—48 h of treatment with ZD1694 or
LY231514 were respiring at twice the level of untreated
cells. Conclusion: These results demonstrate that the
distinct endpoints of GARFT and TS inhibition are
preceded by distinct cell cycle and metabolic alter-
ations.
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Abbreviations Brdº 5-bromodeoxyuridine · BSA
bovine serum albumin · C» coefficient of variation ·
DAC¹HF 5-deazaacyclotetrahydrofolate · DMSO
dimethyl sulfoxide · dN¹P deoxynucleoside
triphosphate · d¹¹P deoxythymidine triphosphate ·
dº¹P deoxyuridine triphosphate ·E¸ISA enzyme-linked
immunosorbent assay · GARF¹ glycinamide
ribonucleotide formyltransferase ·¸¹X lomotrexol ·
¸½231514 N-[4[2-(-amino-3,4-dihydro-4-oxo-7H-
pyrrolo[2,3-d]pyrimidin-5-yl)ethyl]benzoyl]-L-
glutamate sodium salt ·¸½309887 6R-2@,5@-thienyl-
DDATHF · M¹A multitargeted antifolate · M¹¹

3-[4,5-dimethylethylthiazol-2-yl]-2,5-diphenyl
tetrazolium bromide · M¹X methotrexate · NP-40
nonidet-p40 · N¹P nucleoside triphosphate · OD
optical density ·PBS phosphate-buffered saline · PCNA
proliferating cell nuclear antigen · PI propidium
iodide · 6R-DDA¹HF 6R-5,10-dideazatetrahy-
drofolate ·¹E Tris-EDTA buffer ·¹S thymidylate
synthase · ZD1694 N-[N-(3,4-dihydro-2-methyl-4-
oxoquinazolin-6-ethyl)-N-methylamino]-2-thenoyl)-L-
glutamic acid

Introduction

Inhibitors of folate-requiring enzymes which act as
anticancer agents have been the subject of innumerable
studies during the past four decades. Recently, several



new classes of antifolates have been developed. These
include inhibitors of thymidylate synthase (TS) such as
ZD1694 [14] and BW1843U89 [10], specific inhibitors
of glycinamide ribonucleotide formyltransferase
(GARFT) such as DACTHF (5-deazaacyclotetrahy-
drofolate) [3, 32], lometrexol (LTX, 6R-5, 10-dideaza-
5,6,7,8-tetrahydrofolate, 6R-DDATHF) [3, 4] and
LY309887 (6R-2@,5@-thienyldideazatetrahydrofolic acid)
[13], and inhibitors of multiple enzyme targets such as
LY231514 [30, 31, 35]. Comprehensive studies have re-
ported enzyme inhibition in vitro [1, 9, 13, 31, 43], as
well as intracellular biochemical alterations in response
to these inhibitors, such as nucleoside and deoxynuc-
leoside triphosphate levels (NTP and dNTP)
[4, 6, 18, 26, 32, 34].

In most cell lines examined, depletion of dTTP pools
by inhibition of TS results in cytotoxicity rather than
cytostasis [2, 10, 33]. DNA strand breaks have been
observed in cell culture after treatment with TS inhibi-
tors. Thus, it has been postulated that TS inhibition
results in apoptosis by thymineless death [15, 25, 29].
In this hypothesis, decreased pools of dTTP leads
to misincorporation of deoxyuridine triphosphate
(dUTP) into nascent DNA strands. Ensuing cycles of
excision and repair prove futile in the absence of dTTP,
and the net result is cell death [2, 6, 7]. Likewise, dihy-
drofolate reductase inhibitors, such as methotrexate
(MTX), induce apoptosis [18]. Although MTX affects
both purine and thymidylate biosynthesis, hypoxan-
thine, a salvage metabolite for the purine pathway,
potentiates its cytotoxic activity [18, 37]. This indicates
that decreased thymidylate synthesis is primarily respon-
sible for cell death, and that low levels of purine nucleo-
tides may be inhibitory to the apoptotic mechanism.

Treatment with antifolates which affect purine bio-
synthesis results in a different and distinct phenotypic
endpoint. In several cells lines, treatment with LTX
results in cytostasis rather than cytotoxicity
[16, 23, 33]. In one study, WiDr cells treated with LTX
remained morphologically intact for several days after
treatment, but were unable to form colonies in soft agar
[33]. In a study by Jansen et al., DACTHF caused
reversible growth inhibition of WiDr spheroids and
tumors, but no regression [16].

Despite detailed biochemical analysis and measure-
ment of intracellular dNTP levels after antifolate treat-
ment, there is little understanding of the cellular
response to biochemical modulation. Inhibition of
GARFT or TS results in distinct antiproliferative end-
points; these endpoints should be preceded by distinct
physiological events. In this study we examined in
detail cell cycle and metabolic alterations in the CCRF-
CEM cell line subsequent to antifolate treatment and
prior to cell death or stasis. The results demonstrate
that prior to death by apoptosis, cell populations
treated with the TS inhibitor ZD1694 or the multitar-
geted antifolate (MTA) LY231514 became synchro-
nized at the G

1
/S interface. These populations

syn chronously entered S phase, maintained the ability
to incorporate a nucleoside precursor into DNA and
expressed proliferating cell nuclear antigen (PCNA).
Prior to death by apoptosis, the respiratory levels rose
to at least twice those of untreated cells. In contrast,
treatment with the GARFT inhibitors LTX or
LY309887 resulted in rapid cytostasis. No synchroniza-
tion occurred and incorporation of nucleoside precur-
sors decreased. Identification of these events provides
insight into the role that intracellular nucleotide pool
levels play in induction of cytostasis or cytotoxicity.
These findings are discussed in relation to published
biochemical data.

Materials and methods

Reagents and chemicals

LTX disodium salt, LY309887, LY231514 and ZD1694 were syn-
thesized at Lilly Research Laboratories, Indianapolis, Ind. All solu-
tions were prepared daily in phosphate-buffered saline (PBS).
Propidium iodide (PI) was purchased from Molecular Probes, Eu-
gene, Ore. RNase DNase-free, molecular weight markers and 5-
bromo-2@-deoxy-uridine (BrdU) Labeling and Detection Kit I were
purchased from Boehringer Mannheim Biochemicals, Indianapolis,
Ind. MTX, MTT, NP-40 and phenol/chloroform/isoamyl alcohol
were purchased from Sigma Chemical Company, St. Louis, Mo.

Cell culture

CCRF-CEM cells (obtained as a gift from St. Jude’s Children Re-
search Hospital, Memphis, Tenn.) were grown at 37 °C in a humid
atmosphere containing 5% CO

2
in RPMI-1640 medium (Whittaker

Bioproducts, Walkersville, Md.) supplemented with 10% dialyzed
fetal bovine serum (Gibco BRL, Grand Island, N.Y.). The culture
was maintained in log-phase growth. For all experiments, cells were
seeded in fresh medium at a density of 2]105 cells/ml, and allowed
to incubate overnight prior to treatment. All cell counts were made
with a hematocytometer using trypan blue exclusion to distinguish
between live and dead cells.

Analysis of DNA content

Working strength solution of Vindelov’s PI stain [27] was made
with 5 mM Tris buffer, pH 7.4, 5 mM NaCl, 0.05% NP-40 and
0.04 mg/ml PI. Immediately prior to use, RNase DNase-free was
added (0.15 units/ml).

Following the indicated treatment, aliquots of cells were removed
from culture and separated from medium by low-speed centrifu-
gation. The pellet was suspended in 300 ll PBS and the cells were
fixed by addition of 700 ll reagent grade methanol drop-wise while
vortexing gently. The cells were stored at 4 °C for at least 1 h. Fixed
cells were pelleted at 2000 g, 10 min, and resuspended in 500 ll
Vindelov’s PI stain. The PI fluorescence was determined by flow
cytometry.

Analysis of BrdU incorporation

BrdU incorporation was detected using the BrdU Labeling and
Detection Kit I. The procedure was modified from Vanderplasschen

522



et al. [41]. Cells were exposed to compounds at the concentrations
and for the periods indicated. After treatment, aliquots of cells were
incubated with 10 lM BrdU at 37 °C for 1 h. The cells were collected
by centrifugation (300 g, 5 min, 4 °C) and resuspended in 200 ll PBS.
Cells were fixed by the addition of 1 ml 70% ethanol in 50 mM
glycine buffer, pH 2.0, and were stored at 4 °C for at least 2 h. Fixed
cells were pelleted by centrifugation at 2000 g (10 min, 4 °C), and
washed once with PBS containing 2.5% bovine serum albumin
(PBS/BSA). Cell pellets were resuspended in 300 ll of the anti-BrdU
working solution supplied in the BrdU Labeling and Detection Kit I,
and incubated at 37 °C for 1 h. Cells, pelleted as described above and
washed once with PBS/BSA, were resuspended by gentle vortexing
in 200 ll antimouse-Ig-fluorescein working solution supplied in the
kit and incubated at 37 °C for 1 h. PBS/BSA (500 ll) was added to
each sample, and the supernatant was removed after centrifugation.
Cell pellets were resuspended in 300 ll Vindelov’s PI stain and
analyzed by two-parameter flow cytometry.

Flow cytometry and data analysis

Flow cytometric analysis was performed on a Coulter Electronics
(Hialeah, Fl.) XL analytical cytometer. Excitation of both PI and
fluorescein was accomplished with the 488-nm line of an argon laser
(15 mW). The emission intensities of the fluorescein signal were
collected using a linear amplifier and plotted on a log scale, and the
emission intensities of the PI signal were collected using a linear
amplifier and plotted on a linear scale. For each experimental
condition, list mode data from 1]104 cells was analyzed.

Single color PI data were integrated with MultiCycle AV software
(Phoenix Flow Systems, San Diego, Calif.). The G

1
and G

2
/M

regions of each histogram were fitted to Gaussian functions, and the
S phase region was fitted to an nth order polynomial.The order of
the S phase polynomial was chosen to best reflect the observed
profile of a given histogram. Two color data were analyzed using
WinList software (Verity Software House, Topsham, Me.). The limit
of detection of incorporated BrdU was determined by nonspecific
binding of the mouse-Ig-fluorescein antibody in the absence of
primary antibody.

Detection of nuclear PCNA

Nuclear PCNA was detected flow cytometrically by the method of
Lohr et al. [20]. At each time-point, approximately 1]106 cells were
harvested from each treatment, and suspended in 0.5 ml PBS/BSA,
0.2% EDTA and 0.25% Triton X 100, and placed on ice for 15 min.
The cells were then harvested by centrifugation (2000 g, 5 min),
resuspended in 50 ll PBS and placed in 3 ml methanol. The samples
were stored at !20 °C for at least 2 h. Additional permeabilization
was accomplished by suspending the cells in 0.5 ml PBS/BSA with
0.5% Triton X 100 for 15 min at room temperature. The samples
were washed with PBS/BSA and taken up in a 23G syringe several
times to break up aggregates, after which the buffer was removed by
centrifugation. FITC-conjugated mouse antihuman PCNA anti-
body (PharMingen, San Diego, Calif.) was added to each sample,
diluted 1:10 in PBS/BSA, 30 min, room temperature. PBS/BSA
(1 ml) was added and the samples centrifuged and washed twice with
PBS/BSA. Aggregates were again broken up with a 23 G syringe.
The samples were suspended in 0.5 ml Vindelov’s PI stain and
analyzed by dual-parameter flow cytometry as described above.

DNA fragmentation assay

Soluble DNA was isolated following the method of Lindenboim
et al. [19]. Briefly, 2.5]106 cells were isolated and lysed in 5 mM
Tris, pH 7.4, 20 mM EDTA and 0.5% Triton X 100 (4 °C, 20 min).

The samples were centrifuged at 27 000 g, 4 °C for 15 min, and the
supernatant was extracted twice with phenol/chloroform/isoamyl
alcohol and once with chloroform. The aqueous layer was precipi-
tated with 0.13 M NaCl (final) and three volumes of 100% ethanol.
The pellet was dissolved in 100 ll Tris-EDTA buffer, pH 7.4 (TE),
with RNase DNase-free (0.15 units/ml) and incubated at 37 °C over-
night. Ethanol precipitation was repeated and the pellet dissolved in
10 ll TE buffer (37 °C, 30 min). DNA concentration and purity were
determined spectrophotometrically; 2.5 lg from each sample was
electrophoresed in 1]Tris-acetate-EDTA buffer (Gibco BRL,
Grand Island, N.Y.) on a 1.2% agarose gel containing 0.5 lg/ml
ethidium bromide. DNA bands were visualized by UV illumination.

MTT and cell viability studies

CEM cells were seeded at 2]105/ml in complete medium in 96-well
plates (100 ll/well), and incubated at 37 °C for 16—24 h. Drug or
control medium were added at the indicated concentrations, and
measurements taken at the indicated times. At each time-point,
duplicate determinations of cell density and viability (trypan blue
exclusion) were determined. MTT 10 ll was added to three wells
from each treatment group, and the plate was incubated at 37 °C for
40 min. DMSO (100 ll) was then added to each well with gentle
stirring. The OD

540
of each well was measured in an ELISA plate

reader.

Results

Alterations in cell cycle profiles in response
to antifolates

The DNA content of CCRF-CEM cells subsequent to
antifolate treatment was examined to study the cellular
response to GARFT or TS inhibition prior to cyto-
stasis or cytotoxicity. Cultures were allowed to enter
log-phase growth prior to dosing to distinguish be-
tween effects on cell proliferation and effects on reentry
into the cell cycle. Cells were seeded at 2]105/ml
approximately 16 h prior to compound addition. Each
drug treatment group was maintained as a single cul-
ture and 1—2]106 cells were removed for fixation and
analysis at the indicated times. Under these conditions,
untreated populations underwent 1.5—1.8 doublings in
a 24-h period. In these experiments, the final concentra-
tions of the antifolates were: LTX, 129 nM; LY309887,
29 nM; LY231514, 210 nM; and ZD1694, 22 nM. The
concentrations were equipotent based on cellular res-
piration assays to assess inhibitory potency at 72 h
after compound addition (data not shown). These con-
centrations prevented population doubling and no
toxicity was observed during the first 24 h of exposure.

Representative DNA content histograms are shown
in Fig. 1. In untreated control cells, there was little
change in the DNA content over time and the cell cycle
profiles remained fairly consistent throughout the time
course. The GARFT inhibitors LY309887 (29 nM;
Fig. 1) and LTX (129 nM; data not shown) induced
a modest increase in the number of cells containing
S phase DNA beginning 6 h after dosing. At t"24 h, the
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Fig. 1 Histograms of time-dependent alterations in DNA content
of antifolate-treated CEM cells. Log-phase CEM cells were incu-
bated with LY309887 (29 nM) or LY231514 (210 nM) at 37 °C. At
the indicated times after dosing, cells were fixed with methanol and
stained with PI as described in Materials and methods. The linear
fluorescence intensity of each cell was determined on a Coulter XL
flow cytometer. Regions corresponding to G

1
, S and G

2
/M DNA

content are shown on the untreated t"0 h histogram

area of the S phase region appeared to be substantially
greater than at t"0. A similar profile was observed at
48 h post-dose (Fig. 1) and was maintained up to 96 h
in culture (data not shown). There was no doubling of
the populations treated with LY309887 (29 nM) or
LTX (129 nM) for up to 96 h (data not shown). This is
consistent with the loss of cell proliferation following
treatment with GARFT inhibitors that has previously
been described [3, 32, 33]. Thus, the increased number
of cells containing S phase DNA within the population
is indicative of either a slowed rate of progression
through S phase, or a block at the S/G2 transition.
Both of these possibilities may contribute to the ob-
served profile. A distinct G1 peak was observed at all
times during treatment. Furthermore, the G1 peak co-
efficient of variation (CV) was consistently less than
4%, suggesting a normal distribution of cells in the
G1 or G0 phase of the cell cycle. It is also possible that
GARFT inhibition forced cells into G0, although this
analysis does not distinguish between G1 and G0. In-
creasing the concentration of LY309887 or LTX ten-
fold (290 nM and 1.29 lM, respectively) resulted in cell
cycle profiles identical to those with the lower concen-
trations, with no evidence of cytotoxicity. Tenfold
lower concentrations (2.9 nM and 12.9 nM, respective-
ly) had no effect on the cell cycle prolfiles or the growth
rates of CEM cells.

These results are in sharp contrast to the DNA
content profiles observed for cells treated with the TS
inhibitor ZD1694, or the MTA LY231514 (210 nM;
Fig. 1). The disappearance of a discernible G2/M peak
at 6 h, followed by a broadening of the G1 peak at 12 h
is indicative of a synchronization of the population in
the G1 phase. The CV of the G1 peak, which was
normally less than 4%, increased to over 10% at 12 h,
suggesting an increase in the number of cells containing
diploid DNA. It is interesting to note that synchroniza-
tion occurred prior to a complete doubling of the
population. There are indications that antifolates, in-
cluding inhibitors of TS, are S-phase specific [15].
However, the results suggest that the initial event was
a transient block at the G1/S transition followed by
a delayed progression of G1 cells into S phase. In
contrast, cells in S and G2/M completed their cycle.
After 12—24 h, the primary cell population peak shifted
to higher intensity, demonstrating a synchronous entry
into S phase. Thus, ZD1694 and LY231514 had similar
cell cycle effects while GARFT inhibitors had distinct
mechanisms of cell cycle inhibition.

After 36 h of treatment with ZD1694 or LY231514,
a sub-G1 peak developed (Fig. 1). Profiles of this type
result from the presence of apoptotic cells [8]. When
apoptotic cells are fixed with alcohol for DNA analysis,
small DNA fragments are washed out from the cells
leaving intact cells with a reduced DNA content and
thus reduced PI intercalation. At 48 h after treatment,
the apoptotic peak accounted for nearly 100% of the
cells. The appearance of apoptotic cells in response to
treatment with ZD1694 or LY231514 occurred in the
first passage through the cycle after synchronization.
The apoptotic peak was absent in the control, and
LTX- and LY309887-treated populations.

Integration of histograms was accomplished by
modeling the data with MultiCycle AV software as
described in Materials and methods. The percentage of
cells from each treatment group which contained
G1 and S phase DNA is shown in Fig. 2. The percent-
age of viable cells containing G2/M DNA accounted
for less than 10% of the total at all times, therefore the
data have not been included on the graphs. Within 12 h
of exposure, LTX and LY309887 induced a modest
increase in the number of S phase cells and a decrease
in the number of G1 cells relative to the untreated
population (Fig. 2 A, B, C). There was a similar in-
crease in the number of cells expressing the S phase-
specific PCNA (data not shown). PCNA levels were
measured by dual-parameter flow cytometry in order
to confirm the S phase buildup. Approximately 75% of
the treated populations expressed nuclear PCNA after
48 h of treatment with LTX or LY309887. This paral-
lels the increased number of cells containing S phase
DNA.

A marked increase in size of the G1 population was
observed after 8—10 h of treatment with the TS inhibi-
tor ZD1694 and with the MTA LY231514 (Fig. 2 D, E).
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Fig. 2A–E Percentage of total cells in each treatment population
containing G

1
and S phase DNA. DNA histograms were integrated

as described in Materials and methods. The percentage of cells
containing G

1
or S phase DNA is plotted as a function of treatment

duration. Treatments are: A untreated population; B LTX (129 nM);
C LY309887 (29 nM); D LY231514 (210 nM); E ZD1694 (22 nM).
Error bars represent the range of values obtained from duplicate
experiments

Fig. 3A, B Selective induction of DNA fragmentation by inhibitors
of TS or DHFR. CEM cells were incubated with: A MTX (66 nM),
LTX (129 nM) or LY309887 (29 nM); or B LY231514 (210 nM) or
ZD1694 (22 nM) at 37 °C. Soluble DNA (27 000 g) was isolated from
2.5]106 cells in each treatment population after 8, 24 and 48 h of
incubation as described in Materials and methods. DNA (2.5 lg)
from each sample was electrophoresed on a 1.2% agarose gel con-
taining 0.5 mg/ml ethidium bromide (1]TAE, 125 V, 3 h). DNA
bands were visualized by UV illumination

This was followed by a complete disappearance of the
G1 population, and an increase in number of S phase
cells to more than 90% of the total population. Cells
with measurable DNA content were no longer ob-
served after 36 h of treatment with either LY231514 or
ZD1694 (Fig. 2D, E). Nuclear PCNA was expressed in
more than 90% of the cells in the treated populations
confirming that these populations were in S phase (data
not shown). This analysis confirms that at these con-
centrations, ZD1694 and LY231514 caused synchroni-
zation of CCRF-CEM cells in G1 approximately
8—10 h after treatment; this event was followed by
a uniform entry of all cells in the population into
S phase.

Selective induction of DNA fragmentation

The sub-G
1

peaks observed in the DNA histograms for
ZD1694 and LY231514 were interpreted to be apop-

totic cells. To confirm this possibility, soluble DNA
(27000 g) was isolated from treated and untreated con-
trol populations at 8, 24 and 48 h after dosing, and
separated by agarose gel electrophoresis (Fig. 3). In the
untreated population, some fragmentation was ob-
served at the 48-h point (72 h after plating). This is not
unexpected for an aging population of lymphocytes.
Furthermore, the cell density had decreased between 24
and 48 h indicating that some cell death had occurred.
Significantly more fragmentation, relative to control,
was apparent in the cells treated with LY231514 and

525



Fig. 4 Time-dependent altera
tions in BrdU incorporation of
antifolate-treated CEM cells.
CEM cells were treated with
LY309887 (29 nM) or LY231514
(210 nM) for the indicated times
at 37 °C. Following treatment,
the cells were incubated at 37 °C
for 1 h with BrdU (10 lM), after
which they were fixed in
ethanol/glycine (pH 2.0). BrdU
incorporation was visualized by
immunofluorescence and the
DNA content was measured by
PI fluorescence as described in
Materials and methods. The
limit of detection of BrdU was
determined by the nonspecific
binding of the secondary fluor-
escent antibody in the absence of
the primary antibody. This limit
is shown in the untreated t"0 h
plot

ZD1694 at both 24 and 48 h. MTX was included as
a positive control. Resolution of the lower molecular
weight bands revealed the presence of distinct 180—200
bp fragments. In contrast, no DNA degradation was
observed at any time in the populations treated with
the GARFT inhibitors LTX and LY309887.

Precursor incorporation in antifolate-treated cells

Increased numbers of cells containing S phase DNA
were observed in populations treated with all inhibitor
classes. However, GARFT inhibition resulted in cytos-
tasis, whereas ZD1694 and MTA caused cytotoxicity
by apoptosis. In order to examine the difference in
S phase accumulation by GARFT inhibition versus TS

inhibition, the ability of CCRF-CEM cells to incorpor-
ate BrdU into newly synthesized DNA was examined.
Incorporation of BrdU into DNA demonstrates that
the cell has the potential to synthesize DNA. This
includes activation of the precursors to nucleoside
triphosphates, and incorporation of activated nucleo-
side. We used dual-parameter flow cytometry to corre-
late DNA content (PI fluorescence) with incorporation
of BrdU [12]. In the following experiments, at the end
of each treatment period, 1—2]106 cells were incubated
for 1 h with BrdU as described in Materials and
methods. Thus, only cells which were actively syn-
thesizing DNA at the end of treatment would stain
positive for BrdU.

Figure 4 illustrates data from a representative experi-
ment of the effects of LY309887 and LY231514 on the
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Table 1 CCRF-CEM cell growth, respiration and membrane integrity in response to antifolate treatment. CCRF-CEM cells were plated at
t"0 h. The indicated compounds were added at 24 h and incubation continued for an additional 48 h. The number of cells in each treatment
population was determined with a hematocytometer. Respiratory ability was determined by MTT reduction as described in Materials and
methods. Respiratory capacity was calculated on a per cell basis as determined from the number of trypan blue excluding cells and
normalized relative to the respiratory capacity of control cells. All values shown are the average of three independent experiments$SEM

Treatment MTT signal (OD
540

) Change in cell number (%) Respiratory capacity Trypan blue positive
(OD

540
/viable cell) (% total)

(% untreated)

Untreated 0.481$0.043 #304$33 100 1.0$0.261
LTX (129 nM) 0.255$0.02 #91$3 130$3 1.3$0.7
LY309887 (29 nM) 0.156$0.016 #40$14 100$14 3.8$0.6
LY231514 (210 nM) 0.215$0.016 !1.5$11 230$15 31$3.2
ZD1694 (22 nM) 0.156$0.021 !31$12 240$57 50$5.8

ability of CCRF-CEM cells to incorporate BrdU. In
untreated control cells, a gradual decrease in the num-
ber of BrdU-positive cells was observed over 48 h. The
decrease occurred uniformly from the G1 and S regions,
indicating an overall decline in BrdU incorporation in
these cells. This is not unexpected for a population
entering the lag phase. A similar but more rapid loss
was observed for cells treated with LY309887. After
24 h of treatment, less than 10% of the population
incorporated BrdU. The loss of BrdU-positive cells
may be due to either a lack of precursor activation
caused by decreased ATP levels, or a decreased rate of
DNA synthesis. These two possibilities are not mu-
tually exclusive. LTX-treated cells responded in a sim-
ilar manner (data not shown). Although an increase in
the number of cells containing S phase DNA was ob-
served following GARFT inhibition (Figs. 1, 2), we
were not able to detect a corresponding increase in the
number of cells which incorporated BrdU. To account
for the elevated number of S phase cells, limited DNA
synthesis must have occurred, but the rate was below
our limit of detection.

A distinctly different profile was obtained for cells
treated with LY231514 (Fig. 4) and ZD1694 (data not
shown). In response to treatment, a marked increase
was observed in the number of BrdU-positive cells
containing G1 DNA. This region has been defined as
the G1/S interface [39]. These data indicate that the
G1 DNA content peak was composed of two popula-
tions of cells, BrdU-positive and BrdU-negative. The
number of BrdU-positive cells within this peak in-
creased with duration of treatment. After 24—36 h of
treatment, more than 80% of the population incorpor-
ated BrdU, implying that the cells had the capacity to
synthesize DNA. The heterogeneous distribution ob-
served at 48 h is indicative of cell death.

Respiration and cell viability

The respiratory ability of each population in relation to
the rate of growth was examined. Inability of a cell

population to reduce MTT is often used as a criterion
to define cytotoxicity [24]. However, loss of MTT
reduction in a treatment population is not necessarily
a consequence of cell death; if the treatment population
were growing at a slower rate than the control popula-
tion, a lower signal would result.

The ability of CEM cells to reduce MTT was deter-
mined after 48 h of antifolate treatment (Table 1). For
all treatments, the absolute signal was less than or
equal to one-half that of the untreated control popula-
tion. However, as shown in Table 1, cell growth con-
tinued in the presence of GARFT inhibitors, albeit at
a slower rate than in control cells. In contrast, in the
presence of ZD1694 or LY231514, the cell number
declined over 48 h. When the MTT signal was nor-
malized for viable (trypan blue excluding) cells it be-
came apparent that after 48 h of continuous treatment,
cells treated with GARFT inhibitors were respiring at
the same level as untreated cells, but cells treated with
TS inhibitor were respiring at approximately twice that
level. It is also possible that reduction of tetrazolium
salts by trypan blue-positive cells was occurring. How-
ever, even if this were the case, the signal-to-cell ratio
was still greater than for the control population.

In untreated and GARFT inhibitor-treated popula-
tions, the cell number as well as the MTT signal in-
creased with time (Fig. 5). However, the rate of increase
in MTT signal was less than the rate of cell prolifer-
ation. In contrast, the change in the MTT signal for
ZD1694- or LY231514-treated cells closely paralleled
the change in cell number. Thus, the respiratory signal-
to-cell ratio was virtually identical for control and
GARFT inhibitor-treated cells, but was substantially
higher for the TS inhibitor- and MTA-treated cells
(Table 1).

The viability of cells in each treatment group was
assessed by their ability to exclude trypan blue
(Table 1). More than 95% of the untreated and
GARFT inhibitor-treated cells excluded trypan blue
after 48 h of continuous treatment. However, 30—50%
of TS inhibitor- and MTA-treated cells stained positive
for trypan blue. These results indicate that although
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Fig. 5A–E Cell proliferation and respiration in response to anti-
folate treatment. At the indicated times during treatment, the
number of viable cells per well (]10~3) (r) was determined by
trypan blue exclusion, and the ability of each population to reduce
MTT (#) was measured as described in Materials and methods. The
treatments are: A untreated population; B LTX (129 nM);
C LY309887 (29 nM); D LY231514 (210 nM); E ZD1694 (22 nM).
Each point is the average of triplicate measurements and error bars
represent the standard error (SEM)

GARFT inhibition slowed the rate of cell growth, nor-
mal respiration continued. Furthermore, membrane
breakdown, a traditional hallmark of death, did not
occur.

Discussion

Antifolate antimetabolites induce either antiproli-
ferative or cytotoxic responses depending on which
biosynthetic pathways are affected. In general, inhibi-
tors of thymidylate synthesis induce cytotoxicity
through apoptosis, whereas inhibitors of purine syn-
thesis cause cytostasis. For example, Pizzorno et al.
[26] have demonstrated growth inhibition but not apop-
tosis in CEM lymphoma cells treated with the GARFT

inhibitor LTX. Interestingly, although LTX treatment
results in decreased pools of both ATP and GTP,
differential repletion of both nucleotides demonstrates
that GTP depletion is primarily responsible for the
observed effects. A similar study by Jansen et al. [16]
has confirmed that LTX as well as DACTHF treatment
of WiDR spheroids in vitro and tumors in vivo results
in growth inhibition but not regression. Smith et al.
[33] have reported that WiDR cells treated with LTX
are unable to form colonies in soft agar. Thus, the
authors concluded that LTX is indeed cytotoxic. How-
ever, the initial treatment with LTX did not cause the
morphological changes induced by ZD1694, and a sub-
stantial number of cells remained adherent to the cul-
ture plates. In addition, DDATHF induces maturation
and differentiation of HL60 promyelocytic leukemia
cells [34]. This phenomenon is attributed to a decrease
in GTP levels and not to decreased ATP levels. In
contrast, DNA fragmentation, decreased cell numbers
and apoptosis have been reported for populations
treated with several different TS inhibitors including
ZD1694, CB3717 and AG331 [21, 25, 29]. Potentiation
of the cytotoxicity of TS inhibitors by the addition of
exogenous purines indicates that the cytotoxic mecha-
nism is dependent on a balance between purine and
pyrimidine pools [6].

Our results agree with previously published reports
describing the distinct phenotypic endpoints of
GARFT and TS inhibition [33]. LY309887, the
thioenyl analogue of LTX, mimics LTX in causing
cytostasis of CEM populations. At the concentrations
studied, we observed no doubling or regression of the
population during 96 h of continuous exposure. Con-
versely, the TS inhibitor ZD1694 as well as the multi-
targeted compound LY231514 prevented growth
during the first 24 h of exposure, then caused cell death
via apoptosis.

Alterations of the cell cycle in response to antifolate
treatment have been recognized for many years
[28, 38, 39]. Originally, it was thought that decreased
intracellular dNTP levels result in slowed progression
through S phase followed by cell death [5, 39]. Other
studies suggest that prior to cell death, MTX synchro-
nizes cells either in G1 or at the G1/S boundary
[5, 28, 36, 39, 40]. Human bone marrow cells treated
with MTX for 24 h accumulate in early G1 [17]. Des-
pite these observations, the relationship between popu-
lation synchrony and cell death has not been explained.

Our observations indicate that antifolate-induced
apoptosis was preceded by a transient block at the
G1/S interface and synchronous entry into S phase. It is
not clear why synchronization occurs in response to
treatment with these compounds. Although TS inhibi-
tors are considered S phase-specific drugs [15], it ap-
pears that TS inhibition also affects cells in other
phases of the cell cycle. Interestingly, nontoxic concen-
trations of LY231514 also synchronized the population
within 24 h. However, after an additional 24 h in the
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presence of the drug, the population had doubled and
was again asynchronous (data not shown).

It is possible that the increase in the number of cells
containing G1 DNA after 8—10 h of treatment with
LY231514 or ZD1694 (Figs. 1, 2) was caused by entry
of cells into the quiescent G0 phase of the cell cycle.
However, the detection of BrdU incorporation demon-
strates that the G1 peak comprised two subpopula-
tions: a population able to incorporate BrdU, and
a population unable to incorporate BrdU. The former
probably represents cells at the G1/S interface. Sub-
sequently, a synchronous increase in DNA content was
observed as well as an increase in the number of cells
expressing PCNA, indicating entry into S phase. It can
be inferred from these results that ZD1694 and
LY231514 do not inhibit initiation of DNA synthesis,
and that initiation of DNA synthesis is necessary for
cell death to occur.

LTX and LY309887 produced minor alterations in
the cell cycle profiles of CEM cells. There was an
increase in the number of cells containing S phase
DNA, as well as the number of cells expressing PCNA,
but population synchrony was not evident. Cells in the
S phase region of these histograms were unable to
incorporate BrdU, within our limits of detection. The
apparent lack of BrdU incorporation may be the conse-
quence of decreased pools of ATP and GTP so that
precursor phosphorylation did not occur. This
hypothesis provides an explanation for the lack of
population doubling in response to GARFT inhibtion.
Cells in S phase at the time of drug treatment were
unable to complete duplication of their genome and
enter mitosis.

Our results confirm and extend previous reports
concerning the effects of LTX and ZD1694 on the cell
cycle [4, 11]. A buildup of cells with S phase DNA
content in the murine L1210 cell line (1 lM, 48 h) and
the human ovarian carcinoma cell line SW626
(0.5 lM, 24 h) has been reported following LTX treat-
ment [4, 11]. Erba et al. [11] observed decreased BrdU
incorporation in SW626 cells following LTX treatment.
However, in these studies, no correlation relating these
observations to cytotoxicity was examined. Treatment
of human colon carcinoma cells with ZD1694 delays
progression through S phase [22]. However, to the best
of our knowledge, there are no reports relating this
delay to alterations in DNA synthetic activity prior to
apoptosis.

The comparison presented here of cell cycle alter-
ations in response to treatment of CEM cells with LTX,
LY309887, ZD1694 and LY231514 provides a bridge
between biochemical modulation and cytostasis or
cytotoxicity. Several groups have proposed that a criti-
cal balance of nucleotide pools determines the fate of
a cell. Chong and Tattersall measured dATP and dTTP
pools in L1210 cells after treatment with either LTX or
the TS inhibitors ZD1694, CB3717 or FdUrd [6]. LTX
reduced both dATP and dTTP levels to approximately

30% of control, whereas treatment with the TS inhibi-
tors reduced dTTP levels, but increased dATP levels to
two to three times that of control. Combinations of
DDATHF with the TS inhibitors were less toxic than
the TS inhibitors alone, and reduced both nucleotide
levels. Our results suggest that GARFT inhibition re-
sults in an inability of the cell to activate nucleosides
and traverse S phase. These functions appear to be
necessary for apoptosis induced by inhibitors of TS.
This is in agreement with the thymineless death mecha-
nism which has been proposed [15, 25, 29].

Another possible explanation for the lack of apopto-
sis after GARFT inhibition is found in our observation
that respiration increases in cells which are beginning
to undergo apoptosis. A similar observation has been
reported for human leukemia cells in which apoptosis is
induced by the anti-BAL monoclonal antibody [42].
Cytotoxicity is often measured by the inability of
a population to reduce MTT through aerobic respi-
ration [24]. However, as Table 1 and Fig. 5 demon-
strate, decreased aerobic activity does not necessarily
coincide with cell death. Cells treated for 48 h with
LY231514 or ZD1694 respired at twice the level of
untreated cells, but almost 50% of the population was
nonviable as determined by trypan blue exclusion. In
the presence of LTX and LY309887 cell proliferation
ceased, but the cells were respiring at the same level as
untreated control cells. Thus, it is possible that GARFT
inhibition precludes apoptosis by eliminating the en-
ergy source needed for increased respiration and DNA
synthesis, whereas increased ATP levels after TS inhibi-
tion actually facilitate apoptosis.

The results presented in this study identify key cellu-
lar responses to biochemical modulation by antifolates.
We have observed cell cycle alterations which provide
insight into the physiological effects of decreased nu-
cleotide pools. The different endpoints, cytostasis or
cytotoxicity, of GARFT inhibition vs TS inhibition can
be related to the cellular responses to decreased dATP
or dTTP. In addition, the effects of the multitargeted
antifolate, LY231514, are virtually identical to those of
a pure TS inhibitor in the CEM cell line.

Acknowledgement We gratefully acknowledge Larry Mann for tech-
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