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SUMMARY

Synchronized Chinese hamster ovary cells were most
sensitive to /3-2'-deoxythioguanosine (/3-TGdR) in early and

mid S phase. However, little effect on DNA synthesis was
observed. One possible mechanism that could account for cell
lethality in S-phase cells would be errors made in DNA
replication subsequent to incorporation of (3-TGdR into DNA.
Mitotic cells were totally unaffected and GÃŒcells were only
slightly sensitive to /3-TGdR. Treatment with 0-TGdR did not
cause progression or division delay, even when cells were
treated in early and mid S phase when survival was reduced to
11%.

INTRODUCTION

The antimetabolite 6-thioguanine is incorporated into the
DNA of normal and tumor cells (6â€”8)and ultimately results

in cell death. However, 4 mechanisms have been found by
which various mouse tumor cell lines achieve resistance to
6-thioguanine (9), thereby rendering it less effective as a
chemotherapeutic agent. j3-TGdR2 can be phosphorylated to a

nucleotide and incorporated into DNA and represents a means
of bypassing all 4 of these resistance mechanisms (10). /3-TGdR
has also been shown to be an effective agent against C3H
mammary tumors in mice (9).

The purpose of this paper is to define the effects of/3-TGdR
on cell survival during different phases of the cell cycle and to
determine the effects on cell progression or division in
mammalian cells growing in vitro.

MATERIALS AND METHODS

Cells and Culture Technique. The CHO cell line was grown
in monolayer cultures as described by Humphrey et al. (4).
The average cell cycle time under these conditions was 13 hr
with a 2.5-hr pre-DNA synthesis period (G^, an 8-hr DNA
synthesis period (S), and a 1.5-hr post-DNA synthesis period
(G2). All experiments were performed on cells in the
logarithmic phase of growth. In all cases in which the
cytotoxic action of the chemical was tested, survival was
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determined by the ability of the treated cells to form colonies.
Known numbers of single cells were plated into plastic Petri
dishes and incubated for 6 to 8 days at 37Â°at which time

colonies were fixed, stained, and counted. A cell was
considered to have retained reproductive capacity (to be
viable) if it gave rise to a colony of 50 or more cells.

Synchronization of Cells. To obtain large numbers of cells
synchronized at the beginning of the S period, a double
treatment with excess TdR was used as described by
Humphrey et al. (3). The degree of synchrony was monitored
by pulse-labeling cells at various times with TdR-3H (l Â¿/Ci/ml,

1.9 Ci/mmole) to determine by autoradiographic technique
the percentage of cells in S phase and by scoring the MI. At
the end of the synchrony procedure, approximately 95% of
the population was in early S phase and progressed into G2
and mitosis (M) in a synchronous fashion.

In experiments requiring treatment of cells in G) phase,
synchronized cells were obtained by using the excess TdR
block, followed by selection of mitotic cells (12). The
resulting MI ranged from 92 to 97%. The mitotic cells were
plated into dishes containing fresh warm medium and allowed
to attach to the surface; they were treated beginning at 1 hr
into G, phase. The degree of synchrony was monitored in
each experiment by scoring the MI, which fell to 0% within 1
hr after plating. Cells were also pulse labeled at various times
thereafter with TdR-3H, and the number of labeled cells was

scored. In all cases, 1000 cells were scored for each sample.
Preparation of Chemicals. All chemical solutions were made

immediately before use. Stock solutions of 1000 Mg/m' were
prepared by dissolving (3-TGdR in 1 to 2 drops of 2 N NaOH
and diluting into medium. The pH of the treatment medium
was adjusted to pH 7.2 to 7.4.

Autoradiography Techniques. In all experiments involving
the assay of populations of labeled cells, liquid emulsion
(Ilford K 5) autoradiography techniques were used.

RESULTS

Survival of CHO Cells (Asynchronous). The survival of cells
following a 1-hr treatment with various doses of /3-TGdR is
shown in Chart 1. Survival was reduced to 78% by doses
smaller than 5 A/g/ml /3-TGdR, and a further reduction in
survival to 66% was obtained with SO^g/ml. Since tr^e survival
fraction plateaued at 100 Mg/ml, with no additional effect of
the drug observed at concentrations up to 500 Â¿ig/ml,the
100-/ng/ml dose of/3-TGdR was used to determine the effects
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Chart 1. The effect of/3-TGdR on survival in asynchronously growing
CHO cells.
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Chart 3. The effect of 0-TGdR on survival of synchronized CHO cells
treated in G, and early S phase of the cell cycle.
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Chart 2. The effect of 100 jug/ml (3-TGdRon survival with respect to
duration of treatment in asynchronously growing CHO cells.

of this drug as a function of the length of treatment. These
results appear in Chart 2. Within 30 min, survival decreased to
50%, plateaued at about 40% through the 4th hr of treatment,
and then fell exponentially to 11% at 8 hr.
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Chart 4. The effect of/3-TGdR on survival of synchronized CHO cells
treated in S, G2, and M phases of the cell cycle.
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Effects ofÃŸ-TGdRon Survival and CellProgression

Survival Response of Synchronized Cells. In order to
determine the phase of the cell cycle during which 0-TGdR
exerts its greatest effects, survival data were obtained on
synchronized cells. In all experiments, the normal progression
and position of the cells in the cycle at the time of treatment
were determined from labeling or mitotic data. Synchronized
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Chart 5. The effects of increasing doses of 0-TGdR on survival of
synchronized CHO cells treated in mitosis, G, phase, early S phase, or
late S phase.
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Chart 6. Effect on cell progression after /3-TGdR treatment of
synchronized cells in mitosis.
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Chart 7. Effect on cell progression after 0-TGdR treatment of
synchronized cells in G, phase.

cells treated in G, phase with 100 tig/ml 0-TGdR for 30 min
(Chart 3) showed a slight increase in sensitivity at the G! to S
transition period. However, cells were most sensitive to
(3-TGdR in early and mid-S phase (Chart 4), when survival
dropped to 15%. The cells were most resistant to /3-TGdRin
mitosis and in the early G] phase.

As an additional check of stage sensitivity, cells were
synchronized and treated with increasing doses of 0-TGdR
during mitosis, G, phase, and early and late S phase (Chart 5).
Mitotic cells were unaffected by the 0-TGdR treatment, and
cells treated in early S phase ( 1 hr into S phase) were the most
sensitive. Cells treated in G! phase (1st hr of G! phase) or in
late S phase (5th hr of S phase) had intermediate sensitivities.

Cell Progression after /3-TGdRExposure in Mitosis. When
studying drug effects on cell progression at a specific phase of
the cell cycle in synchronized cells, it is necessary to keep the
treatment duration short. This was accomplished by using high
drug concentrations.

Populations of cells synchronized in mitosis (97% MI) were
treated with 100 jug/ml /3-TGdR.It can be seen in Chart 6 that
the drug-treated cells were not delayed in mitosis and
progressed from mitosis into G) phase at the same rate as
control populations.

Progression after ÃŸ-TGdRExposure during Gj Phase.
Mitotic cells (97% MI) were plated into warm medium and
allowed to progress into G] phase. One hr after plating the
mitotic cells, the MI had fallen from 97 to 0% and the cells
were essentially a G( population. Cells were treated at 1.5 hr
into G, phase with 100 Â¿/g/ml/3-TGdRfor 30 min. Although
100 Mg/ml Â¡3-TGdRultimately kills 50% of this G,
population, the treated cells were still able to progress from
G, into S phase without delay (Chart 7).

Progression after (3-TGdR Exposure during S Phase.
Populations of cells synchronized in early S phase by the
excess TdR block were treated for 30 min with 100 Mg/ml
/3-TGdR to determine the effects on cell progression from S
phase into G2 and M phases. It can be seen in Chart 8 that the
percentage of cells that labeled with TdR-3H was 95% at 1 hr

after release from the synchrony treatment. The labeling index
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Chart 8. Effect on cell progression after 0-TGdR treatment of
synchronized cells in S phase.

fell to a minimum at 8 hr as the cells moved out of S phase
and into G2 phase and mitosis. As the percentage of labeled
cells reached the minimum, the MI reached a peak value of
16%. This is a characteristic, reproducible phenomenon of the
excess TdR synchrony technique and therefore allows the
determination of progression changes in treated populations.
Cells treated with j3-TGdR were not delayed in progressing
either through or out of S phase nor were they delayed in
reaching mitosis (Chart 8). This would imply that 0-TGdR
does not affect the rate of DNA synthesis.

DISCUSSION

Treatment of asynchronous CHO cells with increasing doses
of 0-TGdR (Chart 1) yielded a plateau-type survival curve. It
might be argued that the plateau in /3-TGdR effect was caused
by the inactivation of degradation of the drug, as has been
described for other agents (1). However, the results from
Chart 2 indicate that the drug was effective at reducing
survival through an 8-hr treatment.

Another explanation for the plateau in the effectiveness of
/3-TGdR (Chart 1) might be that cells were sensitive to the drug
only during a particular stage of the cell cycle; once these cells
had been killed, no additional reductions in survival would be
observed (regardless of the drug concentration). This
phenomenon has been reported for other cell cycle-specific
agents (2, 5, 11, 13). Since 65 to 70% of the CHO cells
growing asynchronously are normally in S phase and since a
2-hr treatment with /3-TGdR killed about 60% of the cells
(Chart 2), this suggested that cells in S phase were most
sensitive to /3-TGdR. This was proven in survival experiments
conducted on synchronized cells (Charts 3, 4, and 5), which
showed that cells treated in early S phase were the most
sensitive to the effects of /3-TGdR. Cells in mitosis at the time
of treatment were totally unaffected. G, and late S phase cells
had intermediate sensitivities.

The absence of effects on normal cell progression does not
seem unusual for mitotic or G! cells, since most cells in these

populations survived the 100 jug/ml (3-TGdR treatment (100%
survival in mitotic cells and 85 to 95% survival at 1.5 hr into
G! phase). What is unusual, however, is that cells treated in
early S phase with 100 Mg/ml 0-TGdR (survival reduced to
11%) were still able to progress at the control rate from S
phase, through G2 phase, and into mitosis. This implies that
0-TGdR does not appreciably affect the rate of DNA synthesis
and that /3-TGdR is probably incorporated into DNA at the
same rate as for other DNA precursors. Therefore, a possible
mechanism which could account for cell lethality in S phase
cells would be that the presence of /3-TGdR in DNA causes
errors to be made in subsequent replication of DNA or in
transcription events.
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