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A b s t r a c t  The nucleoside analogs fludarabine and gemci- 
tabine inhibit cellular DNA synthesis by two different 
mechanisms: (1) direct termination of DNA strand elonga- 
tion after the triphosphate of each drug is incorporated into 
DNA; and (2) indirect inhibition of DNA synthesis by 
decreasing cellular dNTPs through inhibition of ribonucleo- 
tide reductase. The present study demonstrated that incor- 
poration of the analogs into DNA is critical for the 
cytotoxic action of these drugs in human T lymphoblastoid 
CEM cells. S phase cells, which actively incorporated the 
analogs into DNA, were most sensitive to the cytotoxic 
action of these compounds. A relatively short-term (5-  24 h) 
cessation of cellular DNA synthesis without analog incor- 
poration was not sufficient to cause cell death. The drug- 
treated cells died through apoptosis characterized by gen- 
eration of interuucleosomal DNA fragmentation and apop- 
totic morphology. Induction of i)igh molecular mass 
(50-500 kb) DNA fragmentation was also observed in 
cells undergoing apoptosis; this type of DNA degradation 
was strongly correlated with the analog-induced cell death 
process. Inhibition of the analog incorporation into DNA by 
aphidicolin blocked both types of DNA fragmentation and 
apoptotic morphology, indicating the essential role of 
analog incorporation into DNA in drug-induced cell death. 
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Introduction 

Cell proliferation and apoptosis (programmed cell death) 
are two fundamental biological processes whose delicate 
balance is essential for embryogenesis, tissue development, 
and the maintenance of normal tissue organization [1, 6, 24, 
40]. Failure to appropriately execute the cell death program 
when needed may be a factor in carcinogenesis [32]. Cells 
undergoing apoptosis show typical changes in morphology 
which include cell shrinkage, nuclear condensation and 
margination, fragmentation of nuclei, cell membrane bleb- 
bing, and rupture of the cells into debris [40]. Cleavage of 
cellular DNA at the internucleosomal linkages to generate 
nonrandom DNA fragments (or nucleosomal ladders) is a 
characteristic biochemical marker of apoptosis [1, 3, 6]. 
Recent studies indicate that generation of high molecular 
mass DNA fragments may also be an important event in 
apoptotic cell death [12, 25, 36]. In experimental systems, 
cells can be induced to undergo apoptosis by depletion of 
appropriate growth factors [5, 39] or by the addition of 
exogenous stimuli such as glucocorticoid [3], tumor necro- 
sis factor [31], cell surface-specific antibodies [17, 33], 
irradiation [30, 38], and a variety of cytotoxic drugs [2, 4, 8, 
19, 20]. Induction of apoptosis in cancer cells in experi- 
mental systems may provide a basis for the development of 
new therapeutic approaches. 

The nucleoside analogs 9-~3-I>arabinofuranosyl-2-fluo- 
roadenine (fludarabine, F-ara-A), 1-[3-D-arabinosylcytosine 
(ara-C), and 2',2'-difluorodeoxycytidine (gemcitabine, 
dFdC) are anticancer agents with clinically proven thera- 
peutic activity. These drugs trigger apoptotic cell death in 
human leukemia cells [9, 11, 27]. Each analog is incorpo- 
rated into DNA and, to different extents, terminates the 
extension of the elongating DNA strand [15, 16, 21]. The 
incorporation of these nucleosides into DNA correlates with 
their cytotoxicity [15, 16, 21]. Thus, it appears that cells 
active in DNA synthesis, or S phase cells, are most 
susceptible to the cytotoxic action of these compounds. 
These observations led us to hypothesize that S phase- 
specific incorporation of the nucleoside analogs into DNA 
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is invo lved  in the ini t ia t ion of  apoptosis.  The  present  
inves t igat ion was conducted  to test this hypothesis.  Our 
results demonst ra te  that both F-ara-A and dFdC induced  
apoptosis dur ing  S phase in synchronized  h u m a n  T lym-  
phoblas toid  cells, and that the incorpora t ion  of  the analogs 
into D N A  is required for the ini t ia t ion of  the cell death 
program.  

Materials and methods 

Chemicals and reagents 

The nucleoside analogs F-ara-A and dFdC were kindly supplied by Dr. 
V. L. Narayanan (Drug Synthesis and Chemistry Branch, Division of 
Cancer Treatment, National Cancer Institute) and Dr. L. W Hertel 
(Lilly Research Laboratories), respectively. Aphidicolin and cyclohex- 
imide were from Sigma Chemical Co. (St. Louis, Mo.). Proteinase K, 
alkaline phosphatase (from calf intestine), and RNase (DNase-free) 
were from Boehringer Mannheim Co. (Indianapolis, Ind.). T4 poly- 
nucleotide kinase was from United States Biochemicals Co. (Cleve- 
land, Ohio). [3t-32p]ATP was from ICN Radiochemicals (Irvine, Calif.). 
The Betascope 603 blot analyzer, used in the quantitation of radio- 
activity in dried agarose gels, was manufactured by Betagen (Waltham, 
Mass.). 

Cell culture and synchronization 

Cells of the human T lymphoblastoid cell Iine CCRF-CEM (CEM 
cells) were maintained in exponential growth in RPMI-1640 suspen- 
sion culture medium supplemented with 5% fetal bovine serum. Cell 
doubling time was approximately 24 h under these culture conditions. 
The cells were synchronized by double aphidicolin block [22]. CEM 
cells were incubated with 2 gM aphidicolin for 24 h, washed into fresh 
medium for 12 h, and then incubated with 2 gM aphidicolin for another 
24 h. This treatment blocked the cells at the GI/S boundary. The cells 
were washed and incubated in fresh medium to allow their progression 
through the cell cycle. At various times after release from aphidicolin 
block, portions of the cells were assayed for DNA synthesis activity by 
[3H]thymidine incorporation (1 gCi/ml, 15 min) and analyzed for cell 
cycle phase distribution by flow cytometry after the cells were treated 
with pepsin and RNase and stained with propidium iodide. 

Drug exposures and examination of cell morphology and membrane 
integrity. 

At various times after release from aphidicolin block, the synchronized 
cells were incubated with 10 ~xM F-ara-A or 1 ~tM dFdC for 4 h. 
Aliquots were centrifuged onto glass slides, fixed with methanol, and 
stained with Wright-Giemsa stain. Cell morphology was examined by 
light microscopy using a Nikon HFX-II microscope. Membrane 
integrity was analyzed by trypan blue exclusion using a hemacyt- 
ometer. 

DNA fragmentation assays 

To detect and quantitate internucleosomal DNA fragmentation, DNA 
was purified from the control and drug-treated cells and labelled with 
32p at the 5'-end as described previously [11]. The DNA samples were 
fractionated in a 2% agarose gel, stained with ethidium bromide, and 
photographed. An autoradiograph of the same gel was made after the 
gel had been dried at 60 ~ under vacuum. The radioactivity in the 
DNA bands was quantitated using the Betascope 603 blot analyzer as 
described previously [11]. 

Pulsed-field gel electrophoresis was used to analyze high molecular 
mass DNA fragmentation. Exponentially growing CEM cells were 

Fig. 1 A - D  Induction of apoptosis in exponentially growing CEM 
cells by F-ara-A and dFdC. A Autoradiograph of a 2% agarose gel 
containing DNA samples from cells treated as follows: lane I control, 
lane 2 10 gM F-ara-A for 4 h, lane 3 10 ~tM F-ara-A and 2 gM 
aphidicolin for 4 h, lane 4 1 gM dFdC for 4 h, lane 5 1 gM dFdC plus 
2 gM aphidicolin for 4 h. B Light microscopic morphology of control 
CEM cells. C Light microscopic morphology of CEM cells treated 
with 10 gM F-ara-A. D Light microscopic morphology of CEM ceils 
treated with 10 gM F-ara-A and 2 gM aphidicolin (x360) 

prelabelled with [14C]Thd for 48 h (0.02 gCi/ml every 12 h, • 4) and 
then either incubated with the indicated concentrations of F-ara-A or 
dFdC for 4 h o1" synchronized at S phase with double aphidicolin block 
before the addition of the analogs. The cells were embedded in 0.6% 
agarose plugs containing 75 mM NaC1, 5 mM EDTA, and 5 mM Tris- 
HC1, pH 7.8. The plugs were cooled to 4 ~ for 20 min and then 
incubated in lysis buffer containing 1% sarkosyl, 50 mM EDTA, 
50 mM Tris-HC1, pH 7.8, and 0.2 mg/ml proteinase K at 45 ~ for 
16 h. After washing with 10 mM Tris-HC1 buffer (pH 7.8) containing 
1 mM EDTA for 3 h with a buffer change each hour, the cellular DNA 
in the plugs was analyzed with a CHEF-DR II pulsed-field gel 
electrophoresis system (Bio-Rad Laboratories, Richmond, Calif.) at 
200 V with a switch time of 50 s for 16 h at 7 ~ The electrophoresis 
buffer contained 50 mM Tris-borate, pH 8.2, and 1 mM EDTA. The gel 
was stained with ethidium bromide and photographed. The radio- 
activity associated with the high molecular mass DNA fragments 
was quantitated using the Betascope after the gel had been dried at 
60 ~ under vacuum. 

Results 

Induc t ion  of  apoptosis by F-ara-A and dFdC was first 
evaluated in exponent ia l ly  growing  C E M  cells. W h e n  the 
cells were incuba ted  with 10 g M  F-ara -A (Fig. 1A, lane 2) 
or 1 g M  dFdC (lane 4) for 4 h, cel lular  D N A  was cleaved 
into in te rnuc leosomal  f ragments  with molecu la r  masses  of  
integer  mul t ip les  of  1 8 0 - 2 0 0  bp, the D N A  "ladders" 
characteristic of apoptosis.  Microscopic  examina t ion  of  
the F-ara-A-t reated sample (Fig. 1C) and dFdC-treated 
sample (data not  shown) revealed  changes in cell morphol -  



t83 

ogy typically seen in cells undergoing apoptosis. These 
include cell shrinkage, nuclear condensation, fragmentation 
of nuclei, and rupture of the apoptotic cells into debris. 
DNA fragmentation (Fig. 1A, lane 1) and the morphologi- 
cal changes were not observed in the control sample not 
treated with the analogs (Fig. 1B). When the cells were 
incubated with F-ara-A or dFdC in the presence of 2 ~tM 
aphidicolin, the drug-induced internucleosomal DNA frag- 
mentation was blocked (Fig. 1A, lanes 3 and 5). No 
apparent apoptotic morphology was seen in cells incubated 
either with F-ara-A and aphidicolin (Fig. 1D) or with dFdC 
plus aphidicolin (data not shown). Because aphidicolin is an 
inhibitor of DNA polymerases and, at a concentration of 
2 ~tM, blocks more then 95% of DNA synthesis in CEM 
cells [15], the data presented in Fig. 1 indicate that 
inhibition of analog incorporation into DNA blocked the 
cell death process. Thus, incorporation of the nucleoside 
analogs into DNA appears to be critical in drug-induced 
apoptosis. 

Because F-ara-A and dFdC are incorporated into DNA 
during replication in S phase cells, we evaluated the 
susceptibility of CEM cells to apoptosis induced by the 
analogs at different stages of the cell cycle. CEM cells were 
synchronized by incubation with aphidicolin as described in 
Materials and methods. Flow cytometric analysis demon- 
strated that the double aphidicolin treatment blocked the 
cells at the GI/S boundary (Fig. 2A), and of these cells, 
83% accumulated at G1 phase and 9% at early S phase 
(Fig. 2B). After washing into fresh medium, the population 
proceeded synchronously through the cell cycle. Between 4 
and 6 h after incubation in fresh medium, the majority 
(73%) of the cells were in S phase, later the population 
shifted into G2/]V[ phases. The time course of DNA synth- 
esis in the synchronized cell population as measured by 
[3H]thymidine incorporation (Fig. 2C) was correlated with 
the percentage of S phase cells determined by flow 
cytometry. 

At various times after release from aphidicolin block, 
corresponding to different stages of progression through the 
cell cycle, portions of the culture were incubated with either 
10 ~tM F-ara-A or 1 gM dFdC for 4 h. Cells were then 
evaluated for damage to membrane integrity by trypan blue 
exclusion. As shown in Fig. 2C, exposure of the predomi- 
nantly G1 phase cells (at time 0 h with 2 gM aphidicolin in 
the culture medium) to either F-ara-A or dFdC for 4 h did 
not result in loss of dye-excluding cells. However, as the 
cells entered S phase, identical incubation with the com- 
pounds caused increasing numbers of cells to lose the 
ability to exclude trypan blue. The maximum effect was 
seen at 6 h when > 70% of the cells were in S phase. In 
contrast, F-ara-A or dFdC had little effect on membrane 
integrity after cells had moved out of S phase. Thus, it 
appeared that the degree of damage to cellular membranes 
by the nucleoside analogs was proportional to the number 
of cells in S phase. 

Cell samples treated with the nucleoside analogs at 
different stages of the cell cycle were examined by micro- 
scopy for morphologic alterations. Exposure of the S phase 
cells (6 h after release of the aphidicolin block) to F-ara-A 
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Fig. 2 A-C Cell cycle-specific damage to the cell membrane by 
nucleoside analogs. A Flow cytometric analysis of exponentially 
growing (exp.) cells and of synchronized cells at the indicated time 
after release from aphidicolin block. B Cell cycle phase distribution of 
the synchronized cells (O cells in S phase, O G] phase, A Gz/M 
phases). C Time course of DNA synthesis activity in control cells (0) 
and damage to membrane integrity by a 4-h incubation with 10 gM 
F-ara-A (O), 1 gM dFdC (A), or without drug (~) at the indicated 
times after release from aphidicolin block. DNA synthesis was 
determined by [3H]thymidine incorporation. Cell membrane integrity 
was evaluated by trypan blue exclusion assay and is expressed as the 
percentage of intact cells excluding the vital dye. Each point represents 
the mean ~SD of two experiments 

caused morphologic changes typical of apoptosis in a major 
portion of the cells. As indicated in Fig. 3B, some cells had 
shrunk and exhibited nuclear condensation, and other 
exhibited clusters of membrane blebs and fragmented 
nuclei or had ruptured into debris. In contrast, when ceils 
were incubated with F-ara-A 16 h after release from 
aphidicolin block (predominantly non-S phase cells at this 
time), most of the cells appeared morphologically intact 
(Fig. 3C). The single apoptotic body in Fig. 3C probably 
reflects a small number of S phase cells sensitive to F-ara-A 
at that time. These results strongly suggest that S phase 
cells are most susceptible to induction of apoptosis by 
F-ara-A. Similar results were observed in experiments 
with dFdC (data not shown). For yet unknown reasons, 
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Fig. 3 A-C S phase-specific apoptosis induced by F-ara-A. A 
Microscopic morphology of exponentially growing CCRF-CEM cells. 
B Six hours after release from the aphidicolin block, cells were 
incubated with l0 lxM F-ara-A for an additional 4 h. C Identical 
incubation with F-ara-A 16 h after release from aphidicolin block. The 
a r r o w s  indicate apoptotic cells 

cytoplasmic vacuoles were observed in both S phase cells 
and non-S phase cells treated with F-ara-A (Fig. 3 B, C). 
This might reflect the disturbance of cellular metabolism by 
the drug. If so, the metabolic disturbance by F-ara-A was 
not cell cycle-specific. 

To quantitate the internucleosomal DNA fragmentation 
in cells treated with the analogs at different phases in the 
cell cycle, DNA from control and F-ara-A-treated cells was 
labelled with 32p and analyzed in a 2% agarose gel. 
Ethidium bromide staining of the gel (Fig. 4A) demon- 
strated that each lane contained approximately the same 

amount of DNA. DNA fragments of nucleosomat multi- 
mers, however, were barely visible under these conditions 
and did not allow accurate quantitation by densitometric 
scanning. Autoradiography of the same gel, however, 
clearly revealed separation of DNA fragments or nucleo- 
somal ladders (Fig. 4B). Evaluation of individual lanes in 
Fig. 4B indicated that in the absence of F-ara-A treatment, 
nucleosomal DNA fragments were not detectable in DNA 
samples from exponentially growing cells (lane 2) or cells 
synchronized by aphidicolin (lane 3). Thus, incubation of 
CEM cells with aphidicolin alone in the synchronization 
procedure did not cause any detectable DNA fragmentation. 
Furthermore, when the synchronized cells were maintained 
in 2 gM aphidicolin and incubated with 10 gM F-ara-A for 
an additional 4 h, no nucleosomal ladders were generated 
(lane 4). These results indicate that incorporation of 
F-ara-A into DNA is critical for induction of apoptosis in 
a synchronized population, as was the case in exponentially 
growing cells (Fig. 1A, lane 3). 

When the synchronized cells were washed free of 
aphidicolin and incubated in fresh medium to allow their 
progression into S phase, exposure to the same dose of 
F-ara-A (10 gM, 4 h) resulted in a cell cycle-dependent 
DNA fragmentation (Fig. 4, lanes 5-15).  Nucleosomal 
ladders were readily detectable 30 min after release from 
aphidicolin block (Fig. 4, lane 5). The amount of fragmen- 
ted DNA varied depending on the stage of the cell cycle. 
The amount of F-ara-A- or dFdC-induced fragmented DNA 
increased as the cells progressed into S phase (Fig. 5). DNA 
fragmentation reached its peak value at 6 h, when the cells 
were predominantly in S phase (Fig. 2C). However, when 
the S phase cells (at 6 h) were incubated with F-ara-A or 
dFdC in the presence of 2 gM aphidicolin, DNA fragmen- 
tation was inhibited (data not shown). Figure 5 also 
demonstrates that the amount of fragmented nucleosomal 
DNA decreased as the cells cycled out of S phase with the 
trough level at 16 h, when most of the cells were not in S 
phase. These results are in agreement with the time courses 
of the F-ara-A-induced cell cycle-dependent membrane 
damage (Fig. 2) and changes in cellular morphology 
(Fig. 3). 

Previous studies have demonstrated that F-ara-A and 
dFdC are incorporated into DNA and terminate strand 
elongation. Most of the incorporated F-ara-AMP residues 
are located at the 3'-ends of DNA strands [15] whereas 
dFdCMP residues are located at the penultimate positions 
[16]. In the present study, we compared the amount of 
analog incorporation in exponentially growing cells and in 
synchronized S phase cells by incubating the respective cell 
populations with either 10 gM [3H]F-ara-A or 1 gM 
[3H]dFdC for 4 h and then quantitating the radioactivity 
associated with purified DNA. Incorporation of [3H]F-ara- 
AMP into DNA was 2.1-fold higher in S phase cells than in 
the exponentially growing cells. A 1.6-fold increase in 
[3H]dFdCMP incorporation was observed in S phase cells. 

Recent studies have suggested that high molecular mass 
DNA fragmentation is associated with apoptosis [12, 13, 
25, 35, 36]. Because F-ara-A and dFdC terminate DNA 
strand elongation [15, 16] and cause deletion of DNA 
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fragments up to 30 kb in cells that survive short term 
F-ara-A incubation [14], we used pulsed-field gel electro- 
phoresis to investigate the possibility that generation of 
larger DNA fragments might be involved in drug-induced 
apoptosis. Figure 6 shows the analysis of DNA from either 
exponentially growing or synchronized S phase CEM cells 
(4 h after release from double aphidicolin block) incubated 
with the analogs. High molecular mass DNA fragments, 
with a predominant size of 50 kb, were visualized in 
exponentially growing cells incubated with 10 gM 
F-ara-A (lane 2) or 1 gM dFdC for 4 h (lane 5). The 
amount of drug-induced large DNA fragments increased 
substantially when S phase cells were incubated with 
identical concentrations of analogs for the same period 
(Fig. 6, lanes 3 and 6). Molecular size analysis of the 
DNA fragments using the Betascope indicated that the size 
range of the large fragments extended between 50 and 
500 kb. In contrast, incubation of CEM cells with F-ara- 
A or dFdC in the presence of aphidicolin blocked the 
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Fig, 5 Quantitation of nucleosomal DNA fragmentation induced by 
F-ara-A (0) or dFdC (O). Cellular DNA was labelled and anaIyzed as 
described in the legend to Fig. 4. The radioactivity in the first five 
nucleosomal bands was quantitated using the Betascope. The sum of 
the radioactivity of the five bands in the 6-h sample (2679 _+ 250 cpm 
and 3613 _+ 209 cpm for F-ara-A- and dFdC-treated samples, 
respectively) was assigned the value of 100 units for normalization 
of the other samples. Each data point is the mean __ SD of two to three 
determinations 

Fig. 4 A, B Internucleosomal DNA fragmentation induced by F-ara-A 
in synchronized CCRF-CEM cells. DNA (1 gg) from control and drug- 
treated ceils at different stages in the cell cycle was labelled with 32p 
and fractionated in a 2% agarose gel as described in Materials and 
methods. A Photograph of the gel stained with ethidium bromide. B 
Autoradiograph of the same gel. Lane 1 DNA molecular mass markers 
II (Boehringer Mannheim), lane 2 DNA from exponentially growing 
cells, lane 3 DNA from synchronized cells without F-ara-A treatment, 
lane 4 DNA from synchronized cells treated with 10 gM F-ara-A for 
4 h while the cells were maintained in 2 gM aphidicolin, lanes 5 to 15 
DNA from the synchronized cells incubated with 10 gM F-ara-A at 
0.5, 1, 2, 4, 6, 8, 10, 12, 16, 20, and 24 h after release from aphidicolin, 
respectively. The greater intensity of radioactivity at the high mole- 
cular mass region in lanes 9 and 10 reflects the existence of large DNA 
fragments which were produced as a consequence of F-ara-A incor- 
poration [12, 13] and provided more DNA strand ends for 5'-end 
labeling 

M 1 2 3 4  5 6 7  

Fig. 6 High molecular mass DNA fragmentation induced by F-ara-A 
and dFdC in CEM cells. Cells incubated with or without drugs were 
embedded in agarose plugs and the cellular DNA was analyzed by 
pulsed-field gel electaophoresis as described in Materials and methods. 
Lane M Molecular mass markers, lane 1 exponentially growing CEM 
cells without drug treatment, lane 2 exponentially growing CEM cells 
incubated with 10 gM F-ara-A for 4 h, lane 3 S phase CEM cells 
incubated with 10 [xM F-ara-A for 4 h, lane 4 exponentially growing 
CEM cells incubated with 10 gM F-ara-A plus 2 gM aphidicolin for 
4 h, lane 5 exponentially growing CEM cells incubated with 1 gM 
dFdC for 4 h, lane 6 S phase CEM cells incubated with 1 gM dFdC for 
4 h, lane 7 exponentially growing CEM cells incubated with 1 gM 
dFdC and 2 gM aphidicolin for 4 h 
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generation of large DNA fragments (Fig. 6, lanes 4 and 7). 
Thus, incorporation of the analogs into DNA appears to be 
required for drug-induced high molecular mass DNA 
fragmentation. These results are consistent with internu- 
cleosomal DNA fragmentation and morphologic changes 
observed in the two cell populations exposed to the analogs, 
and support the conclusion that S phase cells are most 
sensitive to induction of apoptosis by F-ara-A and dFdC. 

Discussion 

The present study demonstrates that the nucleoside analogs 
F-ara-A and dFdC exert their cytotoxic action by induction 
of apoptosis. Inhibition of the analog incorporation into 
DNA by aphidicotin blocked drug-induced DNA fragmen- 
tation and prevented the generation of apoptotic morphol- 
ogy. Thus, the incorporation of the analogs into DNA 
appears to be a critical event in triggering the apoptotic 
cell death program. Because incorporation of the analogs 
into DNA results in termination of DNA synthesis [15, 16], 
it is important to determine whether the cessation of DNA 
replication per se or the incorporated analog in DNA is 
responsible for the initiation of apoptosis. 

Several lines of evidence suggest that incorporation of 
the analogs into DNA is the key element in causing 
cytotoxicity. First, when CEM cells were incubated either 
with aphidicolin alone or with aphidicolin plus F-ara-A or 
dFdC, DNA synthesis was inhibited and no analog was 
incorporated into the DNA. Neither internucleosomal DNA 
fragmentation nor apoptotic morphology was observed 
under these conditions. High molecular mass DNA frag- 
ments were not generated when incorporation of F-ara-A or 
dFdC into DNA was inhibited. Second, S phase cells, which 
actively synthesize DNA and incorporate analogs during 
replication, were most sensitive to induction of apoptosis by 
the analogs. Inhibition of DNA synthesis by aphidicolin in 
the synchronized population did not trigger apoptosis. 
Rather, aphidicolin blocked nucleoside analog-induced 
apoptosis in S phase cells. Third, in a cell clonogenicity 
study [15], 5-h exposure of CEM cells to 10 gM F-ara-A 
inhibited DNA synthesis by 95% and caused a 75% loss of 
cell survival. Incubation of CEM cells with 1 gM aphidi- 
colin for 5 h resulted in the same degree of DNA synthesis 
inhibition, but did not lead to loss of cell clonogenicity. 
Thus, it is clear that a short-term (5 h) inten'uption in DNA 
synthesis is not a lethal event to CEM cells, whereas 
incorporation of analogs into DNA appears to be critical 
in causing cell death. 

An alternative interpretation of the inhibitory effect of 
aphidicolin on drug-induced apoptosis is that DNA replica- 
tion might be required to convert the drug-induced DNA 
damage to a form necessary for initiation of apoptosis. It is 
possible that although aphidicolin inhibited DNA synthesis, 
replication with drug-induced DNA damage was prevented 
and the apoptotic program was not triggered. However, this 
is unlikely because aphidicolin inhibits the incorporation of 
F-ara-A and dFdC into DNA and thus eliminates the direct 

DNA chain termination effect of the analogs. Although 
DNA damage might be mediated by an indirect mechanism 
rather than by direct chain termination, the nature and 
extent of such damage is unknown. In a separate experi- 
ment, in which CEM cells were first incubated with 10 gM 
F-ara-A for 1 h to allow incorporation into DNA and then 
aphidicolin was added for an additional 3 h, DNA frag- 
mentation occurred despite the presence of aphidicolin 
(data not shown). This is consistent with the conclusion 
that incorporation of analogs into DNA is critical in drug- 
induced apoptosis. 

Both F-ara-A and dFdC inhibit ribonucleotide reductase 
and cause a decrease of intracetlular dNTPs [7, 10, 26]. It is 
possible that the disturbance of deoxynucleotide pools by 
F-ara-A or dFdC may also contribute to induction of 
apoptosis by the analogs. Because arabinosylcytosine 
(ara-C), which is not an inhibitor of ribonucleotide reduc- 
tase, induces apoptosis in human myeloid leukemia cells 
[9], it appears that inhibition of ribonucleotide reductase is 
not a requisite for nucleoside analogue-mediated apoptosis. 
In a separate study, we have demonstrated that cellular 
dNTP pools increase slightly (about 10%) in the presence 
of aphidicolin, presumably due to its inhibition of dNTP 
incorporation into DNA. Thus, it appears that aphidicolin 
does not affect the activity of ribonucleotide reductase. No 
significant change in the formation of cellular F-ara-ATP 
and dFdCTP was observed in the presence of aphidicolin 
(data not shown). 

Two types of DNA fragmentation were observed in 
analog-induced apoptosis. Both F-ara-A and dFdC induced 
internucleosomal DNA fragmentation. Nucleosomal DNA 
ladders have been detected in a variety of experimental 
systems and have been used as a biochemical marker of 
apoptosis. A Caa+-dependent endonuclease is thought to be 
responsible for the cleavage of DNA at internucleosomal 
linkages [3, 23]. The second type of drug-induced DNA 
cIeavage was associated with the generation of higher 
molecular mass DNA fragments, ranging between 50 and 
500 kb. The pulsed-field gel electrophoresis used in this 
study was run under non-denaturing conditions; therefore 
the fragments reflected double-strand breaks of cellular 
DNA. Because F-ara-A and dFdC were incorporated only 
into the newly synthesized DNA strand and terminated its 
elongation, the double-strand breaks suggest that an active 
cellular process may have been involved in the cleavage of 
the template DNA strand. The high molecular mass DNA 
fragmentation is also observed in rat fibroblasts induced to 
undergo apoptosis by serum depletion [25] and in thymo- 
cytes treated with dexamethasone and DNA topoisomerase 
II-reactive agents [35]. It has been proposed that the 
cleavage of chromatin into large DNA fragments may be 
the initial stage of DNA fragmentation in apoptosis [36]. 
However, neither the enzyme responsible for high molecu- 
lar mass DNA fragmentation nor the mechanism that 
triggers this cleavage has been identified. 

In the case of nucleoside analog-induced apoptosis, our 
preliminary studies have demonstrated that high molecular 
mass DNA fragmentation is a Ca2+-independent event [13]. 
Chelation of intracellular Ca~+ blocked the analog-induced 



internucleosomal DNA fragmentation, but did not affect the 
generation of  large DNA fragments. Thus, it appears that a 
Ca2+-independent endonuclease is involved in this process. 

The mechanism by which F-ara-A and dFdC induce 
DNA fragmentation and eventually lead to cell death is not 
clear at the present time. We speculate that during DNA 
replication there is a surveillance mechanism, or sensor, 
that detects DNA damage or, in the present case, DNA 
strand termination by the incorporated analogs. We hy- 
pothesize that the sensor may be functionally homologous 
to the E. coli RecA protein [29, 34] or the nucleotide- 
excision repair protein complex in yeast [37]. This sensor 
recognizes DNA damage and initiates DNA repair, Because 
DNA polymerases ~ and a have 3 ' - > 5 '  exonuclease 
activities that are assumed to serve a proofreading function 
for mismatched nucleotides, these enzymes may be con- 
sidered candidates to participate in such a surveillance 
mechanism. When F-ara-A or dFdC is incorporated into 
DNA, the analogs terminate the elongating DNA strand at 
the incorporation sites. Although DNA damage by a 
terminally incorporated analog is detected by the sensor, 
repair of  the lesions would be difficult because excision of  
the incorporated analogs is not efficient [16, 18] and 
ligation of  the analog-terminated DNA is inhibited by 
F-ara-A monophosphate at the 3'-terminus and by free 
F-ara-ATP [41]. Failure to repair the terminally incorpo- 
rated analogs would eventually lead the sensor mechanism 
to trigger apoptosis. Because enzymes such as DNA 
polymerases and Iigases are involved in both replication 
and repair, the same or a similar surveillance mechanism 
might be associated with both processes. If  so, it should be 
possible to introduce DNA damage in quiescent cells by 
agents such as UV irradiation and cisplatin, and thus evoke 
DNA repair. The active DNA repair synthesis in quiescent 
cells should allow the incorporation of  nucleoside analogs 
into the repair patches. This incorporation would lead to 
inhibition of  further repair synthesis due to DNA chain 
termination activity of  the analogs. Assuming that the same 
or similar surveillance and response mechanisms are 
associated with DNA repair and replication, it should be 
possible to induce apoptosis in quiescent cells by combin- 
ing nucleoside analogs with agents that damage DNA. This 
hypothesis is currently under investigation [28]. 
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