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Abstract The drug combination N-(phosphonacetyl)-L-
aspartic acid (PALA), methylmercaptopurine riboside
(MMPR) and 6-aminonicotinamide (6AN), referred to
as PMA, induces regressions of advanced CD8F1 mu-
rine mammary carcinomas in vivo. We demonstrated
that CD8F1 tumor regressions were preceded by the
appearance of apoptotic bodies, as observed by micro-
scopic examination of morphology and TUNEL end-
labeling, and fragmentation of DNA into nucleosomal
“ladder” patterns. These indications of apoptosis were
present as early as 6 h after simultaneous administration
of MMPR and 6AN and further increased by over fi-
vefold during the next 3 to 6 h, then remained at 7 to
12.8% (0.6 to 2.4% in saline-treated controls) of the cell
population for at least 24 h after MMPR + 6AN ad-
ministration. The 5-phosphate derivative of MMRP,
MMPR-5P, which inhibits de novo purine biosynthesis,
was present at a ‘“‘steady-state” level, and significant
(40%) depletion of ATP had occurred by 3 h and both
of these events preceded the onset of apoptosis. In ad-
dition, MMPR-5P was retained in CD8F1 tumors at a
high level over a prolonged period (>96 h) even as
tumors were undergoing regression. The prolonged
presence of MMPR-5P was important for optimal che-
motherapeutic effect, since treatment with iodotuberci-
din (IodoT), an inhibitor of MMPR/adenosine kinase,
6 h after MMPR + 6AN administration prevented the
prolonged accumulation of MMPR-5P and reversed the
regression of CD8F1 tumors. In addition, compared to
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the PMA-treated group, there was a significant resto-
ration of ATP levels after treatment with IodoT. In in-
dividual PMA-treated CD8F1 tumors the degree of ATP
depletion was found to correlate with the degree of tu-
mor shrinkage at 24 h, after tumors had sufficient time
to respond to treatment. These results define the time-
course of drug-induced apoptosis in CD8F1 tumors,
show that ATP depletion occurs prior to apoptosis and
demonstrate that prolonged retention of MMPR-5P is
associated with optimal chemotherapy. Collectively,
these results suggest that the depletion of ATP by PMA
treatment may be a component of the biochemical ap-
optotic cascade in the CD8F1 tumor.
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and 6AN - PR partial regression * lodoT
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Introduction

A combination of drugs consisting of N-(phosphonace-
tyl)-L-aspartic acid (PALA), methylmercaptopurine
riboside (MMPR) and 6-aminonicotinamide (6AN),
termed PMA, has been developed which induces re-
gressions in advanced CD8F1 murine mammary carci-
nomas in vivo either as the PMA regimen alone [27] or
in combination with other agents such as 5-fluorouracil
(5FUra), adriamycin or radiation [20, 29, 30, 39]. PMA
was originally designed to interfere with cellular energy
production by inhibition of ATP synthesis [27]. While
PMA has been observed to deplete ATP levels in



regressing CD8F1 tumors [39, 40] and these regressions
have been associated with apoptosis or programmed cell
death within the tumors [29, 30], the relationship be-
tween tumor regression, ATP depletion and the induc-
tion of apoptosis has not been well characterized.
However, we have recently shown that prolonged tumor
retention of MMPR-5" phosphate (MMPR-5P) is nec-
essary for the optimal effect of PMA treatment [32] and
now further define the timing and role of ATP depletion
and apoptosis in CD8FI1 tumor regressions following
PMA treatment.

In the study of chemotherapy-induced cell death or
“chemoapoptosis”, a number of investigators have ob-
served a cascade of events which is induced by DNA-
damaging agents [2, 4, 12, 26, 35, 43]. According to this
scheme, many anticancer agents induce a high degree of
DNA breaks. DNA strand breaks then serve to activate
the nuclear enzyme, poly(ADP-ribose)polymerase,
which functions to inactivate certain proliferation-re-
lated proteins by attaching polymers of (ADP)-ribose at
distinct sites on the protein at the expense of substrate
NAD. If sufficient NAD is utilized, the shuttling of re-
ducing equivalents is impaired, leading to inefficient re-
generation of ADP to ATP with subsequent ATP
depletion and eventually cell death. Since this cascade of
events has been documented in numerous systems, it has
been suggested to be a common pathway leading to
apoptotic cell death [26].

In view of this consensus cascade of DNA-damaging
agents, the tumor-regressing effect of PMA is of par-
ticular interest since none of the three agents is consid-
ered to have a primary or direct damaging effect on
DNA. Thus, the main effect of PALA is inhibition of
de novo pyrimidine biosynthesis at the level of aspartate
transcarbamylase [5]; MMPR inhibits de novo purine
biosynthesis as the 5-monophosphate derivative,
MMPR-5P, at the level of amido phosphoribosylpyro-
phosphate transferase [45, 47]; and 6 aminonicotin-
amide, as an NADP analogue, inhibits the pentose
phosphate pathway at 6-phosphogluconate (6PG) de-
hydrogenase [18]. In addition, while each of the agents
individually possesses some tumor growth inhibiting
activity, combination treatment with all three agents is
necessary for tumor regressing activity in the CD8F1
tumors [27]. Depletion of ATP alone is apparently not
sufficient to initiate tumor regression by apoptosis, since
administration of single de novo purine synthesis in-
hibitors may deplete ATP without causing regressions
[16]. However, following treatment with PMA, where
depletion of ATP is driven by prolonged MMPR-5P
levels over an extended period of time [32], ATP deple-
tion appears to be a significant contributor to apoptosis.

We have been interested in defining the mechanism of
PMA-induced tumor regression in order to enhance
chemotherapy and in defining biochemical parameters
which will facilitate translation of PMA efficacy to the
clinical setting. In the study reported here we showed
that PMA induces CD8F1 tumor regression by the ap-
optotic process and that ATP depletion precedes this
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process. We also demonstrated that prolonged retention
of MMPR-5P within the tumor is necessary for contin-
ued ATP depletion and tumor regression.

Materials and methods

Drugs

MMPR and 6-AN were purchased from Sigma Chemical Co. lo-
dotubercidin (IodoT) was purchased from Research Biochemicals
International (RBI). PALA was provided by the NCI. Drugs were
administered by intraperitoneal (i.p.) injection.

CDS8F1 spontaneous mammary tumor

The CDS8F1 spontanecous mammary tumor model has been previ-
ously described [28, 38] and is included in the murine testing panel
of the National Cancer Drug Screening Program [14]. CD8F1 hy-
brid mice bearing single spontaneous, autochthonous breast tu-
mors were selected from the mouse colony. A tumor brei was made
from three to four of these tumors and transplanted subcutane-
ously in 3-month-old syngeneic Balb/C x DBA/8 (CDSF1) mice. In
34 weeks, tumor-bearing mice with equisized tumors were dis-
tributed among the treatment groups, and experiments were con-
ducted in these first passage transplants. The average tumor
weights were around 150 mg at the beginning of treatment.

All spontaneous tumors, whether human or murine, have a
heterogeneous neoplastic cell population. Since each experiment
consisted of a brei composed of several different spontaneous tu-
mors, the neoplastic cell composition was likely somewhat different
from experiment to experiment, resulting in certain quantitative
differences between experiments. However, each experiment had its
own control and the results are quantitatively relevant within in-
dividual experiments, as are trends among experiments.

Tumor measurements

Two axes of the tumor (the longest axis L, and the shortest axis W)
were measured with a caliper. Tumor weight was estimated by the
equation:

Tumor weight (mg) = L (mm) x [#*(mm)/2]

Determination of tumor regression rates

The initial size of each treatment group was recorded prior to
initiation of treatment. Tumor size was recorded during treatment
and at various times following treatment. For each experiment, a
single observer made all measurements in order to avoid variation
in caliper measurements from individual to individual. By con-
vention, partial tumor regression (PR) was defined as a reduction in
tumor volume of 50% or more compared to the tumor volume at
the time of initiation of treatment.

Statistical evaluation

Student’s r-test was used for evaluation of measured biochemical
differences between treatment groups, and these differences were
considered to be significant with P < 0.05.

Treatment regimens

The standard PMA regimen consisted of administration of
PALA |y followed after 17 h with MMPR;5y and 6AN;, (sub-
scripts refer to the dose in mg/kg). lodoT at 3 mg/kg was admin-
istered at 6 or 24 h after MMPR + 6AN treatment. FUra;s was
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given 2.5 h after MMPR + 6AN. Each of the agents was dissolved
in 0.85% NaCl solution for i.p. injection. The desired dose was
contained in 0.1 ml/10 g of mouse body weight.

HPLC methodology

Mice were anesthetized i.p. with pentobarbital (65 mg/kg). Tu-
mors were excised free of gross necrotic tissue and immediately
freeze-clamped using tongs cooled in liquid nitrogen. Frozen tu-
mors were homogenized in ice-cold 0.4 N perchloric acid (1 ml/
0.1 g tumor weight). The acid-insoluble fraction was removed by
centrifugation (10 000 g for 5 min) and the acid-soluble fraction
was neutralized by extraction with a mixture of tri-n-octylamine
in Freon [17] and analyzed by HPLC. NTP (nucleoside tripho-
sphate) values were normalized to the protein content of the acid-
insoluble fraction and NTP values are expressed as nanomoles per
milligram protein. Protein was solubilized in 0.5 N NaOH and
quantitated [25]. HPLC analysis was performed using a Waters
840 HPLC, a WISP autosampler and tandem UV detection at 254
and 290 nm. Nucleotides were separated on a Whatman SAX
column starting with 3 mM ammonium phosphate, pH 3.1, and
proceeding in two steps to 70% of high-salt buffer, 0.5 M am-
monium phosphate, pH 4.5. The injection volume of each sample
was 200 pl. The run time was 70 min at a flow rate of 1.5 ml/min
with a 20-min equilibration period between analyses. MMPR-5P
levels are expressed as nanomoles per milligram protein.

Morphologic examination and TUNEL analysis
of apoptotic bodies in CD8F1 tumor sections

Tumor-bearing CD8F1 mice were sacrificed at various times after
PMA treatment. Tumors were excised and immediately placed in
vials containing 20 ml phosphate-buffered formalin. Tumor tis-
sues were paraffin-embedded and microscopically examined for
apoptosis by the TUNEL end-labeling assay [13] as well as by
morphological examination on two consecutive formalin-fixed
paraffin-embedded sections. Areas with the highest rate of apop-
tosis were identified and a minimum of 500 cells per section were
examined. Foci of geographic confluent necrosis were minimal
and equivalent in both controls and treated tumors. Only cells
with definite brown nuclear staining were counted as positive for
TUNEL. H&E sections were examined for the range of mor-
phological features associated with apoptosis. Cells with marked
cytoplasmic condensation and nuclear pyknosis were included in
the positive count as well as those showing well-developed ap-
optotic bodies (single or multiple ovoid eosinophilic mass con-
taining one or more pyknotic chromatin fragments). All sections
were examined by one pathologist. Corresponding TUNEL and
H&E sections were scored independently and on two separate
occasions to avoid any scoring bias. Treatment status was not

Table 1 Harvested tumor weight, ATP and MMPR-5" phosphate
levels at 10 and 24 h after MMPR and 6AN treatment of tumors
from PMA-treated CD8F1 mice. CD8FI1-tumor bearing mice
(n=7) were treated with PALA 17 h prior to treatment with
MMPR + 6AN. Thereafter at 10 and 24 h, tumors were excised
and freeze-clamped for biochemical measurements. Tumors were

revealed until all sections were scored. The results were analyzed
using Student’s t-test for comparison of apoptotic rates between
treated and untreated groups.

Results

The effect of PMA treatment on ATP depletion
and loss of tumor mass

The relationship of ATP depletion to tumor regression
was studied. PMA-treated CD8F1 tumors were harvested
at 10 and 24 h and individual tumors were examined for a
correlation between ATP levels and tumor regression. As
shown in Table 1, the average tumor weight for both the
10- and 24-h groups contained similar amounts of
MMPR-5P and the levels of ATP depletion were similar
for the 10- and 24-h PMA-treated groups, which were
both significantly reduced compared to saline controls. In
addition, a trend toward tumor mass reduction was seen
in both groups, but was only significantly different from
the saline tumors in the 24-h PMA-treated group. When
the degree of ATP depletion was examined against the
percentage change in tumor mass, there was no correla-
tion for the 10-h sample; however, at 24 h there was a
good correlation (r = 0.7) between ATP depletion and
the decrease in tumor mass (Fig. 1).

Itis also of interest that ATP was depleted to a greater
extent (50% of the control value) than other metabolites
at the earlier (10-h) time-point; for example, NAD 84%,
UTP 90%, and GTP 109% of the control values. At
24 h, ATP was still depleted (54% of control) to the
greatest degree, but there was a more uniform depletion
of other metabolites: NAD 65%, UTP 66% and GTP
79% of control values. In addition, the ATP/ADP ratio
at 10 h was 75% of control compared with a value of
83% at 24 h, suggesting that inhibition of ATP regen-
eration from ADP was important at the earlier time-
point in addition to adenylate restriction. Collectively,
these results indicate that the decrease in ATP was an
early event which occurred in advance of the reduction in
tumor mass. At the earlier time-point ATP was dispro-
portionately depleted and tumor mass reduction was

subsequently weighed and the nucleotide pools were extracted for
measurement of ATP, MMPR-5P and other nucleotides by means
of HPLC. Tumors averaged 120 mg at initiation of chemotherapy
(Exp. C2828/N143) as determined by caliper measurement (ND
none detected).* Significant with respect to saline control

10 hours 24 hours
Saline Treated Saline Treated
Tumor weight (mg)
320 £ 170 270 + 100 (84%) 360 + 160 220 = 90 (61%)*
Metabolite levels
(nmol/mg total protein)
MMPR-5P ND 2.64 £ 0.94 ND 2.58 + 1.01
ATP 11.06 + 1.87 5.48 £ 1.22 (49.6%)* 9.98 + 147 5.42 £+ 0.09 (54.3%)*




Percent change in tumor mass

ATP, % of control

Fig. 1 Correlation of ATP levels with change in CD8F1 tumor mass
at 10 and 24 h after PMA treatment. Individual CD8F1 tumors were
measured prior to PMA treatment and again prior to excision. ATP
and MMPR-5P were then measured in tumor extracts. The ATP level
for each tumor was then plotted against the change in mass to
determine correlation (r = 0.7) 24 h after MMPR + 6AN treatment
(Exp. 2828/N143)

initiated. At the later time-point there was a more
uniform depletion of cellular nucleotides and ATP de-
pletion correlated with the extent of decrease in tumor
mass.

Depletion of ATP and induction
of apoptosis precede regression
of PMA-treated CD8F1 mammary tumors

The degree of apoptosis occurring during CD8F1 tumor
regression was studied in a similar experiment. Apop-
tosis was quantitated microscopically by both morpho-
logical criteria and by a DNA end-labeling (TUNEL)
procedure at 10 and 24 h following PMA treatment, and

Table 2 Tumor weight, ATP and MMPR-5" phosphate levels and
percent of apoptotic cells at 10 and 24 h after MMPR and 6AN
treatment in PMA-treated CD8F1 mammary tumor-bearing mice.
PMA-treated CD8F1-tumors were collected 10 or 24 h following
MMPR + 6AN treatment. Tumors were excised, weighed and di-
vided. One portion was immediately frozen for nucleotide pool
analysis; the other was set into a vial with formalin for use in
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these results were compared with tumor ATP levels and
the decrease in tumor mass. As shown in Table 2, the
ATP levels of PMA-treated CD8F1 tumors were simi-
larly depleted to 48% and 44% of control values at 10
and 24 h, respectively, and both had similar high levels
of MMPR-5P. However, at 10 h the tumor weights were
not different from those of the saline control group, but
by 24 h the tumors were significantly reduced to 52% of
the saline-treated control tumors. The percent of apop-
totic cells was about 10% compared with an average of
1.9% for control tumors, with some tumors showing a
20% incidence of apoptosis, and the incidence of ap-
optosis was more than fivefold higher in treated tumors
than in control tumors at both 10 and 24 h, as assessed
by either morphology or end-labeling. This confirmed
that apoptosis was ongoing at 10 h in PMA-treated
CDSF1 tumors, but raised the question of whether the
observed depletion of ATP in regressing tumors could be
caused by the apoptotic process. This question was ad-
dressed by determining the time-course of apoptosis
following PMA treatment.

Significant depression of ATP prior
to observable apoptosis in PMA-treated advanced
CD8F1 mammary tumors

The relationship of ATP depletion to the onset of ap-
optosis was studied in CD8F1 tumors treated with PMA
with the addition of 5FUra 2.5 h following PMA. The
addition of SFUra to PMA has been shown to provide a
better chemotherapeutic effect than the PMA combina-
tion [39]. As shown in Fig. 2A, this treatment resulted
in seven PRs at 72 h after the first course of
MMPR + 6AN treatment. For biochemical and histo-
logical analysis, tumor samples were collected at 3, 6, 9,
15, and 24 h after MMPR + 6AN treatment. The re-
sponse of the tumors to chemotherapy is shown in
Fig. 2B. Although there were no PRs over this initial

microscopic analysis. Thin sections were prepared and apoptosis
was determined microscopically either following H&E staining or
by means of the TUNEL (terminal deoxynucleotidyl transferase
(TdT)-mediated dUTP-X nick end-labelling) method. Tumors
averaged 125 mg (caliper measurement) at the initiation of che-
motherapy (Exp. C2852/N148) (ND none detected). *P < 0.05
with respect to saline control

10 hours 24 hours
Saline Treated Saline Treated
Tumor weight (mg)
270 + 130 280 £ 140 (104%) 310 £ 160 160 + 100 (52%)*
Metabolite levels
(nmol/mg protein)
MMPR-5P ND 234 £ 1.10 ND 3.00 = 1.63
ATP 10.11 £ 1.91 4.85 + 1.53 (48%)* 14.09 £ 5.60 6.22 + 1.95 (44%)*
% Apoptotic cells
Morphology 1.5 1.2 9.5 £ 59 (630%)* 21 +£19 11.5 £ 6.0 (550%)*
TUNEL 24 + 14 12.8 £ 7.0 (530%)* 1.4 + 0.7 7.3 £ 3.2 (520%)*
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Fig. 2A,B CD8F1-tumor regression effect of treatment with
PMA + 5FUra. CDSF1 tumors were treated with either saline (@) or
the PMA regimen followed 2.5 h later with 5SFUra;s (A) (Exp. 2890/
N156). A Tumor growth over the course of the chemotherapy
experiment. The number of partial tumor regressions (PR) among
each group of ten tumors is indicated next to the symbol for each
group. The time of administration of MMPR + 6AN is indicated ()
along the x-axis. B Comparison of the average weights of tumors
collected for measurement of ATP and MMPR-5P levels and degree
of apoptosis at 3, 6, 9, 15, and 24 h after MMPR +6AN (see
accompanying data in Table 3). P < 0.05 vs the saline treated group
at the corresponding time point

Table 3 Comparison of ATP and MMPR-5P levels, percent of
apoptotic cells and tumor weight for CD8F1 mammary tumors
following treatment with MMPR + 6AN. CDSF1 tumor-bearing
mice received MMPR and 6AN simultaneously 17 h after PALA.
Time of tumor excision is referenced to the time of MMPR + 6AN
treatment. SFUra was given 2.5 h after MMPR + 6AN. Apoptotic
bodies were determined by means of microscopic analysis using the
TUNEL assay as described in the Materials and methods section.

period, the tumor regression induced by PMA treatment
became significant 15 h after MMPR + 6AN treat-
ment, and this was reflected by two PRs on day 3 of the
experiment (48 h  after the first course of
MMPR + 6AN, Fig. 2A). As shown in Table 3, over
the initial 24-h period shown in Fig. 2B, the incidence of
apoptosis increased from 1.6% at 6h after
MMPR + 6AN treatment to 6.4%, 9.6% and 9.0% at
9, 15 and 24 h, respectively. The values, however, were
not significantly different among the later three time-
points. This general trend was similar to the time-course
of apoptosis observed by the appearance of DNA
laddering into nucleosome-length fragments (data not
shown).

Over this time-course, ATP was significantly depleted
at the earliest (3-h) time-point, a time when there was no
apoptosis attributable to the PMA treatment. There was
also a significant reduction in ATP at 6, 9, and 15 h. In
addition, the levels of MMPR-5P achieved at 3 h per-
sisted at the same “steady-state” level over the 24-h
period. At the 9-h time-point, however, the levels were
twofold higher and the ATP concomitantly decreased to
a greater extent than for the other groups. These results
clearly demonstrate that ATP depletion occurred prior
to the onset of apoptosis and suggest that early ATP
depletion may contribute to the onset of apoptosis in
PMA-treated CD8F1 tumors.

Reversal of PMA-induced MMPR-5P accumulation,
ATP depletion and CD8F1 tumor growth inhibition
upon treatment with IodoT

The role of ATP depletion in relation to later periods of
CDS8F1-tumor regression were studied by reversing the
accumulation of MMPR-5P with TodoT, a potent in-
hibitor of adenosine/MMPR kinase. As shown in
Fig. 3A, there were three PRs among ten tumor-bearing
mice in the PMA-treated group. A second group re-
ceived lodoT 6 h after the simultaneous administration
of MMPR + 6AN to allow an initial activation of
MMPR to MMPR-5P. In the PMA + IodoT group

Saline controls showed an average incidence of apoptosis of 0.8
+ 0.5%. Tumors averaged 115 mg (caliper measurment) upon
initiation of chemotherapy (Exp. C2890/N156). *P < 0.05 with
respect to the group(s) indicated (C = saline control, number re-
fers to the value corresponding to the indicated time-point).
*¥*P < 0.05 with respect to the MMPR-5P values at the 3, 6, 15
and 24 h time-points

Time Tumor weight ATP MMPR-5P % apoptotic
(hr) (% of control) (% of control) (nmol/mg) cells

3 9 64*© 1.44 + 0.47 0.6 £ 0.5

6 83 79#(©) 1.83 + 0.59 1.6 £ 1.0%C>
9 94 56%(C:0:15:29) 2.56 £ 0.65%* 6.4 + 4,0%C30
15 59%(©) 75%© 1.34 £ 0.53 9.6 + 5.7%(C30
24 59*(© 90*® 1.26 + 0.51 9.0 + 3.9%(C39
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good tumor growth inhibition was observed, but there
were no PRs. In Fig. 3B, the growth of tumors collected
for biochemical measurements at days 2, 3, 4 and 5
(MMPR + 6AN treatment was on day 1) is presented.
The prevention of the PMA-induced antitumor effect by
IodoT treatment, which was significantly different from
that produced by PMA, is evident.

The corresponding biochemical data are presented in
Table 4. PMA was found to produce a significant de-
pletion of ATP over 96 h and was consistent with a
prolonged retention of MMPR-5P over the same period.
There was an initial depletion of ATP on day 1 for the
PMA + lodoT group which was similar to that ob-
served in the PMA group even though the MMPR-5P
level was reduced to 30% of the PMA-treated value by
treatment with IodoT 18 h earlier. On days 3, 4, and 5,
however, little MMRP-5P was detected in the IodoT-
treated groups and the ATP levels associated with these
tumors were significantly higher than levels for the re-
spective PMA-treated groups. On day 5, the ATP level
for the PMA + lodoT group was not significantly dif-
ferent than that of the saline-treated group. These results
show that prolonged MMPR-5P levels are important for
an optimal PMA-induced antitumor effect and that re-
versal of MMPR-5P accumulation leads to the reversal
of ATP depletion and subsequent tumor progression.
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Fig. 3A,B Reversal of the PMA-induced antitumor effect by treat-
ment with IodoT 6 h after MMPR +6AN. CD8F1 tumor-bearing
mice were treated with saline (W), PMA (&) or with PMA followed 6 h
later with TodoT (A). A Tumor growth over the course of the
chemotherapy experiment is shown. The times of MMPR +6AN
treatment are indicated ({) along the time axis. The number of partial
regressions (PR) among ten tumor-bearing mice are shown next to the
symbol for each group (Exp. C2808/N142). B Changes in average
mass of tumors collected for biochemical measurements on days 2, 3,
4, and 5. Tumor weights were estimated by caliper measurement at the
onset of the experiment and again immediately prior to sacrifice at the
indicated time-point ({ time of MMPR + 6AN treatment, A, time of
IodoT treatment 6 h after MMPR + 6AN)

Table 4 Effect of IodoT on ATP and MMPR-5'P levels when given
6 h after MMPR + 6AN in the PMA regimen. CD8F1 tumors were
treated with PALA followed 17 h later with MMPR + 6AN (PMA)
or with PMA followed 6 h later with IodoT to allow an initial
period of synthesis of MMPR-5P prior to inhibition of adenosine
kinase by IodoT. Tumors were collected on the day indicated after

Discussion

Apoptosis is a physiological process whereby a cell is
induced to participate in its own death. The apoptotic
process is essential for proper growth and development
of an organism, but impairment of appropriate apop-
totic controls has been implicated in many neoplastic
conditions. The apoptotic process has been reported to
occur in a range of models where cells are induced to die
by various means, including: (1) growth factor with-
drawal (e.g. IL-2 withdrawal from IL-2-dependent T-
cells [23], castration leading to prostate regression [22],
nerve growth factor withdrawal from neuronal cells [§],
serum deprivation, etc.), (2) treatment with cytotoxic
drugs with diverse mechanisms of action (e.g. DNA-

initiation of chemotherapy with the samples for day 2 being col-
lected 24 h after treatment with MMPR + 6AN. Tumors averaged
153 mg (caliper measurement) at the initiation of chemotherapy
(Exp. C2808/N142) *P < 0.05 with respect to saline control,
**P < 0.05 with respect to the value for PMA treatment

Treatment Day of tumor collection
2 3 4 5
PMA regimen
ATP (% of control) 52% 38* 35% 50%*
MMPR-P (nmol/mg) 32 £ 1.3 3.0 £ 0.8 1.5 £ 0.8 1.5 £ 0.3
PMA regimen + lodoT;
ATP (% of control) 56* S3* ** T4% F* 88* **
MMPR-P (nmol/mg) 1.1 £ 0.7** <Q.1%* <0.1%** <Q.1%*
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damaging agents [1, 26], protein kinase inhibitors [44],
etc.), and (3) radiation treatment (membrane-associated
mechanism involving the release of ceramide [11, 19,
34]). Thus, it is apparent that numerous stimuli ulti-
mately lead to many of the same characteristic features
of apoptosis (i.e. cell blebbing, loss of cell volume, nu-
clear DNA condensation and margination, and DNA
fragmentation subsequent to nuclease activation; see
reference 21 for a review).

These findings suggest a process that occurs in dis-
crete phases, including an induction phase, an effector
phase, a committed (or condemned) phase and an exe-
cution phase [10, 21]. Following a death stimulus (or
withdrawal of a growth stimulus), the balance of pro-
apoptotic factors and anti-apoptotic factors may in part
determine whether a particular cell is competent to un-
dergo apoptosis. Up to this point, the process may be
reversible and may be modulated for enhancement or
prevention of cell death. If the cell is capable of under-
going apoptosis, it then enters the committed (or con-
demned) phase which is irreversible and of variable
duration. Ultimately the cell enters the execution phase
(or apoptotic cascade) which is characterized by a rela-
tively short, fixed duration during which the morpho-
logical features of cell blebbing, DNA condensation,
etc., and the biochemical features of cell acidification,
proteolysis, DNA fragmentation, etc., are apparent.

The ability of a cell type to undergo apoptosis fol-
lowing a given stimulus is dependent upon the balance
between pro-apoptotic and anti-apoptotic factors [21]
particular to that cell type. The critical factors or
mechanisms which allow a cell to enter the committed
phase following a given stimulus are currently unknown.
However, several factors have been shown to be im-
portant. The p53 tumor-suppressor gene product, for
example, normally functions to protect cells from DNA
damage induced by radiation or cytotoxic insult [24] and
inactivation of p53 by mutation allows tumorigenesis by
prevention of apoptosis. In addition, a high level of the
bcl-2 gene product is associated with the prevention of
apoptosis [31]. Proteases of the interleukin-1f3-convert-
ing enzyme (ICE) protease family have been implicated
in the apoptotic process [33, 46].

The emerging understanding of the process of apop-
tosis has led to a view that it is possible to modulate
drug-induced cytotoxicity by affecting the cellular com-
ponents which allow (or prevent) apoptosis. This ap-
proach is in contrast to the traditional efforts to
modulate cytotoxicity by enhancing a particular drug—
target interaction.

The PMA combination comprises a number of clin-
ically relevant chemotherapeutic agents of vastly differ-
ent primary drug—target interaction. The drug-induced
regression of PMA-treated advanced CDS8F1 tumors
[29, 30] has been shown to occur via an apoptotic
mechanism. In the present study, we defined the process
of apoptosis in relation to PMA treatment. Thus, ap-
optosis was evident in advanced CD8F1 tumors as early
as 6 h after MMPR + 6AN treatment and appeared to

plateau at a rate of 9-10% at 9 h after MMPR + 6AN
treatment. Treatment with PALA alone had no effect on
induction of apoptosis since there was no increase
of apoptosis in PALA-treated tumors prior to
MMPR + 6AN treatment as compared to saline-treat-
ed tumors (data not shown). This early onset of apop-
tosis is similar to that observed in irradiated murine
ovarian tumors by Meyn and coworkers [36, 37], and
while the apoptotic rate appears to be somewhat lower,
the duration of the process appears to be longer (beyond
24 h) in PMA-treated CDSF1 tumors.

While a 9% incidence of apoptosis may seem low, the
execution phase of apoptosis, which was quantitated in
this study, is of limited duration and occurs within
several hours once this phase has been initiated [3, 42,
48]. As a result, the observed 9% incidence of apoptosis
represents a ‘“‘steady-state” level with cells continuously
entering the execution phase in a stochastic manner,
then being removed by neighboring cells some hours
later. It is this continuously repeated process of tumor
cell removal which leads to tumor regression [3, 42, 48].

PMA-induced enhancement of chemotherapeutically
induced regressions of CD8F1 tumors have also been
associated with enhanced depletion of ATP [6, 7, 40].
Here, we present evidence that ATP depletion occurs
prior to the onset of apoptosis. Furthermore, after tu-
mors started to regress, the extent of decrease in tumor
mass after PMA treatment correlated with greater de-
pletion of ATP, further indicating that ATP depletion
correlates with the apoptotic process. In this regard, it is
of interest that the effects of cellular energy have been
shown to interfere with cell-cycle progression and in
HL-60 cells two energy checkpoints have been identified
[41]. Thus, treatment with energy inhibitors, including
oligomycin, rhodamine-123, and dequalinium chloride,
has been found to cause accumulation of cells at two
points in the cell cycle depending on the degree of ATP
depletion. Oligomycin is an inhibitor of the F_F, AT-
Pase located in the inner mitochondrial membrane [17,
18]. Thus, treatment with 0.05 pg/ml oligomycin causes
a 20% inhibition of ATP and increases the proportion
of cells in the G; phase by 20%. Dose escalation to
5.0 pg/ml causes a 40% depletion of ATP (60% of
control) and this depletion is associated with a 60%
increase of cells in the G,-M phase. The other inhibitors
show a similar effect [41]. The mechanism by which
energy depletion relates to apoptosis is under current
investigation. However, it is possible that altered pro-
tein phosphorylation may be involved. For example, it
has been shown that a failure to dephosphorylate the
retinoblastoma protein is associated with drug
resistance [9, 15].

Among the drugs of the PMA combination, MMPR
has been shown to have the greatest individual effect on
ATP depletion [39]. We demonstrated in this study that
prolonged retention of MMPR-5P in the CD8F1 tumor
allowed for optimal therapeutic effects and was associ-
ated with prolonged depletion of ATP, since tumor re-
gressions and ATP depletion were reversed when the



resynthesis of MMPR-5P was prevented by treatment
with TodoT.

Collectively, these results suggest a causal relation-

ship between PMA treatment, accumulation of MMPR-
5P, depletion of ATP, induction of apoptosis and
regression of CD8F1 tumors in vivo. While this scheme
is consistent with the results presented, it must be em-
phasized that MMPR as a single agent is not sufficiently
active to induce tumor PRs at host-tolerant doses, and
the addition of PALA and 6AN contributes important
additional tumor-regressing activity to the PMA com-
bination [27].

References

11.

12.

13.

15.

. Barry MA, Behnke CA, Eastman A (1990) Activation of pro-

grammed cell death (apoptosis) by cisplatin, other anticancer
drugs, toxins and hyperthermia. Biochem Pharmacol 40: 2353

. Berger NA, Berger SJ (1986) Metabolic consequences of DNA

damage: the role of poly (ADP-ribose) polymerase as mediator
of the suicide response. In: Grossman L, Upton AC (eds)
Mechanisms of DNA damage and repair. Plenum Publishing
Corporation, New York, p 357

. Bursch W, Paffe B, Putz G, Schulte-Hermann R (1990) De-

termination of the length of the histological stages of apoptosis
in normal liver and in altered hepatic foci of rats. Carcino-
genesis 11: 847

. Carson DA, Seto S, Wasson DB, Carrera CJ (1986) DNA

strand breaks, NAD metabolism and programmed cell death.
Exp Cell Res 164: 273

. Collins KD, Stark GR (1971) Aspartate transcarbamylase in-

teraction with the transition state analogue N-(phosphonace-
tyl)-L-aspartate. J Biol Chem 246: 6599

. Colofiore JR, Stolfi RL, Nord LD, Martin DS (1995) Bio-

chemical modulation of tumor cell energy. IV. Evidence for the
contribution of ATP depletion to chemotherapeutically-in-
duced tumor regression. Biochem Pharmacol 50: 1943

. Colofiore JR, Stolfi RL, Nord LD, Martin DS (1996) On the

relationship of ATP depletion to chemotherapeutically-induced
tumor regression. Int J Oncol 7: 1401

. Deckworth TL, Johnson JEM (1993) Temporal analysis of

events associated with programmed cell death (apoptosis) of
symphathetic neurons deprived of nerve growth factor. J Cell
Biol 123: 1207

. Dou QP, Lui VWY (1995) Failure to dephosphorylate reti-

noblastoma protein in drug-resistant cells. Cancer Res 55:
5222

. Earnshaw WC (1995) Nuclear changes in apoptosis. Curr Opin

Cell Biol 7: 337

Fuks Z, Persaud RS, Alfieri A, McLoughlin M, Ehleiter D,
Schwartz JL, Seddon AP, Cordon-Cardo C, Haimovitz-Fried-
man A (1994) Basic fibroblast growth factor protects endo-
thelial cells against radiation-induced programmed cell death in
vitro and in vivo. Cancer Res 54: 2582

Gaal JC, Smith KR, Pearson CK (1987) Cellular euthanasia
mediated by a nuclear enzyme: a central role for nuclear ADP-
ribosylation in cellular metabolism. Trends Biochem Sci 12: 129
Gavrieli Y, Sherman Y, Ben-Sasson SA (1992) Identification of
programmed cell death in situ via specific labeling of nuclear
DNA fragmentation. J Cell Biol 119: 493

. Goldin A, Vendetti JM, Macdonald JS, Muggia F, Henney J,

DeVita VT (1981) Current results of the screening program at
the Division of Cancer Treatment, National Cancer Institute.
Eur J Cancer 17: 129

Hochhauser D, Schnieders B, Ercikan-Abali E, Gorlick R,
Muise-Helmericks R, Li W-W, Fan J, Banerjee D, Bertino JR
(1996) Effect of cyclin D1 overexpression on drug sensitivity

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.
34.

3s.

383

in a human fibrosarcoma cell line. J Natl Cancer Inst 88:
1269

Jansen M, Dykstra M, Lee JI, Stables J, Topley P, Knick VC,
Mullin RJ, Duch DS, Smith GK (1994) Effect of purine syn-
thesis on WiDr spheroids in vitro or on WiDr or colon 38
tumors in vivo; complete growth inhibition but not tumor re-
gression. Biochem Pharmacol 47: 1067

Khym JX (1975) An analytical system for rapid separation of
tissue nucleotides at low pressure on conventional anion ex-
changers. Clin Chem 21: 1245

Kohler E, Barrach H-J, Neubert D (1970) Inhibition of NADP-
dependent oxidoreductases by the 6-aminonicotinamide ana-
logue of NADP. FEBS Lett 6: 225

Kolesnick R, Golde DW (1994) The sphingomyelin pathway in
tumor necrosis factor and interleukin-1 signaling. Cell 77: 325
Koutcher JA, Alfieri AA, Stolfi RL, Devitt ML, Colofiore JR,
Nord LD, Martin DS (1993) Potentiation of a three drug
chemotherapy regimen by radiation. Cancer Res 53: 3518
Kroemer G, Petit P, Zamzami N, Vayssiere J-L, Mignotte B
(1995) The biochemistry of cell death. FASEB J 9: 1277
Kyprianou N, Isaacs JT (1988) Activation of programmed cell
death in the rat ventral prostate after castration. Endocrinology
122: 552

Li J, Eastman A (1995) Apoptosis in an interleukin-2-depen-
dent cytotoxic T lymphocyte cell line is associated with intra-
cellular acidification. J Biol Chem 270: 3202

Lowe SW, Schmitt EM, Smith SW, Osborne BA, Jacks T
(1993) p53 is required for radiation-induced apoptosis in mouse
thymocytes. Nature 362: 847

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951)
Protein measurement with the Folin phenol reagent. J Biol
Chem 193: 265

Marks DI, Fox RM (1990) DNA damage, poly ADP-rib-
osylation and apoptotic cell death as a potential common
pathway of cytotoxic drug action. Biochem Pharmacol 42: 1859
Martin DS (1987) Purine and pyrimidine biochemistry and
some relevant clinical and preclinical cancer chemotherapy re-
search. In: Powis G, Prough RA (eds) Metabolism and action
of anti-cancer drugs. Taylor and Francis, New York, p 91
Martin DS, Fugman RA, Stolfi RL, Hayworth PE (1975) Solid
tumor animal model therapeutically predictive for human
breast cancer. Cancer Chemother Rep Part 2, 5: 89

Martin DS, Stolfi RL, Colofiore JR, Koutcher JA, Alfieri AA,
Sternberg SS, Nord LD (1993) Apoptosis resulting from anti-
cancer agent activity in vivo is enhanced by biochemical mod-
ulation of tumor cell energy. In: Lavin M, Watters D (eds)
Programmed cell death. The cellular and molecular biology of
apoptosis. Harwood Academic Publ. Chur, Switzerland, p 279
Martin DS, Stolfi RL, Colofiore JR, Nord LD, Sternberg S
(1994) Biochemical modulation of tumor cell energy in vivo: II.
A lower dose of adriamycin is required and a greater antitumor
activity is induced when cellular energy is depressed. Cancer
Invest 12: 296

Miyashita T, Reed JC (1993) Bcl-2 oncoprotein blocks che-
motherapy-induced apoptosis in a human leukemia cell line.
Blood 81: 151

Nord LD, Stolfi RL, Colofiore JC, Martin DS (1996) Corre-
lation of retention of tumor methylmercaptopurine riboside-5’-
phosphate with effectiveness of CD8F1 murine mammary
tumor regression. Biochem Pharmacol 51: 621

Patel T, Gores GJ, Kaufman SH (1996) The role of proteases
during apoptosis. FASEB J 10: 587

Santana P, Pena LA, Haimovitz-Friedman A, Martin S, Green
D, McLoughlin M, Cordon-Cardo C, Fuks Z, Kolesnick R
(1996) Acid sphingomyelinase-deficient human lymphoblasts
and mice are defective in radiation-induced apoptosis. Cell 86:
189

Schraufstatter IU, Hinshaw DB, Hyslop PA, Spragg RG, Co-
chrane CG (1986) Oxidant injury of cells: DNA strand breaks
activate polyadenosine diphosphate-ribose polymerase and lead
to depletion of nicotinamide adenine dinucleotide. J Clin Invest
77: 1312



384

36. Stephens LC, Ang KK, Schultheiss TE, Milas L, Meyn RE (1991)
Apoptosis in irradiated murine tumors. Radiat Res 127: 308

37. Stephens LC, Hunter NR, Ang KK, Milas L, Meyn RE (1993)
Development of apoptosis in irradiated murine tumors as a
function of time and dose. Radiat Res 135: 75

38. Stolfi RL, Martin DS, Fugman RA (1971) Spontaneous murine
mammary adenocarcinoma: model system for the evaluation of
combined methods of therapy. Cancer Chemother Rep Part 1,
55: 239

39. Stolfi RL, Colofiore JR, Nord LD, Koutcher JA, Martin DS
(1992) Biochemical modulation of tumor cell energy: regression
of advanced spontaneous murine breast tumors with a 5-fluo-
rouracil-containing drug combination. Cancer Res 52: 4074

40. Stolfi RL, Colofiore JR, Nord LD, Martin DS (1996) Enhanced
anti-tumor activity of an adriamycin + 5-fluorouracil combi-
nation when preceded by biochemical modulation. Anticancer
Drugs 7: 100

41. Sweet S, Singh G (1995) Accumulation of human promyelo-
cytic leukemia (HL-60 cells) at two energetic cell cycle check-
points. Cancer Res 55: 5164

42. Szende B, Schally AV, Comaru-Schally AM, Redding TW,
Srkalovic G, Groot K, Lapis K, Timar J, Neill J, Mulchahey J
(1991) Cellular and molecular aspects of apoptosis in experi-
mental tumors of animals treated with analogues of LHRH and

43.

44.

45.

46.

47.

48.

somatostatin. In: Tomei LD, Cope FO (eds) Apoptosis: the
molecular basis of cell death. Cold Spring Harbor Laboratory
Press, Cold Spring Harbor, p 139

Tanizawa A, Kubota M, Takimoto T, Akiyama Y, Seto S,
Kiriyama Y, Mikawa H (1987) Prevention of adriamycin-in-
duced interphase death by 3-aminobenzamide and nicotin-
amide in a human promyelocytic cell line. Biochem Biophys
Res Commun 144: 1031

Wang Q, Worland PJ, Clark JL, Carlson BA, Sausville EA
(1995) Apoptosis in  7-hydroxystaurosporine-treated T
lymphoblasts correlates with activation of cyclin-dependent
kinases 1 and 2. Cell Growth Differ 6: 927

Warnick CT, Paterson ARP (1973) Effect of methylthioinosine
on nucleotide concentrations in L5178Y cells. Cancer Res 33:
1711

Whyte M (1996) ICE/CED-3 proteases in apoptosis. Trends
Cell Biol 6: 245

Woods RA, Henderson RM, Henderson JF (1978) Conse-
quences of inhibition of purine biosynthesis de novo by 6-
methylmercaptopurine riboside in cultured lymphoma L5178Y
cells. Eur J Cancer 14: 765

Wyllie AH, Kerr JFR, Currie AR (1980) Cell death: the sig-
nificance of apoptosis. Int Rev Cytol 68: 251



