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Abstract Purpose: To determine the effect of combined
treatment with 7-ethyl-10-hydroxycamptothecin (SN-38,
the active metabolite of irinotecan) and 5-fluorouracil/
folinic acid (SFU/FA) in vitro using HCT-8 human in-
testinal adenocarcinoma cells. Methods: Cell survival was
examined using colony forming assays. Cell cycle distri-
bution before and after treatment was assessed by flow
microfluorimetry. Levels of thymidylate synthase (TS)
and topoisomerase I (topo I) in untreated and treated
cells were determined by immunoblotting. Changes in
deoxynucleotide pools were examined by high-perfor-
mance liquid chromatography. Results: Clonogenic as-
says revealed that colony formation was decreased by
50% after a 24-h exposure to 8 £ 2 nM SN-38 or 12 £+ 3
uM SFU, the latter being assayed in the presence of 2 uM
FA. When treatment with SFU/FA was followed by SN-
38, the cytotoxicity was similar to that observed with
SFU/FA alone. In contrast, when HCT-8 cells were ex-
posed to both agents simultaneously or to SN-38 fol-
lowed by SFU/FA, the cytotoxicity was greater than that
of SN-38 or SFU/FA treatment alone. Investigation of
the mechanistic basis for this sequence dependence re-
vealed that SN-38 treatment was associated with a dose-
and time-dependent decrease in conversion of [5-*H]-2'-
deoxyuridine to [’H]-H,O and thymidylate in intact cells.
Immunoblotting failed to reveal any decrease in TS
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protein that could account for the decreased activity.
High-performance liquid chromatography revealed that
SN-38 treatment was associated with increased levels of
the deoxynucleotide dTTP and decreased levels of dUTP.
Flow microfluorimetry revealed that a 24-h treatment
with 10 nM SN-38 resulted in accumulation of HCT-8
cells in late S and G, phases of the cell cycle, with a
further increase in the G, fraction during the 24 h after
SN-38 removal. Conclusions: These observations are
consistent with a model in which SN-38 sequentially in-
duces diminished DNA synthesis, elevated dTTP pools,
inhibition of dUMP synthesis and enhanced toxicity of
SFU/FA. Accordingly, sequencing of irinotecan and
SFU/FA might be important in combining these agents
into an effective treatment for colorectal cancer.
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Colon cancer

Abbreviations CI combination index -

dCM P deoxycytidine monophosphate -

dGTP deoxyguanosine triphosphate -

dNTP deoxyribonucleotide triphosphate -

dTTP deoxythymidine triphosphate -

dUM P deoxyuridine monophosphate -

dUTP deoxyuridine triphosphate - FA folinic acid -
5SFU 5-fluorouracil - ICso, dose that inhibits the
measured effect by 50% - LDsg, dose that inhibits
colony formation by 50% - MTT, 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide -

PBS calcium-, magnesium-free Dulbecco’s phosphate-
buffered saline - SDS sodium dodecylsulfate -

SN-38 7-ethyl-10-hydroxycamptothecin - 7K thymidine
kinase - topo topoisomerase - 7.S thymidylate synthase

Introduction

SFU is currently the single most active agent available
for the treatment of colorectal cancer. When used in
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conjunction with FA (leucovorin), SFU has a response
rate of 23% for metastatic colon cancer [1, 25, 27]. Until
recently, there was no effective treatment for patients
with metastatic colorectal cancer that had progressed
following SFU-based therapy.

Several recent phase I and phase II studies have indi-
cated that the topo I-directed agent irinotecan has a re-
sponse rate of 20-30% in patients with metastatic colon
cancer (reviewed in references 2 and 8), including patients
who have progressed or recurred after fluoropyrimidine
therapy [34]. These observations raise the question of
whether SFU and irinotecan can be productively com-
bined for the treatment of colorectal cancer.

Based on the mechanism of action of these agents,
there is reason to believe that they might be antagonistic.
5FU is converted to 5-fluoro-2’-deoxyuridine mono-
phosphate, which inhibits TS, decreases dTTP pools,
inhibits DNA synthesis and causes a G;/S cell cycle ar-
rest (reviewed in reference 13). SN-38, the active me-
tabolite of irinotecan, stabilizes covalent complexes
between topo I and nuclear DNA. When moving repli-
cation complexes encounter the drug-stabilized topo I-
DNA complexes, DNA double-strand breaks result
(reviewed in references 6, 11, 31, 39, 40). In response to
these DNA double-strand breaks, cells accumulate in
the G, phase of the cell cycle [41, 43]. In other words,
SFU might be expected to inhibit the DNA synthesis
that is required for the cytotoxicity of SN-38; and SN-38
might be expected to cause cells to accumulate in G,
rather than S phase, where they would be more sensitive
to SFU.

A previous study has suggested that addition of SFU
to irinotecan results in additive cytotoxicity in Molt3
leukemia cells when survival is assessed using an MTT
assay after 3 days of continuous exposure to one or both
agents [20]. The MTT assay, however, has subsequently
been criticized as an unreliable index of cell survival in
certain human leukemia cell lines [16, 29]. In view of the
widespread clinical interest in combining SFU and iri-
notecan [14, 30, 36-38, 45], the effect of combining SN-
38 and 5FU was reevaluated in the present study. For
these experiments, clonogenic assays were utilized to
evaluate the toxicity of these treatments in HCT-8 hu-
man intestinal adenocarcinoma cells [42]. To better ap-
proximate the regimen that is utilized clinically, FA was
added to SFU. We report a sequence-dependent synergy
between SN-38 and 5SFU/FA and provide a potential
mechanistic explanation for this observation. A prelim-
inary account of this work has been presented [9].

Materials and methods

Reagents

SN-38 was a kind gift from Upjohn/Pharmacia (Kalamazoo,
Mich.). 5SFU and FA were purchased from Sigma (St. Louis, Mo.).
[5-*H]-2’-Deoxyuridine (24.9 Ci/mmol) was obtained from Mo-
ravek (Brea, Calif.). Monoclonal antibodies to topo I [5], TS [19]
and histone H1 [23] were kindly provided by Drs. Y-C. Cheng

(Yale University School of Medicine, New Haven, Ct.), P. G.
Johnston (NCI Navy, Bethesda, Md.), and J. Sorace (Veterans’
Affairs Medical Center, Baltimore, Md.). Chicken antilamin Bl
antiserum was raised as described previously [21].

Clonogenic assays

HCT-8 cells obtained from American Type Culture Collection
(Rockville, Md.) were routinely passaged in RPMI-1640 medium
containing 5% heat-inactivated fetal bovine serum, 100 U/ml
penicillin G, 100 pg/ml streptomycin, and 2 mM glutamine (me-
dium A). For clonogenic assays, trypsinized HCT-8 cells were re-
suspended in medium A containing 5% dialyzed fetal bovine serum
in place of nondialyzed serum (medium B), plated in 35-mm tissue
culture plates (500 cells/plate) and incubated for 14-16 h to allow
cells to adhere. SN-38 and/or 5FU (prepared as 1000-fold con-
centrated stocks in dimethylsulfoxide and H,O, respectively) were
added to the indicated concentrations. FA was present throughout
the SFU exposure at 2 uM, a concentration that was shown in
preliminary experiments to be sufficient for maximal sensitization
of this cell line to SFU. After a 24-h incubation, plates were washed
twice with serum-free RPMI-1640 medium, refed with medium B,
and incubated for 10 days. The resulting colonies were stained with
Coomassie brilliant blue so that visible colonies could be counted.
Control (diluent-treated) plates typically contained 150-200 colo-
nies.

To examine the effect of sequencing the treatments, cells were
plated in medium B as described above, incubated with one drug
for 24 h as indicated, washed twice, incubated with the second drug
in medium B for 24 h, washed and incubated in drug-free medium
B for the duration of the 10 day incubation period. In conjunction
with these experiments, exposure to the single agents took place at
the same time as exposure to the drugs in sequence.

Analysis of combined drug effects

Combined drug effects were analyzed by the median effect method
[7] as previously described [24]. In brief, cells were treated with
serial dilutions of each drug individually and with both drugs si-
multaneously or sequentially at a fixed ratio of doses that typically
corresponded to 1/2, 5/8, 3/4, 7/8, 1 and 112 times the individual
1Cs values. The fractional survival (f) was calculated by dividing
the number of colonies in drug-treated plates by the number of
colonies in control plates. Log[(1//)—1] was plotted against log
(drug dose). From the resulting graphs, the x intercept (log ICsg)
and slope m (a measure of sigmoidicity) were calculated for each
drug and for the combination by the method of least squares. These
parameters were then used [7] to calculate doses of the individual
drugs and the combination required to produce varying levels of
cytotoxicity (f = 0.95, 0.90, 0.85,...,0.05) according to the equa-
tion:

Dose; = Dosesc, [(1 — /) /1" (1

Because the two drugs were administered at a fixed ratio, the dose
of the combination required to produce fractional survival f could
be divided into the component doses (D); and (D), of drugs 1 and
2, respectively. For each level of cytotoxicity (f = 0.95, 0.90, 0.85,
0.05) the combination index (CI)[7] was then calculated according
to the equation:

Cl = (D),/(Dy); + (D),/(Dy), + (D) (D),/(Dy) (DS), 2)

where (D), and (D), are the concentrations of the combination
required to produce survival f, (Ds), and (Dy), are the concen-
trations of the individual drugs required to produce f, and o = 1 or
0 depending on whether the drugs are assumed to be mutually
nonexclusive or mutually exclusive, respectively [7]. In this method,
synergy is indicated by CI < 1, additivity by CI = 1, and antag-
onism by CI > 1 [7].

Unless otherwise indicated, experiments were repeated until
three replicates yielded correlation coefficients R > 0.9 for all three



median effect lines [7]. Results of multiple experiments are sum-
marized by indicating the mean + standard deviation of the CI at
the indicated level of colony inhibition. Because SN-38 and SFU/
FA act on different intracellular targets, they were assumed
throughout to be mutually nonexclusive. CI values calculated un-
der the assumption that these agents are mutually exclusive are also
presented in the figures.

Whole cell TS assay

Subconfluent HCT-8 cells growing in six-well plates were incubated
with increasing concentrations of SN-38 in 2 ml RPMI-1640/10%
dialyzed fetal calf serum containing 125 U/ml penicillin G, and
1.25 pg/ml streptomycin. Whole cell TS activity was assayed as
previously described [32, 44]. In brief, 3 pCi[5-*H]-2’-deoxyuridine
was added to each well. At 10, 20, 30, 40, 50 and 60 min of incu-
bation, 100-ul aliquots of medium were removed from each well
and diluted with 200 pl of ice cold 2% (w/v) trichloroacetic acid
containing 10% (w/v) activated charcoal. The resulting sample was
vortexed, incubated on ice for 15 min and centrifuged at 12 000 g
for 10 min at 4 °C. The radioactivity in a 100-pl aliquot of super-
natant (representing [*H]-labeled H,O produced by the TS reac-
tion) was quantitated by scintillation counting. The amount of
product released was plotted as a function of incubation time, and
the slope (indicating product released per unit time) was deter-
mined by the method of least squares. The rate of [°H]-labeled H,O
release from drug-treated cells was compared to that from diluent-
treated cells.

Determination of dANTP levels

dNTP pools were examined by HPLC as described by Houghton
et al. [17]. In brief, cells treated for 24 h with 0-30 nM SN-38 were
washed in ice-cold PBS containing 0.1% (w/v) glucose and lysed in
220 wl 0.5 M perchloric acid at 4 °C. After centrifugation at 12 000 g
for 30 sat4 °C, supernatants were neutralized with an equal volume
of freon/tri-N-octylamine followed by 15 s of vortexing. In order to
oxidize the ribonucleotides, 300 ul of the aqueous upper phase was
treated with 30 pl 0.2 M sodium periodate followed, within a few
minutes, by 18.75 pl 4 M methylamine. After a 30-min incubation at
37°C, 3wl 1 M rhamnose was added to destroy any remaining
periodate. HPLC was then performed on a Beckman Model 366
System Gold chromatograph equipped with a Model 168 diode ar-
ray detector. dANTPs were separated by ion pair reverse-phase HPLC
on an Alltech 7-um nucleotide/nucleoside column (250 x 4.6 mm)
under the conditions described by Houghton et al [17]. Elution was
monitored at 254 nm. Authentic dATP, dGTP, dUTP and dTTP
subjected to treatment with perchloric acid, freon/tri-N-octylamine
and sodium periodate were utilized as standards to permit quanti-
tation of ANTP pools. Retention times for dATP, dGTP, dUTP and
dTTP were 7.6, 11.8, 16.1, and 26.5 min, respectively.

Flow cytometry

Cells were incubated for 24 h with the indicated concentration
(typically two times the LDsg) of SN-38 or SFU/FA. Cells were
then washed and incubated in drug-free medium for 0, 8, 16, or
24 h. At the completion of the incubation, cells were released by
trypsinization, sedimented at 200 g for 10 min, washed twice with
ice-cold PBS, and fixed by dropwise addition of ethanol to a final
concentration of 50% (v/v). After incubation for at least 1 h at
4 °C, samples were washed twice with PBS, resuspended in 0.1%
(w/v) sodium citrate containing 1 mg/ml RNase A and incubated at
37 °C for 15 min. Propidium iodide was then added to a final
concentration of 50 pg/ml. After a 15-min incubation at 21 °C in
the dark, samples were subjected to flow microfluorimetry on a
Becton-Dickinson FACScan (San Jose, Calif.) using an excitation
wavelength of 488 nm and an emission wavelength of 585 nm.
Histograms were analyzed using ModFit software (Verity Software
House, Topsham, Me.).
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Immunoblotting

To examine the effect of drug treatment on topo I and TS poly-
peptide content, cells were incubated with individual agents as
indicated elsewhere in the text, washed in serum-free ice-cold
RPMI-1640, solubilized in buffer consisting of 250 mM Tris-HCI
(pH 8.5 at 21 °C) containing 6 M guanidine hydrochloride, 10 mM
EDTA, 1% (v/v) B-mercaptoethanol and 1 mM o-phenyl-
methylsulfonyl fluoride (freshly added from a 100 mM stock in
anhydrous isopropanol), and prepared for electrophoresis as pre-
viously described [22]. Samples containing 50 pg of protein were
solubilized in SDS sample buffer consisting of 4 M urea, 2% (w/v)
SDS, 62.5 mM Tris-HCI (pH 6.8) and 1 mM EDTA, heated to
65 °C for 20 min, separated on SDS-polyacrylamide gels contain-
ing a linear 5-15% acrylamide gradient, and transferred to nitro-
cellulose. Immunoblotting was performed [22] using antibodies to
topo I [5] or TS [19]. To confirm that lanes were loaded equally,
blots were reprobed with antiserum that recognizes lamin B, a
major structural polypeptide of the nucleus [21], and with mono-
clonal antibody to histone H1, a chromatin protein that is present
in equal amounts in all diploid nuclei.

Results
Effect of simultaneous exposure to SN-38 and SFU/FA

When HCT-8 human adenocarcinoma cells were incu-
bated for 24 h with increasing concentrations of SFU in
the presence of 2 pM FA and subsequently assayed for
colony formation, an LDsy of 12 &+ 3 uM (n = 6) was
observed (solid line, Fig. 1A). The LDs, of SN-38 was
8 £ 2nM (n = 9) on the same schedule (solid line,
Fig. 1B). When cells were exposed to both treatments
simultaneously, more cells were killed than when cells
were exposed to each treatment alone (dashed lines,
Fig. 1A,B).

The median effect method [7] was used to compare
the observed cytotoxicity of the combination with the
cytotoxicity that would be expected if the effects of the
two agents were strictly additive. Of the various meth-
ods for assessing drug interactions that have been
proposed (reviewed in references 3, 7 and 12), the me-
dian effect method was chosen because it requires data
sets that are within the limits of experimental feasibility
(50-100 tissue culture plates) in colony-forming assays.
In applying this method, log [(1/f)—1] versus log(drug
dose) was plotted for each treatment (Fig. 1C). From
the resulting lines, the x intercept and slope were de-
termined and then used to calculate the CI, a parameter
that indicates whether the doses of the two agents re-
quired to produce a given degree of cytotoxicity are
greater than (CI > 1), equal to (CI = 1), or less than
(CI < 1) the doses that would be required if the effects
of the two drugs were strictly additive. For the combi-
nation of SN-38 and 5FU/FA, the CI calculated under
the assumption that the treatments were mutually
nonexclusive was 1.5 = 0.1 (mean £ SD, n = 3) at
the ICs, of the combination and >1 over much of the
entire range of cytotoxicity (Fig. 1D, solid line), sug-
gesting that the effects of these two agents were less
than additive.
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Fig. 1A-D Cytotoxicity of SFU/FA and SN-38 individually and
simultaneously in HCT-8 cells. A, B Cells were incubated for 24 h
with SFU in the present of 2 uM FA (A, solid line), SN-38 alone
(B, solid line), or a fixed 1540: 1 molar ratio of SFU and SN-38 in
the presence of 2 uM FA (A and B, dotted lines). Colony formation
was plotted relative to diluent-treated cells. C Median effect plot of
data in A and B. D Plot of CI vs cytotoxicity calculated from data
in C under the assumptions that agents are mutually nonexclusive
(solid line) or mutually exclusive (dotted line). Error bars in A and
B, mean £ 1 standard deviation of triplicate plates. Results are
representative of three separate experiments

Effect of sequential exposure to SN-38 and SFU/FA

In subsequent experiments, the effect of sequential ex-
posure to the two treatments was examined. In per-
forming these experiments, it was noted that each of the
single treatments (SN-38 or SFU/FA) was less effective
when the agent was administered on the second day after
plating as opposed to the first day (cf. solid lines in
Fig. 2B vs Fig. 1B or Fig 2D vs Fig 1A). This effect,
which has previously been reported with other agents [4],
appears to reflect the fact that more cells must be killed
to inhibit colony formation to the same extent after the
cells have doubled. Accordingly, to provide a basis for
comparison, each experiment included treatments with
the single agents at exactly the same time that the cells
were treated with each agent in sequence. Results of this
analysis are depicted in Fig. 2.
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When HCT-8 cells were exposed to SFU/FA followed
by SN-38 (Fig. 2A—C), the combination was not much
more effective than SFU/FA alone (Fig. 2A). Consistent
with this observation, analysis by the median effect
method revealed that the combined effects were less than
additive, witha Cl of 1.3 £ 0.2 and 1.4 + 0.3 (n = 3)
at the LDsy and LDg, respectively, of the combination
(Fig. 2C). In contrast, when SFU/FA followed SN-38,
the combination was again more effective than either
treatment alone (Fig. 2D, E). At the ICs, concentration
of SFU/FA, for example, it was observed that pre-
treatment with SN-38 at approximately its ICso dimin-
ished colony formation to 14 + 8% (n = 4) of control
(untreated) values.

Effect of SN-38 on TS activity,
TS polypeptide levels, and dNTP pools

To assess the mechanistic basis of this sequence-depen-
dent interaction, we examined the possibility that SN-38
might alter the cellular activity of TS and/or perturb the
cell cycle distribution in such a way that cells were more
likely to traverse S phase during the 24 h after SN-38
removal. To address the first of these possibilities, HCT-
8 cells were incubated with increasing concentrations of
SN-38 for 24 h, then assayed for TS activity using a
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Fig. 2A-F Cytotoxicity of sequential SN-38 and SFU/FA in HCT-
8 cells. A—C cells were treated with SFU/FA (24 h) followed by SN-
38 (24 h) at a 1020:1 molar ratio or with the individual agents at the
corresponding times. A, B Colony formation after treatment with
the combination (dotted lines) or the individual agents (solid lines) is
plotted relative to diluent-treated samples. C The CI calculated
from the same data under the assumption that agents are mutually
nonexclusive (solid line) or mutually exclusive (dotted line) is plotted
relative to cytotoxicity. D-F Cells were treated with SN-38 (24 h)
followed by S5FU/FA (24 h) at a 1:1540 molar ratio or with the
individual agents at the corresponding times. Data are plotted as
described for A—C. Results are representative of three separate
experiments each

previously described whole cell assay [32, 44]. SN-38
treatment for 24 h resulted in a dose-dependent decrease
in conversion of [5-3H]-2’-deoxyuridine to [PH]-H,O
(Fig. 3A).

Because the decrease in [PH]-H,O generation in the
whole cell assay might reflect either a decrease in TS
polypeptide content or a change in endogenous nucleo-
tide pools (or both), these parameters were assayed in
further experiments. To examine potential changes in TS
polypeptide content, cells treated with SN-38 for 24 h
were incubated in drug-free medium for 0-24 h, and
subjected to immunoblotting with a monoclonal anti-TS
antibody. Results of this experiment revealed that TS
protein was similar to control levels in cells harvested at
the end of a 24-h SN-38 treatment (Fig. 3B, lanes 5-8)

(nM) Frac.:tion Killed

or during the ensuing 24 h, the time when SFU/FA
would be present if cells were treated with the two agents
in sequence (Fig. 3B, lanes 9-12).

To search for SN-38-associated changes in deoxynu-
cleotide pools, perchloric acid lysates of cells treated
with SN-38 for 0-24 h were neutralized, treated with
sodium periodate to oxidize ribonucleotides, and then
subjected to reverse-phase HPLC. Results of these as-
says are summarized in Fig. 3F. In brief, a 24-h treat-
ment with 10 nM SN-38 was associated with a 1.5- to
2.5-fold increase in dTTP pools and a > 50% decrease in
dUTP pools.

Effect of SN-38 and SFU/FA on cycle cell distribution

To evaluate the potential role of cell cycle perturbations
in the sequence-dependent synergy depicted in Fig. 2,
HCT-8 cells were treated with SN-38 or with SFU/FA
for 24 h, then washed and harvested at periodic inter-
vals over the next 24 h. Flow microfluorimetry revealed
that 24 £ 5% and 10 £ 4% (mean = SD, n = 5) of
the cells were in S and G, phases of the cell cycle,
respectively, after diluent treatment (Fig. 4A). After a
24-h exposure to 30 uM SFU and 2 uM FA, there was
little discernible effect on cell cycle distribution
(Fig. 4B). In contrast, after a 24-h exposure to 10 nM
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Fig. 3A-F Effect of SN-38 on TS activity, TS polypeptide content
and dNTP pools. A Cells were incubated for 24 h with the
indicated concentration of SN-38. Whole cell TS activity was then
determined as described in Methods. B-E Cells were treated with
the indicated concentration of SN-38 for 24 h and immediately
lysed (lanes 1-8) or washed and incubated in drug-free medium B
for 4, 8, 16 or 24 h (lanes 9-12, respectively) prior to lysis. After
samples were prepared for SDS-polyacrylamide gel electrophoresis,
lanes were loaded with 50 pg of protein (lanes I and 5-12) or with
25, 12.5 and 5 pg of protein (lanes 2—4, respectively). After
polypeptides were transferred to PVDF membrane, immunoblot-
ting was performed using probes for TS (B), topo I (C), lamin B,
(D) or histone H1 (E). F Effect of SN-38 on dNTP pools. After

HCT-8 cells were incubated with the indicated concentration of

SN-38 for 24 h, perchloric acid extracts were prepared for HPLC as
indicated in Methods. dNTP levels in control cells expressed as
pmol/10° cells (mean + standard deviation, n = 3-6) were: dATP,
40 £ 6; dGTP, 25 + 7; dUTP, 7.7 &+ 4.7; and dTTP, 19 £ 5

SN-38, 79 £ 5% of the cells contained greater than
diploid (S or G,/M phase) DNA content (Fig. 4C),
indicating that the cells had been delayed in their pro-
gression through these phases of the cell cycle. Further
experiments indicated that this cell cycle perturbation
occurred in a dose-dependent fashion. During the 24 h

25 5 10 30

after removal of SN-38 (the time when SFU/FA would
be present in the sequential experiments), the percentage
of S phase cells decreased as cells progressively moved
through the later part of S phase and accumulated in
G, (Fig. 4D).

Discussion

Despite the widespread clinical interest in treating colo-
rectal cancer with irinotecan and 5FU [10, 14, 30, 36-38,
45], there is relatively little information about the opti-
mal method of combining these two drugs. In the present
study, multiple complementary techniques were utilized
to assess the effect of combining SFU/FA and SN-38, the
active metabolite of irinotecan. These experiments led to
several potentially important observations.

First, a sequence-dependent interaction of SN-38 and
SFU/FA was observed. This interaction was less than
additive when cells were treated with the two drugs si-
multaneously or with SFU/FA followed by SN-38. In
contrast, the interaction was synergistic when SN-38 was



Fig. 4A-D Effect of SFU/FA and SN-38 on cell cycle distribution.
After incubation for 24 h with diluent (A), 30 pM SFU in the
presence of 2 uM FA (B), or 10 nM SN-38 (C), cells were fixed,
stained with propidium iodide, and subjected to flow microfluo-
rimetry. Alternatively, SN-38-treated cells were washed and plated
in drug-free medium for 24 h (D)

followed by SFU/FA. Other studies recently published
in abstract form have likewise revealed that the latter
sequence is synergistic [15, 26, 46]. These results raise the
possibility that scheduling of 5SFU and irinotecan might
be important in determining the toxicity in normal tis-
sues and/or tumor cells in the clinical setting.

Second, SN-38 treatment was observed to result in
accumulation of cells in S phase (Fig. 4C). This obser-
vation is clearly different from previous reports that
camptothecin causes a G, arrest [41, 43]. Previous ex-
periments, however, were performed by treating cells for
1 h with very high concentrations of camptothecin fol-
lowed by prolonged incubation under drug-free condi-
tions. In contrast, the present studies were performed by
exposing cells to therapeutically achievable nanomolar
concentrations of SN-38 for a period of time that cor-
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responds to a few serum half-lives in vivo [35]. The re-
sulting S phase accumulation, which has also been
reported after treatment of HeLa cells with low con-
centrations of camptothecin [28], presumably reflects a
slowing of DNA replication.

This S phase slowing was accompanied by a decrease
in the release of [’H]-H,O from [5-*H]-2’-deoxyuridine in
the intact cells (Fig. 3A). This decrease in activity oc-
curred in the face of constant TS protein levels (Fig. 3B),
prompting us to hypothesize that deoxynucleotide pools
had been altered by the SN-38 treatment. Consistent
with this hypothesis, increased dTTP pools were ob-
served in cells treated with SN-38 for 24 h (Fig. 3F).

This elevation of dTTP pools provides the basis for a
model (Fig. 5) that accounts for the observed synergy of
the SN-38 — SFU/FA sequence as well as the decreased
generation of [PH]-H,O from [5-°H]-2’-deoxyuridine
observed in the whole cell assay. In brief, the increase in
dTTP pools after SN-38 exposure would be expected to
inhibit dCMP deaminase and TK [18, 33]. The inhibition
of dCMP deaminase would cause depletion of dUMP,
the endogenous nucleotide that competes with
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Fig. 5 A model for the effect of SN-38 on thymidylate metabolism.
Inhibition of DNA synthesis leads to elevated dTTP pools ().
These elevated dTTP pools inhibit dCMP deaminase (), leading to
decreased dUMP (and enhanced toxicity of SFU/FA). In addition,
the elevated dTTP pools inhibit TK (c¢), leading to decreased
conversion of [*H]-2'-deoxyuridine to [*'H]-dUMP and ultimately to
[*H]-H,0 in the whole cell TS assay. Further support for this model
can be found in reference 18

5-fluoro-2’-deoxyuridine monophosphate for binding to
TS. This dUMP depletion would be expected to enhance
SFU-associated inhibition of TS, explaining the en-
hanced cytotoxicity of SFU/FA after SN-38 treatment
(Fig. 2). In addition, the inhibition of dCMP deaminase
and depletion of dUMP would account for the decreased
dUTP pools (Fig. 3F). On the other hand, the dTTP-
associated inhibition of TK, the enzyme required to
phosphorylate [5-*H]-2’-deoxyuridine in order for TS to
act upon this substrate, would explain the decreased
production of [PH]-H,O from [5-*H]-2’-deoxyuridine in
intact cells (Fig. 3A) despite the presence of unaltered
levels of TS protein (Fig. 3B). Thus, all of the observed
effects can be explained by the elevated dTTP levels.

As noted above, the accumulation of cells in S phase
during the 24-h SN-38 treatment (Fig. 4C) presumably
reflects inhibition of DNA synthesis caused by the SN-
38-stabilized topo I-DNA complexes or the DNA dou-
ble-strand breaks that accumulate as replication forks
interact with these complexes. Although the mechanism
by which SN-38 causes elevation of dTTP was not di-
rectly investigated in the present study, it is likely that
the inhibition of DNA synthesis and the consequent lack
of dTTP consumption cause the dTTP pools to increase
until a new steady state is achieved when dCMP dea-
minase and TK activity are sufficiently inhibited. Fur-
ther studies are required to determine whether similar
effects occur in other cell lines and with other agents that
cause a slowing in S phase.
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