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ABSTRACT

Prior studies from these laboratories demonstrated 3.2-fold potentia-
tion of 5-fluorouracil (FUra) cytotoxicity by recombinant human inter-
feron-a2a (rIFN-a2a) in GC.(/cl colon adenocarcinoma cells that was sig
nificantly enhanced to 14-fold when FUra was combined with rIFN-a2a +

a mixture of the diasteroisomers of the biologically active (65) and inactive
(6Ã„)leucovorin or 5-formyl-H4PteGlu (LV), events that were reversible by
thymidine (dThd). In GCj/clTS-c3/c3 cells, deficient in thymidylate syn-

thase, rIFN-a2a cytotoxicity was not influenced by the concentration of
dThd, indicating no direct effect at the level of dThd-less stress. Direct

assays of thymidylate synthase indicated no significant difference between
FUra-induced accumulation of total thymidylate synthase or free or un

bound thymidylate synthase in cells receiving FUra + modulators. In
addition, the cytotoxic activity of CB3717, a specific quinazoline-based
inhibitor of thymidylate synthase, was not potentiated by rIFN-a2a. These

studies suggested that thymidylate synthase was not the primary target
site for rIFN-a2a activity. Since data indicated that a 5-fluoropyrimidine
was required in the interaction among FUra, LV, and r!FN-Â«2a, attention
was focused at the level of UNA. Both DNA single-strand breaks (SSBs)
and DNA double-strand breaks (DSBs) induced by FUra were signifi
cantly elevated by rIFN-Â«2a and LV administered as single modulators
and were influenced by the concentrations of both FUra and rIFN-Â«2a.
However, when FUra was combined with LV, rIFN-a2a further potenti

ated the frequency of DNA SSBs, and data correlated with the relative
cytotoxic activity of FUra-LV-rIFN-Â«2a combinations. No effect on
CB37I7-induced DNA SSBs or DSBs by rIFN-a2a was demonstrated.

Drug exposure for 48 h was required to detect measurable differences in
DNA SSB frequency among FUra-LV-rIFN-Â«2a treatment groups and

correlated with decreased clonogenic survival under these conditions.
Continuous exposure to FUra (72 h) allowed shorter exposures to LV
and/or rIFN-a2a (48 h) to maintain maximal cytotoxicity. Shorter expo

sure times for FUra during continuous exposure to the modulators were
less cytotoxic. Data suggest that the primary locus of the interaction
among FUra, LV, and rIFN-a2a lies at the level of DNA. rIFN-Â«2a may

exert its effects via enhancement of FUra base excision or incorporation
into DNA, events that subsequently become influenced by thymidylate
synthase inhibition and dThd-less stress and are further potentiated by
LV. Further studies will define the exact target of rIFN-Â«2a action.

INTRODUCTION

The use of LV3 in combination with FUra in phase III randomized

clinical trials in patients presenting with colon adenocarcinoma has
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significantly increased response rates in comparison with the use of
FUra administered alone (33^8% versus 7-15%, respectively; 1-4),

with significant increases in time to disease progression (1, 2, 4) and
patient survival (2, 4) reported. Thus, by building on this combination,
it should be possible to further develop therapeutic strategies for
improving responses and survivorship in this disease. From both
clinical and preclinical studies, potentiation of the therapeutic activity
or cytotoxicity of FUra by interferons has been described. Clinically,
in single institutional trials using previously untreated patients, re
sponse rates to FUra combined with rlFN-a2a have been reported to
range from 26-63% (5-7), higher than those anticipated for FUra
administration alone. In a phase II multi-institutional trial using this

combination, Wadler et al. (8) confirmed a high response rate at a
level of 42%. Preclinically, potentiation of FUra activity by IFNs has
been obtained both in vitro (9-14) and in animal model systems
(15-17). The potential for the action of FUra and IFNs at different

loci, together with their nonoverlapping toxicities, suggests that IFNs
would be of importance to evaluate in combination with FUra and LV.

Interferons induce hormone-like effects by binding to membrane
receptors and activating a postreceptor-signaling mechanism. In mam

malian cells, IFN treatment has induced several genes with resultant
effects on nucleotide pools, enzyme activities, protein expression, and
gene transcription (18-21). Of the three separate classes of IFNs
described (a, ÃŸ,y), a-IFNs have been the most widely used clinically,
and the subtype IFN-a2a has been the most frequently utilized in

clinical trials combined with FUra. Data derived from several cultured
cell lines indicate that IFNs could potentiate FUra cytotoxicity by
action at the level of (a) dThd transport or dThd kinase (22-25), (h)
increased formation of FdUMP (26, 27) by specific effects on pyrimi-
dine nucleoside phosphorylase (27), (c) prevention of FUra-induced

acute elevation in thymidylate synthase (10), (d) direct but indepen
dent antiproliferative actions (28, 29), or (e) effects on cell cycle
progression resulting in reduced proliferation (12). The exact mecha
nism of IFN action may also be influenced by the cell type and IFN
subtype used.

In colon adenocarcinoma cell lines, we previously determined fol
lowing a 72-h drug exposure that rIFN-a2a or LV each potentiated the
cytotoxic activity of FUra by approximately 3-fold, but when both

modulators were combined, the cytotoxic activity was potentiated lu
to 14-fold (13). Data suggested at least additive effects of LV and
rIFN-a2a, that tumors unresponsive to FUra-LV may respond to the
three-agent combination, and that lower concentrations of rIFN-a2a
may be effective with a FUra-LV combination in comparison to FUra

administered alone. Effects were reversed by dThd, although the
activity of CB3717, a quinazoline-based specific inhibitor of thymi
dylate synthase, was not potentiated by rIFN-a2a. Results indicated

that the primary interaction site may be dThd or thymidylate synthase
independent with a requirement for a 5-fluoropyrimidine but that
modulation by rIFN-a2a required some level of thymidylate synthase

inhibition. The results of experiments described in the current manu
script demonstrate the correlation between FUra-LV-rIFN-a2a cyto

toxicity and DNA SSBs and DSBs, eliminate thymidylate synthase as
the primary target site, indicate that the primary locus of the interac
tion lies at the level of DNA, and that the interaction is enhanced by
dThd-less stress mediated via the inhibition of thymidylate synthase.
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MATERIALS AND METHODS

Radiochemicals and Drugs

[2-'4qdThd (56 mCi/mmol), [me%/-3H]dThd (65 Ci/mmol), and [6-3H]-

FdUMP (23 Ci/mmol) were purchased from Moravek Biochemicals (Brea.
CA). 5-Fluorouracil (50 mg/ml) was obtained from Solopak Laboratories
(Franklin Park, IL), rIFN-a2a (6 X 10" lU/ml) was from Hoffmann La-Roche,

Inc. (Nutley, NJ), and LV was from Sigma Chemical Co. (St. Louis, MO).
CB3717 was a gift from Dr. Ken Harrap (Institute of Cancer Research, Sutton,
Surrey, England).

Cell Lines

The cloned human colon adenocarcinoma cell line GCVcl (doubling time,
24 h) was described previously (13). A thymidylate synthase-deficient mutant
of GCVcl (GC,/clTS~c3/c3; doubling time, =30 h), auxotrophic for dThd and

shown to be deficient in thymidylate synthase mRNA and protein, has been
isolated and characterized (30).

Clonogenic Assays

To determine the relationship between duration of exposure of each com
ponent of the FUra-LV-rIFN-Â«2a combination and cytotoxicity, GCVcl cells
were maintained in folate-free RPMI 1640 medium (Gibco Laboratories,

Grand Island, NY) containing 10% dialyzed fetal bovine serum (Sigma), 712
UM Ca24, and physiological concentrations of S-CHj-HjPteGlu [80 nsi; (6/f5)

formi used previously. For clonogenic assays, cells were plated at a density of
6(KX)cells/well in Falcon 6-well plates (Bccton Dickinson Labware, Lincoln

Park, NJ) and the following day treated for periods of up to 72 h with varied
concentrations of FUra, rIFN-a2a (5000 lU/ml), and LV (1 JAM)alone or in

combination. After a total of 7 days, plates were rinsed once in 0.9% saline,
dried, and stained with 0.1% crystal violet. Colonies were enumerated using an
Artek model 880 counter. Leucovorin (1 /J.M)was previously determined to be
the minimal concentration required to maximally potentiate FUra cytotoxicity

(13).
To examine the cytotoxic effect of rIFN-a2a under varied degrees of dThd-

less stress, GC,/clTS-c3/c3 cells were plated at a density of 6000 cells/well

(6-well plates) in RPMI 1640 medium containing 10% dialyzed fetal bovine
serum, 712 /Â¿MCa2 +, and varied concentrations of dThd ranging from 0-100

(XM.Following attachment, cells were treated with rIFN-a2a (0-5000 lU/ml)
for 72 h, subsequently washed, and refed with medium containing 0-100 JXM

dThd. Colonies were enumerated after 10 days.

Assay for Thymidylate Synthase

To determine whether rIFN-a2a prevented the FUra-induced acute elevation
in thymidylate synthase described by Chu et al. (1(1) for rlFN-y, TSâ€žâ€žand TSF

were measured according to the method of Spears et al. (31) following various
treatment conditions. GCVcl cells were plated at a density of 5 X 106-7.5 X
10" cells in T-175 Falcon flasks under the same conditions used for clonogenic

assays. After 3 days when cells had doubled twice and were in log-phase

growth, cells were treated with FUra (0.3 or 1.0 firn) alone or in combination
with LV (1 H.M)or rIFN-a2a (5000 lU/ml) or both modulators for 24 h, at

which time thymidylate synthase accumulation was at a maximum. These
treatment conditions were minimally or noncytotoxic. Cells were harvested in
trypsin (0.05%)-EDTA (0.53%) and counted. They were washed twice in
phosphate-buffered saline, sonicated on ice, and extracted in a 4-fold excess of
extraction buffer (0.2 MTris-HCI, pH 7.4, containing 20 ITIM2-mercaptoetha-
nol, 15 mm CMP, and 100 ITIMNaF at 2Â°Cas described before (31). Sonicates
were centrifuged at 300,000 X g, 30 min, 2Â°C,and the supernatants were

desalted to remove endogenous dUMP and FdUMP by a second centrifugation
(50 X g, 10 min, 2Â°C)through packed Sephadex G-50 minicolumns. Assays

for thymidylate synthase were carried out using the buffer conditions described
in Ref. 13. TSâ€žâ€žwas determined following a 3-h incubation at 30Â°Cto disso

ciate FdUMP bound to the enzyme, and TSF was assayed immediately by
determination of [o-'HjFdUMP-binding capacity over 30 min, 30Â°C,in the

presence of 50 HM[6-3H]FdUMP and 100 PLMCH-H4PteGlu. Ternary com
plexes were quantitated following a id precipitation in ice-cold 20% trichlo-

roacetic acid and successive washes in cold 10% trichloroacetic acid by the
method of Moore et al. (32), and TS,0, and TSp were calculated as described
previously (13).

Determination of DNA Strand Breaks

To elucidate whether rIFN-a2a influenced the cytotoxic action of FUra Â±

LV at the level of DNA, both DNA SSBs and DSBs were measured.
Single-Strand Breaks. DNA SSBs were determined by alkaline elution

methodology using established procedures (33-35). The cellular DNA of ex

ponentially growing GCVcl cells was radiolabeled by incubation for 2 dou
blings (48 h) at 37Â°Cwith [2-uC]dThd (0.04 Â¿iCi/ml)or [me//i>-/-'H]dThd (0.2

p.Ci/ml). [uC]dThd-labeled cells were drug treated for up to 72 h with varied

concentrations of FUra, rlFN-a2a, and LV (1 JAM)administered singly or in
combination. Untreated ['H]dThd-labeled cells received 300 rads X-radiation

at ice temperature to be used as an internal standard. All cells were harvested
by trypsinization and kept on ice; 1.25 x H)6 l4C-labeled cells and 0.25 X IO6
'H-labeled cells were mixed and combined with 20 ml ice-cold phosphate-

buffered saline, pH 7.4. Cells were applied to 2-/xm polycarbonate filters

(CoStar Corp., Cambridge, MA), lysed, and treated with proteinase K, and
DNA was eluted in elution buffer (tetrapropylammonium hydroxide-EDTA,
pH 12.1) at a flow rate of 0.04 ml/min as described before (33-35). Fifty-min

fractions were collected over a period of 15 h, and radioactivity was deter
mined by liquid scintillation counting. SSB frequency in rad equivalents was
calculated as described by Zwelling et al. (33) using the SB frequency obtained
in irradiated 3H-labeled cells (300 rads) as the internal standard.

Double-Strand Breaks. DNA double-strand breaks were determined by
neutral filter elution using published procedures (33, 34, 36). 14C-Labeled
GCVcl cells (5 x IO5) were applied to 2-/xm polycarbonate filters, lysed, and

treated with proteinase K as described before. DNA was eluted using a 50 ITIM
Tris-50 mMglycine-25 IDMEDTA-2% SDS, pH 9.6, elution buffer at a flow rate

of 0.04 ml/h. Fractions were collected, and radioactivity was determined as for
the alkaline elution technique. The retention of DNA at 10 h of elution was
taken as a measure of DSBs, and DSB frequency in rad equivalents was
calculated by comparing drug-treated cells with a standard curve generated

from assays performed on irradiated cells, as described in Ref. 33.
A comparison of SSBs and DSBs produced by the various treatment regi

mens was calculated as described by Zwelling et al. (33).

Statistical Analyses

The significance of the differences between multiple treatment
groups at each drug concentration was analyzed using 1-way anova
and subsequently using the Newman-Keuls' range test for differences

between means. The difference between two groups was evaluated by
Student's t test.

RESULTS

Previous data obtained from GCVcl cells (13) had shown potentia-
tion of FUra Â±LV cytotoxicity by rIFN-a2a but not potentiation of

CB3717 cytotoxicity, suggesting that neither thymidylate synthase per
se nor dThd-less stress were the primary target sites for drug interac

tion. These potential interaction sites were examined further.
rIFN-t*2a Cytotoxicity in GCVclTS-c3/c3 Cells. To elucidate the

effect of dThd-less stress on rIFN-a2a cytotoxicity, a mutant of the

GCVcl line was used that was thymidylate synthase deficient and
relied totally on the salvage of preformed dThd. Thus, if rIFN-a2a
was potentiating FUra-induced dThd-less stress in the parent line, then
in GC,/clTS"c3/c3 cells, the cytotoxic effect of rlFN-a2a should be

enhanced at low dThd concentrations in the medium. The data are
presented in Fig. 1. In the Fig. 1, inset, it is evident that, as the
concentration of dThd was decreased between 100 /J.Mand 0.01 /AMin
rIFN-a2a-untreated cells, the clonogenic survival of cells also de

creased. At concentrations of dThd > 1 Â¡Ã•M,cell survival was a88%
of maximum. As the dThd concentration was reduced to 0.1 and 0.03
/XM,survival was rapidly decreased to 48 and 3%, respectively. rlFN-
a2a was cytotoxic in GC,/clTS~c3/c3 cells following 72-h exposure,

lethality increasing with increasing rIFN-a2a concentration at all con
centrations of dThd (0.1-100 /J.M).At the higher dThd concentrations

(e.g., 10 JIM), cell survival in the presence of 0, 100, 1000 or 5000
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Fig. 1. Cytotoxicily of rIFN-a2a in GCVclTS~c3/c3 cells under (littering Ãºegrees oÃ

dThd-less stress. Clonogenic survival of cells exposed to different concentrations of
rIFN-or2a for 72 h, with normalization for differences in survival at each dThd concen
tration: 0.1 JÂ¿M(V, 0.3 /Â¿M(â€¢),l UM(D), 3 (Â¿M(A), 10 /IM (A), 30 Â»IM(â€¢),100 (O) UM.
Point, mean of 3 determinations. SD values were within 18% of the mean values, inset,
cells were exposed to 0 (O), 100 (â€¢),1000 (A), or 5000 (A) lU/ml rlFN-Â«2a for 72 h

when cells were maintained at concentrations of dThd in the medium ranging from
0.01-100 Â¿AM.Clonogenic survival was evaluated after 10 days, as described in "Materials
and Methods."

IU/ml rIFN-a2a decreased from 89% at 0 rIFN-a2a to 77, 51, and
31%, respectively, as the rIFN-a2a concentration was increased.

In Fig. 1, data for rIFN-a2a cytotoxicity were replotted for each

dThd concentration, where survival at each level of dThd served as its
own control. Thus, clonogenic survival was observed to decrease with
increasing rIFN-a2a concentration at all levels of dThd in a similar
manner, and rIFN-a2a cytotoxicity appeared not to be influenced by
the degree of dThd-less stress.

Levels of Tto, and TSF. It has been suggested by others (10) that
inhibition by IFN-yof the acute accumulation of thymidylate synthase

to 300% of control following FUra administration to H630 colon
adenocarcinoma cells may enhance FUra sensitivity. Thus, TStot and
TSF were determined by [6-3H]FdUMP-binding assay 24 h following

drug treatment of GC3/cl cells when enzyme accumulation was maxi
mal (data not shown), as reported for H630 cells (10). FUra concen
trations for treatment were based on prior data derived from clono
genic assays (13) that spanned both noncytotoxic and cytotoxic
concentrations when combined with modulators for 72 h. The per
centages of survival of GQVcl cells exposed for 72 h to FUra (0.3 JU.M)
alone or combined with LV, rIFN-a2a, or both modulators was 89,

102, 97, and 4.3%, respectively, and for FUra (l JU.M)these values
were 94, 4.2, 21, and 1.4%, respectively.

Following treatment with FUra (0.3 /J.M)alone for 24 h, TS,,,, was
elevated only modestly by 68% (Fig. 2). When FUra was combined
with LV (l JU.M),rIFN-a2a (5000 IU/ml), or both modulators, TSlot

was elevated by 47, 40, and 11%, respectively, in comparison to
untreated controls (Fig. 2). TS101in cells treated with modulators in the
absence of FUra ranged from 135-141% of control. Statistical evalu
ation of the data by 1-way anova determined that the initial elevation
in TS,,,, by FUra (0.3 /AM)was not significant (P = 1.0). Similarly,
although a trend was observed that the increase in FUra-induced TS,,,,

was partially reduced with the introduction of modulators, these dif
ferences were not significant in comparison to untreated or FUra-

treated cells. In addition, no TSF was detected in any treatment group
containing FUra (Fig. 2). No differences were evident for data calcu
lated as either pmol/106 cells or pmol/mg cytosolic protein.

Similar results were obtained following treatment of GC,/cl cells
with FUra (1.0 JAM)Â±LV, rIFN-a2a, or both modulators, where TS,,,,

was elevated by 75, 27, 45, and 11%, respectively, in comparison to
untreated controls (Fig. 2). No significant differences were detected in
TS,0, in any of the FUra-containing treatment groups or in comparison
to untreated cells or in cells treated with modulators alone (P â€”¿�1.0).

In addition, no TSF was detected in any FUra treatment groups. Thus,
no direct effects of rIFN-a2a on the total amount of FUra-induced

thymidylate synthase or on levels of free enzyme were detected fol
lowing 24 h of drug exposure.

Interaction of FUra, LV, and rIFN-a2a at the Level of DNA.

Since the primary target site appeared independent of thymidylate
synthase and the interaction among FUra, LV, and rIFN-a2a could be
largely reversed by dThd (13) and required a 5-fluorinated uracil, the

drug interaction was examined at the level of DNA.
In initial studies we examined the formation of DNA SSBs in

response to the various treatment regimens using alkaline elution
techniques when GC3/cl cells were exposed for 72 h to FUra (0.3 /AM)
Â±modulators. In Fig. 3, left, in the absence of dThd, very few SSBs
were observed in untreated GC3/cl cells or in cells treated with modu
lators. The rate of elution of DNA increased with FUra treatment and
was further increased in the presence of LV or rIFN-a2a, and DNA

SSBs increased further when FUra was combined with both LV and
rIFN-a2a. In Fig. 3, right, DNA SSBs obtained from all the FUra-

containing regimens were prevented when cells were coincubated
with dThd (20 JAM).

The relationship between the formation of DNA SSBs in the various
combination groups for FUra treatment at 0.1. 0.3, and 1.0 /AMand
72-h drug exposures is shown in Fig. 4. For FUra treatment alone,

there was a significant increase in DNA SSB frequency between each

Fig. 2. TS,â€ž,and TSF determined in GCVcl cells
following 24-h exposure to FUra, LV (1 ^LM),and
rIFN-a2a (5000 IU/ml) combinations at concentra

tions of 0.3 and 1 fiM FUra. TS[ot (columns) was
determined following a 3-h incubation of cell ex
tracts at 30Â°Cto dissociate FdUMP bound to thy

midylate synthase, and TSp was assayed immedi
ately following cell extraction by [6-'H]FdUMP
binding over 30 min as described in "Materials and
Methods." No TSp was detectable (shown at base

line). Columns (bars), means (Â±SD) of 6-15 de

terminations for each FUra treatment regimen or
untreated control. Data for cells receiving LV, rlFN-
a2a, or both modulators without FUra represent the
means Â±SD of 3 determinations. Differences be
tween treatment groups were analyzed by 1-way

anova.
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-dThd +dThd

Fig. 3. Alkaline clution of DNA extracted from
GCVcl cells exposed for 72 h to various treatment
conditions as described in "Materials and Meth
ods." Left (-dThd): O, FUra 0.3 JIM; (â€¢).FUra +

LV (1 fiM): V, FUra + rIFN-a2a (5000 lU/ml); T,
FUra + LV + r!FN-Â«2a; D, Control; A LV; â€¢¿�
rIFN-a2a; A, LV + rIFN-a2a. RiKhl ( + dThd): O,
FUra; â€¢¿�,FUra + LV; V, FUra + r!FN-a2a; T,
FUra + LV + rIFN-a2a.

Ãœ

0.5
Fraction [3H]Retained

0.5
Fraction [3H]Retained

0.2

FUra concentration (P â€¢¿�&0.001). At 0.1 /MMFUra, coadministration of

single modulators enhanced the SSB frequency, which was further
enhanced in the presence of both modulators, although the difference
between groups was not statistically significant (P = 0.15). At 0.3 JIM
FUra, DNA SSB frequency was significantly enhanced by 3.7-fold in
the presence of LV or rIFN-a2a (P < 0.01) and by 5.5-fold in the
presence of LV and rIFN-tÂ»2acombined (P < 0.001). At 1.0 /XMFUra,

differences between groups became less, although these were signifi
cant, i.e., 1.7-fold potentiation of FUra-induced SSBs was obtained
with single modulators and 2-fold using dual modulation (P < 0.04).

Thus, the data demonstrated that at concentrations of FUra examined
that ranged from noncytotoxic to cytotoxic in the presence of modu
lators significant, but similar enhancement of FUra-induced DNA
SSBs was obtained with either LV or rIFN-a2a as binary combina

tions and DNA SSBs were further increased when both modulators
were combined.

The influence of the concentration of rIFN-a2a (0-5000 lU/ml) on

DNA SSB frequency was also examined for combinations of FUra
(0.3 JLLM)Â±LV and 72-h drug exposures. In Fig. 5, left, the concen
tration of rIFN-a2a significantly increased the DNA SSB frequency

obtained with FUra alone; the differences were significant between
FUra-rIFN-a2a groups at rIFN-a2a concentrations 2500 lU/ml (P <

0.05). FUra treatment alone was significantly different from FUra +

700

600

500

Â§â€¢300
111

Å’

200

100

0.2 0.4 0.6
[FUra] U.M

0.8

Fig. 4. Frequency of DNA SSBs determined by alkaline elution for GCj/cl cells
exposed for 72 h to varied concentrations of FUra administered alone (O) or combined
with 1 M" LV (â€¢),5000 [U/ml r!FN-a2a (V), or both modulators (T). Point (bar), mean
(Â±SDor average deviation) of 2-5 determinations for each treatment condition. Data were
analyzed statistically by 1-way anova.

rIFN-a2a at concentrations of the modulator >1000 lU/ml (P <
0.01). When rIFN-a2a was combined with FUra + LV, an enhance

ment of DNA SSB frequency was obtained that was highly significant
at the lower concentrations of rIFN-a2a (100 and 500 lU/ml; P <

0.05). Differences between cells receiving low or high concentrations
of rIFN-a2a in combination with FUra + LV were not significant in
contrast to cells treated with rIFN-a2a + FUra in the absence of LV
(P = 0.27), presumably because of the higher frequency of SSBs
achieved at lower concentrations of rIFN-a2a when combined with

FUra + LV.
In addition to FUra-LV-rIFN-a2a combinations causing DNA

SSBs, it was evident that DNA DSBs were also induced by the
treatment regimens as determined by neutral filter elution procedures
following 72-h drug exposures (Fig. 5, right). When rIFN-or2a was

combined with FUra alone, DNA DSB frequency was significantly
elevated at rIFN-a2a concentrations >500 lU/ml (P < 0.01) above

DSBs obtained with FUra as a single agent. In combination with FUra
+ LV, rIFN-a2a significantly increased the DNA DSB frequency at all
concentrations of rIFN-a2a (P < 0.05) except the highest (5000
lU/ml; P = 0.16) in comparison to combination with FUra alone.
Differences at 100 and 500 lU/ml rIFN-a2a were all significant in
comparison to 5000 lU/ml rIFN-a2a combined with FUra + LV (P <
0.04). The pattern of potentiation of DNA DSBs by rIFN-a2a for FUra

Â±LV was similar to that observed for SSBs.
That the DNA SSBs induced by 72-h drug exposure to FUra-LV-

rIFN-a2a combinations could be accounted for as DNA DSBs is

shown in Fig. 6. These data encompass all of the drug combinations
examined and suggest that cytotoxicity is caused by DSBs in DNA.
For SSB frequency, approximately 300 rad equivalents, and for DSB
frequency, approximately 3000 rad equivalents of DNA damage, were
required prior to the initiation of a loss in clonogenic survival follow
ing drug treatment.

Thus, FUra-LV-rIFN-a2a combinations induced significant DNA

damage as measured by DNA SSB and DSB frequencies, which was
significantly higher than obtained with binary combinations; in turn,
FUra combined with either LV or rIFN-a2a induced similar and more

extensive DNA damage than that obtained with FUra treatment alone,
and data paralleled the order of cytotoxicity achieved among the
treatment regimens.

DNA Damage Induced by CB3717. The cytotoxic activity of
CB3717 was not potentiated in GC,/cl cells by rIFN-a2a at concen
trations of 500 or 5000 IU/ml, whereas FUra-LV cytotoxicity was
enhanced by 11- and 13.8-fold, respectively (13). Subsequently, the

extent of DNA damage induced by CB3717 in the absence or presence
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Fig. 5. Frequency of DNA SSBs (A) or DSBs
(B) for GCycl cells exposed for 72 h to varied
concentrations of rIFN-a2a combined with (O)
FUra (0.3 (Â¿M)or (â€¢)FUra + LV (1 ^M). Data were
analyzed by 1-way anova or by Students t test.
Point (bar), mean (Â±SD or average deviation) of
2-5 determinations.
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of rIFN-a2a (500 lU/ml) was examined by measuring DNA SSB

frequency by alkaline elution: CB3717 concentrations ranged from
noncytotoxic (0.3 (AM)to cytotoxic (1.0 JU.M)and drug exposure was
for 72 h (Fig. 7). Although DNA SSBs were significantly enhanced as
the concentration of CB3717 was increased from 0.3-1.0 JULM,this was
not potentiated by rIFN-a2a at any concentration of CB3717. DNA

DSBs were also induced by CB3717 and were not potentiated by
rIFN-a2a (data not shown).

Duration of Drug Exposure. To determine the influence of dura
tion of exposure of each agent in FUra-LV-rIFN-a2a combinations on

FUra cytotoxicity, the clonogenic survival of GC3/cl cells was eluci
dated when the exposure times of one drug, two drugs, or all three
agents were varied. Concentrations of FUra that would induce an
approximately 50% level of cell kill when combined with single or
dual modulators were selected for each condition, and LV and rlFN-

a2a were used at concentrations of 1 JAMand 5000 lU/ml, respectively.
Data are shown in Fig. 8. In A, the duration of exposure to two agents
was constant for 72 h, while the exposure time for the third component
was varied for 24, 48, or 72 h. When LV + rIFN-a2a was the constant

parameter, maximal cytotoxicity required 72 h drug exposure for FUra
(0.3 /J.M),similar to data obtained when the 3-agent combination of
FUra, LV, and rIFN-a2a was evaluated. However, when FUra + LV

or FUra + rIFN-a2a were maintained for 72 h and the second modu
lator was varied, maximal cytotoxicity was obtained with a 48-h

exposure to the second modulator.
In Fig. 8ÃŸ,one agent was maintained at a constant 72-h exposure,

while the exposure time to the other two agents was varied. Thus,
when the time of FUra + LV or FUra + rIFN-a2a exposure was

varied, maximal cytotoxicity required 72 h of exposure, similar to data
derived when all 3 drugs were combined. However, provided FUra
was maintained constant for 72 h, maximal cytotoxicity could be
achieved with a shorter exposure to both modulators combined (48 h).

In Fig. 8C, when the temporal relationships between combinations
of two agents were examined, maximal cytotoxicity of FUra-LV or
FUra-rIFN-a2a combinations was achieved at 72 h when the exposure

time for FUra (l /J.M)was varied. Again, provided the duration of FUra
exposure was constant for 72 h, maximal cytotoxicity was achieved
with a 48-h exposure to either modulator.

The relationship between the duration of exposure to FUra-LV-
rIFN-a2a combinations and the appearance of DNA SSBs in GC3/cl
cells was examined for exposure times ranging from 24-48 h for a

FUra concentration of 0.3 /J.M(Fig. 9). Although some changes in the
DNA SSB frequency were evident by 32 and 40 h, large differences
between FUra, FUra-LV, FUra-rIFN-a2a and FUra-LV-rIFN-a2a
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Fig. 6. Relationship between DNA DSBs and SSBs for all FUra, LV and rIFN-a2a
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combination treatments following 72-h drug exposures, calculated according to the
method of Zwelling el al. (33). Lines encompass the area of uncertainty in which the ratio
of measured DSBs to SSBs might fall if all of the breaks were double stranded.
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Fig. 7. DNA SSB frequency determined by alkaline elution for GCVcl cells treated for
72 h with varied concentrations of CB3717 administered alone (O) or in combination with
rIFN-a2a (500 ID/ml; â€¢¿�).Point (bar), mean (Â±SD) of 2 or 3 determinations at each

CB3717 concentration.
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Fig. 8. Relationship among varied exposure times to one, two, or three agents in
FUra-LV-rIFN-or2a combinations and clonogenic survival of GCj/cl cells for drug expo
sures of up to 72 h. A (constant 72-h exposure to two parameters, vary one parameter): â€¢¿�,
control, varied FUra (0.3 /J.M),LV (l /U.M),and rIFN-a2a (5(XK)(Ill/ml); O, 72-h exposure
lo LV + rIFN-or2a, varied FUra exposure; A, 72-h exposure to FUra + LV. varied
r!FN-a2a exposure; A, 72-h exposure to FUra + rIFN-a2a, varied LV exposure. B
(constant 72-h exposure to one parameter, vary two parameters): â€¢¿�,control, varied FUra^-,
(0.3 JIM), LV (1 JUM),and rIFN-a2a (5(XK)ID/ml); A, 72-h exposure to LV, varied FUra g
+ rlFN-a2a; O, 72-h exposure to rIFN-a2a, varied FUra + LV; A, 72-h exposure to FUra,'jo

varied LV -I- r!FN-a2a. C (72-h exposure to one parameter, vary one parameter): O, 72-h^
exposure to LV, varied FUra (l UM); A, 72-h exposure to rIFN-a2a, varied FUra; â€¢¿�,72-hâ€”,
exposure to FUra, varied LV; A, 72-h exposure to FUra, varied rIFN-a2a. Points (bars)Â¿^
means (Â±SD) of 3 determinations. 'â€”'
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in medium or serum, and in GC3/clTK c3, a dThd kinase-deficient

variant selected from GC3/cl cells, potentiation of FUra activity by
rIFN-a2a in the presence and absence of LV was identified both in

vitro and in vivo (17).
Reversibility of FUra-IFN cytotoxic effects by dThd might suggest

thymidylate synthase to be a potential interaction site in GC3/cl cells.
Several reports have described an acute elevation in thymidylate syn
thase following FUra administration. This may be due to enhanced
stability of the enzyme following FdUMP binding or increased syn
thesis of new protein and may reduce cellular sensitivity to FUra (10,
37). The study of Chu et al. (10) suggested that rlFN-y abrogated the
FUra-induced (3-fold) increase in total thymidylate synthase follow
ing a 24-h drug exposure, thereby enhancing FUra sensitivity in H630

colon adenocarcinoma cells. However, in GC3/cl cells, direct assays of
thymidylate synthase indicated only a modest FUra-induced maximal
elevation in TS1(),(by 68-75%) that was not influenced significantly

by simultaneous exposure of cells to modulators for 24 h. Data per
taining to thymidylate synthase levels also did not correlate with the
cytotoxic activity of treatment groups during 72 h of drug exposure.
The differences observed between the two studies may reflect differ
ences in the mechanism of FUra action in H630 and GC3/cl cells. For
instance, FUra cytotoxicity could be potentiated by LV in GC3/cl
consistent with a decrease in TSF, whereas no potentiation of FUra
action was achieved by LV in H630 cells, and FUra induced an
increase in TSF. However, it is difficult to reconcile elevated TSF with
synergistic interaction between FUra and IFN-y occurring at the thy
midylate synthase locus. Alternatively, IFN-y and rIFN-a2a may exert

different effects on cells. Further evidence to suggest that thymidylate
synthase was not the primary drug interaction site in GC3/cI came
from clonogenic assays with CB3717 in which no potentiation of
CB3717 cytotoxicity or DNA strand breaks by rIFN-a2a was dem

onstrated. These data also indicated that the interaction between FUra
and rIFN-a2a Â±LV required a 5-fluoropyrimidine. The role of dThd-

less stress in the interaction mechanism was examined further. In
thymidylate synthase-deficient GC3/clTS~c3/c3 cells, rIFN-a2a cyto-

24 hr 32 hr

0.5

0.2

treatment groups were not evident until 48 h and were similar to i
obtained for 72-h drug exposures (Fig. 4). The appearance of DNA

strand breaks at 48 h correlated with decreased cell survival obtained
in clonogenic assays for 48-h drug exposures.

1

DISCUSSION 0
C

2
Several studies have described potentiation of the growth inhibitory^

activity or cytotoxicity of FUra by IFNs in cultured colon adenocar1^ "*
cinoma cells (9-13). Furthermore, we identified enhanced potential
tion of FUra cytotoxicity by rIFN-a2a when FUra was combined with 8

LV (13). The cytotoxic action of FUra and IFN has in most instances g
been reversible by dThd (9, 10, 13, 26). A direct inhibition of dThd
HdvagEby IFN has been implicated in some studies, since certain cell
lines deficient in dThd kinase have been resistant to the antiprolifera-

tive effects of IFN (23, 25), although others have demonstrated a
normal response (23). Changes in the transport or uptake of dThd have
also been reported to occur following IFN treatment (22, 24). How
ever, in GCVcI cells, studies were conducted in the absence of dThd

40 hr 48 hr

0.2
0.5 0.2

Fraction [3H] Retained
0.5 0.2

Fraction [3H] Retained

Fig. 9. Determination of the time to formation of DNA SSBs in GC.Vcl cells treated for
up to 48 h with FUra (0.3 Â¡IM)alone or combined with LV (1 ^M) and/or rIFN-a2a (5000
lU/ml). Cells were treated and SSBs determined by alkaline elution as described in
"Materials and Methods." Symbols, as in Fig. 3.
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toxicity was not influenced by the degree of dThd-less stress, indi
cating that this was probably not a primary target site in wild-type

cells.
FUra may exert its cytotoxic effects by one of three mechanisms

that include incorporation of the fraudulent base into RNA. inhibition
of thymidylate synthase, or incorporation of FUra into DNA. Since
thymidylate synthase appeared not to be the primary target, events
were dThd reversible thereby eliminating the RNA-directed target,
and the interaction required a 5-fluoropyrimidine, attention was fo
cused on interaction among FUra, LV, and rIFN-a2a at the level of

DNA. At the end of 72 h of drug exposure, the rate of DNA alkaline
elution and the relative frequency of DNA SSBs paralleled cytotox-

icity of the various treatment groups. Thus, the elution rate and DNA
SSB frequency was lowest for FUra and highest for the FUra-LV-
rIFN-Â«2acombination. Of interest was that rIFN-a2a alone caused no

induction of DNA SSBs. It was only after the administration of FUra
that DNA SSB frequency was observed to increase, and with the
addition of LV that would enhance the interaction between FdUMP
and thymidylate synthase, SSB frequency was further elevated, indi
cating that the interaction between FUra and rlFN-a2a could be en
hanced by Thd-lcss stress. This relationship was evident for treatment

regimens ranging from noncytotoxic to cytotoxic. When the FUra
concentration was maintained at 0.3 /J.Mand the rIFN-a2a concentra
tion was varied from 100-5000 lU/ml. a significant enhancement of

DNA SSB frequency was obtained, increasing with the concentration
of rIFN-a2a. It was evident, however, that when FUra was combined

with l JU.MLV SSB frequency was further enhanced, reaching a maxi
mum at 1000 lU/ml rlFN-tu2a, and correlated with the cytotoxicity

achieved with FUra Â±modulators. The SSB frequency obtained cor
related with the formation of DNA DSB, following drug treatment for
all treatment groups, which are likely to be the lesions associated with
the cytotoxic action of FUra-LV-rIFN-a2a regimens. Of interest was

that CB3717 induced DNA strand breaks that were not potentiated by
rIFN-a2a, correlating with data derived from clonogenic assays, in
which r!FN-Â«2a failed to potentiate CB3717 cytotoxicity (13). This

result again indicated the necessity for interaction of the halogenated
nucleotide at the level of DNA.

Thymineless death (38, 39) and cytotoxic treatment of cells with
5-fluoropyrimidines that result in thymineless death (40, 41) have
been associated with the formation of both single- and double-strand

breaks in DNA, which in turn have been associated with loss of cell
viability. The causative event(s) of these cell death processes are still
not well understood. DNA fragmentation associated with dTTP re
striction has long been observed in both prokaryotes and eukaryotes
(42) and may be due to elevation of intracellular dUTP with subse
quent cycles of misincorporation and excision of dUMP from DNA or
a direct result of reduced intracellular dTTP (43). The requirement for
an FUra base in the FUra-rlFN-Â«2a interaction together with enhance
ment of the interaction by dThd-less stress suggests that incorporation/

excision of the FUra base from DNA is necessary. The process of
thymineless death requires a functioning DNA replication apparatus
(43) and is frequently associated with an initial period of unbalanced
growth. In cells treated with cytotoxic concentrations of FdUrd, de
tection of significant or maximal DNA damage by filter elution tech
niques or pulse field gel electrophoresis has occurred only after a
period of replication (41, 44). Thus, in HCT-8 cells, DNA DSBs were
detected at 12 h (41) and in HT-29 cells between 24 and 40 h (44) of

drug treatment. Similarly, in our study, DNA strand breaks were not
detectable for 48 h, suggesting that proliferation was important in the
expression of DNA damage. It is possible that a period of proliferation
is required to accumulate damage in both strands of DNA in the
formation of DNA DSBs. Of interest in HCT-8 cells, complete rever

sal of DNA damage and cytotoxicity was obtained by delayed rescue
with dThd for up to 12 h (41).

Based on the data presented, a model for the interaction among
FUra, LV, and rIFN-a2a may be proposed. rIFN-a2a could potentially
enhance excision of the 5-fluoropyrimidine from DNA following its

misincorporation. This could be mediated by modulation at the level
of uracil DNA glycosylase that is capable of excising the natural and
unnatural bases from DNA. Such an effect would increase DNA strand
breaks. Alternatively, rIFN-a2a may influence the incorporation of

FUra into DNA. This effect may be mediated at one of three levels
involving either (a) enhancement of the cellular concentrations of
FdUMP that has been reported to occur in certain cell lines (26, 27),
(fe) inhibition of dUTPase, the enzyme that cleaves dUTP or FdUTP
to the monophosphate, thereby aiding in the prevention of Ura or FUra
misincorporation in DNA, or (c) an effect at the level of DNA po-
lymerase-a, although this would appear unlikely, since IFN's have

been reported to be inhibitory to this activity (45, 46). These effects
would also increase DNA strand breaks. The fact that thymidylate
synthase has been inhibited by FUra now becomes fortuitous, since
dTTP pools will decrease, thereby inhibiting DNA repair capacity
following excision of FUra from DNA or, alternatively, elevating the
ratio of FdUTPrdTTP, thereby enhancing the misincorporation of
FUra into DNA. The enhanced interaction of FdUMP with thymi
dylate synthase following LV administration would further deplete
dTTP pools and further enhance FUra-rIFN-a2a interactions at the

level of DNA.
The temporal relationships between administration of FUra, LV, and

rIFN-a2a and cytotoxicity indicated that short exposures to FUra even

in the presence of continuous exposure to modulators significantly
reduced the effect of treatment. Provided that FUra was maintained by
continuous 72-h exposure, shorter exposure times for modulators ad

ministered singly or in combination could be utilized (48 h) that
induced a level of cell kill similar to that achieved for continuous
exposure to all three agents. Cytotoxicity achieved for 48-h drug

exposure correlated with the appearance of DNA SSBs that were
similar in magnitude to those obtained at 72 h. These data are in
concert with those described for other cell lines, in which potentiation
of FUra cytotoxicity by IFN's a, ÃŸ,and y were obtained for 24-h drug

exposures and not 2 h ( 11) or, alternatively, were greater at 3 or 4 days
than at 2 days (26).

Future studies aim to define the exact target of rIFN-n2a action at
the level of DNA by examining the effect of rIFN-a2a on events that

influence incorporation or excision of the fluorinated base from DNA.
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