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ABSTRACT. We reported that 3’-azidothymidine-3’-deoxythymidine (AZT) plus 5-fluorouracil or metho- 
trexate produces additive cytotoxicity in HCT-8 cells: a reflection of increased AZT metabolism when de nova 
thymidylate (dTMP) synthesis was inhibited. We now report that AZT plus human recombinant interferon 
alpha-2a (rIFN-cu2a) produces synergistic growth inhibition in these cells. Evaluation of the effect of rIFN-a2a 

on dTMP metabolism revealed that exposure to rIFN-a2a (k AZT) d’d I not affect dTMP synthase activity 

significantly but increased thymidine (dThd) kinase activity significantly. Consequently, AZT nucleotide pro- 
duction and incorporation into DNA were increased by coexposure to rIFN-cl2a. This alone, however, cannot 
explain the observed synergism. Therefore, the effect of these agents on DNA excision/repair processes was 
assessed. Isotope clearance studies demonstrated that rIFN-cr2a did not alter the rate of [3H]AZT excision from 

DNA. In contrast, filter-elution studies revealed that rIFN-cl2a (+ AZT) produced more DNA damage and 
delayed repair compared with the effects produced by AZT alone. Since DNA polymerases alpha and beta are 

directly involved in gap-filling repair synthesis, experiments next assessed the effect of rIFN-a2a and/or 3’- 

azido-3’-deoxythymidine-5’-triphosphate (AZTT’P) on their activities. Polymerase alpha was inhibited slightly 

by AZTTP but not by rIFN-a2a. Polymerase beta activity, however, was inhibited dramatically by rIFN-a2a + 

AZTTP. Finally, western analysis revealed that a 24-hr exposure to 5000 IU/mL rIFN-u2a (+ 20 PM AZT) 
significantly reduced wild-type p53 expression compared with AZT-exposed cells. We conclude that rIFN-a2a 
enhances AZT-induced tumor cell growth inhibition by (i) increasing AZT metabolism, and (ii) inhibiting 

DNA repair and p53-mediated cell cycle control processes. BIOCHEM PHARMACOL 53;4:571-580, 1997.0 1997 
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AZT” is a dThd analogue used to treat AIDS and AIDS- 
related complex [l, 21. AZT also has been evaluated as an 
antineoplastic agent where studies revealed that it pos- 
sessed activity when used with agents that inhibit de nova 
dTMP synthesis such as FUra [3, 41, MTX [5] and ICI 
D1694 [6]. Biochemical evaluation of these combinations 
demonstrated that, when de novo dTMP synthesis was in- 
hibited, AZT salvage and incorporation into cancer cell 
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DNA were enhanced. This resulted in tumor-cell-specific 
increases in AZT-induced DNA damage and cytotoxicity 
[3-61. These findings helped launch a clinical analysis of 
AZT combined with FUra and LV [7-121. Phase I studies in 
which bolus FUra (400 mg/m2) + oral LV was administered 
weekly and followed by a 2-hr infusion of high-dose AZT 
(l-10 g/m’) revealed this combination to be well tolerated 
and to produce predicted biochemical effects [8, 91. Results 
from initial Phase II evaluation of this FUra + LV regimen 
followed by a 2-hr infusion of AZT (7 g/m’) in patients 
with metastatic colon cancer indicated that a significant 
response rate could be achieved with this regimen [ 121. 

The interferons were first described in the 195Os, and 
three classes, alpha, beta and gamma, were identified based 
on their diverse physical and biological properties [13-151. 
With regard to cancer therapy, the antiproliferative activity 
of IFN-a has been studied extensively and appears related 
to its localization to the nucleus, where it directly affects 
nucleic acid and protein synthesis by disrupting the activi- 
ties of 2’, 5’-oligoriboadenylate synthase, protein kinases, 
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phosphodiesterases and specific transcriptional and transla- 
tional factors [16-201. Studies also have suggested that 
IFN-a can disrupt DNA synthesis by direct inhibition of 
DNA polymerases alpha and beta [21, 221. 

Clinically, IFN-0~ alone is active against hairy cell leu- 
kemia [13, 171. Preclinically, combinations of IFN-c~ with 
ionizing radiation or selected chemotherapeutic agents like 
doxorubicin and vinblastine produce significant cytotoxic- 
ity [17, 23, 241. In this regard, one of the more extensively 
studied combinations has been IFN-ol (<lo7 IU/m2) with 
FUra (*LV). Responses of 25-60% have been reported in 
patients with advanced colon cancer receiving these agents 
[25, 261. Several mechanisms have been proposed to ex- 
plain the activity of this combination, such as IFN-(-u- 
induced alterations in dThd transport and dThd kinase (EC 
2.7.2.21; ATP: thymidine 5’sphosphotransferase) activity 
[27, 281. In addition, a study by Houghton et al. [29] re- 
vealed that, in human colon tumor cells, exposure to rIFN- 
a2a (~5000 IU/mL) + FUra/LV resulted in an increase in 
DNA damage and suggested that these agents interacted at 
the level of DNA excision/repair. 

The above findings led us to predict that the combina- 
tion of rIFN-a2a plus AZT would exert significant cyto- 
toxicity in colon tumor cells. We now report that these 
agents combine to produce synergistic growth inhibition in 
the human colon tumor cell line HCT-8 which reflects the 
ability of (i) rIFN-c_uZa to selectively increase AZT metabo- 
lism and incorporation into DNA, and (ii) rIFN-a2a and 
AZT to disrupt selected aspects of DNA repair. These re- 
sults are discussed in relation to the role of DNA repair 
processes in chemotherapeutic sensitivity and the design of 
future clinical regimens containing these agents. Prelimi- 
nary aspects of this study have been reported [30, 311. 

MATERIALS AND METHODS 
Reagents 

AZT was the gift of the Burroughs Wellcome Co. (Research 
Triangle Park, NC) and rIFN-a2a (Roferon-A) was pur- 
chased from Hoffmann-LaRoche Inc. (Nutley, NJ). 
[3H]AZT (56 Ci/mmol), [5-methyl-3H]dThd (61 Ci/mmol), 
[5a3H]dUrd (20 Ci/mmol), and non-radiolabeled AZTTP 
were obtained from Moravek Biochemicals (Brea, CA), and 
[5-3H]dCTP (18 Ci/mmol) was purchased from the New 
England Nuclear Corp. (Boston, MA). Purified human 
DNA polymerases alpha and beta were purchased from Mo- 
lecular Biology Resources (Milwaukee, WI). Activated calf 
thymus DNA was from Wortl$ngton Biochemicals (Free- 
hold, NJ). Wild-type ~53 antibody for immunoprecipita- 
tion (Ab-5) and for western blotting (DO-l) were pur- 
chased from Oncogene Sciences (Uniondale, NY) and 
Santa Cruz Biotechnologies (Santa Cruz, CA), respec- 
tively. Protein A Sepharose was obtained from Pharmacia 
LKB (Piscataway, NJ). HPLC grade solvents and disposable 
tissue culture supplies were obtained from Fisher Scientific 
(Medford, MA). Reagents for SDS-PAGE were purchased 
from Bio-Rad Laboratories (Richmond, CA). RPM1 1640 

medium, trypsin, and FBS were purchased from Gibco 
(Grand Island, NY). All other chemicals were obtained 
from Sigma (St. Louis, MO). 

Cell Line 

Continuous cultures of HCT-8 human colon adenocarci- 
noma cells, obtained from the American Type Culture Col- 
lection (Bethesda, MD), were used in these studies [32]. 
Cells were cultured in plastic cell culture flasks as mono- 
layers in RPM1 1640 medium supplemented with 10% FBS 
and passaged twice weekly. Cell cultures were maintained 
in a humidified incubator at 37” in an atmosphere of 5% 
CO,. Under these conditions, their doubling time was -22 
hr, and cells in logarithmic growth were used in all studies. 

Evaluation of Cell @owth Inhibition 

Cells (5 x 104) were added to 10 mL of RPM1 1640 medium 
containing 10% FBS in 25 cm2 culture flasks. AZT and/or 
rIFN-c;u2a, previously dissolved in medium, were added at 
concentrations of ~100 p,M (AZT) and ~20,000 IU/mL 
(rIFN-a2a). Control cultures received the same amount of 
medium without drug. After 5 days, cells were harvested, 
and growth inhibition was determined as described previ- 
ously [3, 5, 331. Each experiment was performed in dupli- 
cate and repeated a minimum of three times. 

Enzyme Assays 

Thymidylate synthase (EC 2.1.1.45; 5, lo-methylenetetra- 
hydrofolate:deoxyuridine-5’-monophosphate C-methyl- 
transferase) activity was measured in intact cells after a 
l-day incubation in medium containing AZT (20 or 50 
FM), rIFN-a2a (5000 or 10,000 IU/mL), or AZT (20 FM) 
plus rIFN-cx2a (5000 IU/mL) by quantitation of 3Hz0 re- 
leased from [5-3H]dUrd, as previously described in detail [3, 
341. The effect of these drug exposures on cellular dThd 
kinase activity was assessed by TLC methods that we have 
reported elsewhere [35]. 

Quantitation of Intracellular 
Pools of dTTP and AZT Nucleotides 

The effect of AZT (20 or 50 PM), rIFN-a2a (5000 or 
10,000 IU/mL), or 20 PM AZT plus 5000 IU/mL rIFN-a2a 
on dTTP pools was quantitated by the incubation of l-2 x 
lo7 cells in 50 mL of medium containing selected drug 
combinations. After 24 hr, cells were harvested and ho- 
mogenized in 0.5 mL of 0.2 N PCA. The acid-soluble ma- 
terial was removed, neutralized with KOH, processed, and 
analyzed by HPLC methods exactly as we have reported 
previously [5, 331. 

To quantitate the effect of rIFN-ti2a on the generation of 
[3H]AZT nucleotides -2 x lo6 cells were incubated in 15 
mL medium containing 20 or 50 PM [3H]AZT alone (100 
or 40 mCi/mmol, respectively) or 20 JJ,M [3H]AZT + 5000 
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IU/mL rIFN-ol2a. After 1 day, the cells were washed, har- 
vested, and homogenized in 1 mL of 0.2 N PCA. The 
PCA-insoluble material was saved to quantitate [3H]AZT 
incorporation into DNA as described below. The PCA, 
soluble material was analyzed to quantitate [3H]AZT 
nucleotides by previously reported HPLC methods [5, 331. 

Quantitation of 13H]AZT 
Incorporation into, and Clearance from, DNA 

AZT incorporated into nuclear DNA after a l-day exposure 
to 20 or 50 p,M [3H]AZT alone or 20 yM [3H]AZT + 5000 
IU/mL rIFN-or2a was quantitated in the PCA-insoluble ma- 
terial generated above as previously described [5, 33, 361. 

The effect of rIFN-ol2a (5000 IU/mL) on the clearance of 
AZT from cellular DNA was quantitated by incubating -2 
x lo6 cells in 15 mL of medium containing 20 or 50 p,M 
[3H]AZT f rIFN-ol2a (5000 IU/mL). After 24 hr, the me- 
dium was removed, and the cells were washed two times 
with 35 mL saline and incubated in 15 mL of medium + 
10% FBS. At various times thereafter (~6 hr), the cells 
were harvested, and [3H]AZT incorporation into DNA was 
quantitated as described above. 

Assessment of DNA Fragmentation/Repair 

To assess the effect of rIFN-ol2a (5000 IU/mL) on the repair 
of AZT-induced DNA damage, a modification of previously 
reported filter elution methods was employed [37]. Specifi- 
cally, -2 x lo6 cells were incubated in 15 mL of RPM1 1640 
medium containing 10% FBS and 1 pCi/mL of [3H]dThd. 
After 24 hr, AZT alone (20 or 50 FM), rIFN-ol2a alone 
(5000 IU/mL), or 20 ~.LM AZT plus 5000 IU/mL rIFN-a2a 
was added to the [‘H]dThd-containing medium. After an 
additional 24 hr, the medium was removed, and the cells 
were washed two times with 35 mL saline, and incubated in 
25 mL of drug- and isotope-free RPM1 1640 medium con- 
taining 10% FBS. At various times thereafter (~6 hr) the 
cells were harvested, and -6 x lo5 cells were loaded onto a 
2 pm polycarbonate filter (Millipore, Bedford, MA). Cells 
were lysed with 5 mL of 10 mM EDTA + 0.5% Triton 
X-100 + 2 M NaCl (pH 10.0) and then washed with 7 mL 
of 10 mM EDTA (pH lO.O), all applied at a flow rate of 2.5 
mL/hr. Elution was then performed at 4” in the dark with a 
solution consisting of 2 M NaCl + 0.5 M H3B03 + 20 mM 
EDTA (pH 12.6) applied at a flow rate of 2.5 mL/hr. One- 
milliliter fractions were collected over a 6-hr period and 
added to 18 mL of Ultima-Flo AP (Packard, Meriden, CT); 
radioactivity in these fractions, representing fragmented 
DNA, was determined by liquid scintillation. In addition, 
the filters were removed and incubated in 0.4 mL of 1 N 
HCl for 1 hr at 65”. To each filter was then added 1.0 mL 
of 1 N NaOH and 18 mL of Ultima-Flo AP to determine 
tritium-related radioactivity associated with each filter. 
DNA damage was estimated by calculating the percentage 
of total recovered counts per minute not retained on the 
filters. 

Assessment of Human DNA 
Polynerase Alpha and Beta Activities 

The effect of rIFN-ol2a alone, AZTTP alone, or their com- 
bination on the activity of human DNA polymerase alpha 
activity was assessed by a modification of reported methods 
[33]. Specifically, 60 mM Tris (pH 8.0 at 37”), 5.0 mM 
magnesium acetate, 30 p,g BSA, 1.0 mM DTT, 0.1 mM 
spermine, 100 ~.LM dATP, dTTP, and dGTP, 20 p.M 
[3H]dCTP (0.2 mCi/mL), 10 p,g activated calf thymus 
DNA, and various concentrations of AZTTP and rIFN-ol2a 
were combined in a final volume of 90 p,L. The reaction 
was initiated by the addition of purified human DNA poly 
merase alpha contained in a volume of 10 p,L. After 45 
min, the reaction was terminated by the addition of 100 FL 
of ice-cold 15% TCA. Acid-insoluble material was col- 
lected on a Whatman GF/A glass microfiber filter that was 
washed subsequently with 30 mL of ice-cold 15% TCA. 
Total DNA synthesis, represented by counts per minute 
retained on the filters, was quantitated by liquid scintilla- 
tion. 

The effect of rIFN-ol2a and/or AZTTP on DNA poly- 
merase beta activity was assessed by modification of the 
above method in which 50 mM Tris (pH 8.7 at 37”), 10 
mM MgClz, 100 mM KCl, 40 p.g BSA, 1 mM DTT, 100 
PM dATP, dTTP, and dGTP, 20 ~.LM [3H]dCTP (0.2 mCi/ 
mL), 10 p,g activated calf thymus DNA, and various con- 
centrations of AZTTP and rIFN-a2a were contained in a 
final volume of 90 i_~l. The reaction was initiated by the 
addition of purified human DNA polymerase beta con- 
tained in a volume of 10 p,L. After 45 min, the reaction was 
terminated and DNA synthesis was assessed as described 
above. 

Western Blot Andysis of ~53 Expression 

Cells 2 x lo6 were seeded into a 75-cm* tissue culture flask 
containing 25 mL of RPM1 1640 medium + 10% FBS. 
Twenty-four hours later 20 or 50 FM AZT alone, 5000 
IU/mL rIFN-o.2a alone, or 20 p.M AZT + 5000 IU/mL 
rIFN-ol2a was added. Twenty-four hours later, wild-type 
~53 protein specifically was purified from these cells by 
microbatch affinity chromatography on the monoclonal 
Ab-5 antibody covalently coupled to Sepharose beads [38]. 
Then the immune complexes were solubilized and resolved 
by 7.5% SDS-PAGE exactly as previously described [38]. 
The proteins were transferred to nitrocellulose and probed 
with monoclonal DO-l antibody (0.1 Fg/mL), washed, and 
exposed to pre-flashed Kodak XAR film; bound proteins 
were visualized by enhanced chemiluminescence. Steady- 
state levels of ~53 protein from 5-6 independent experi- 
ments were analyzed by scanning densitometry (model 
GS300; Hoefer Scientific Instruments, San Francisco, CA). 

RESULTS 

To assess the interaction between rIFN-ol2a and AZT, cell 
growth inhibition after a 5-day exposure to these agents, 
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alone or in combination, was quantitated. Under these con- 
ditions, the ICKY of rIFN-ol2a or AZT was -14,000 IU/mL or 
-65 PM, respectively. When these agents were combined, 
isobologram analysis [39, 401 of the resultant activity re- 
vealed synergistic cell growth inhibition over a wide range 
of AZT and rIFN-a2a concentrations (Fig. I). 

Exposure to IFN-a reportedly increases dThd kinase ac- 
tivity, and interferon gamma has been reported to inhibit 
the induction of dTMP synthase following exposure to 
FUra [28, 411. Since such alterations can affect AZT me- 
tabolism and cytotoxicity [5,33], studies next determined if 
rIFN-ol2a, AZT, or their combination, affected these ac- 
tivities in HCT-8 cells. Exposure to rIFN-a2a or AZT for 
24 hr slightly reduced dTMP synthase activity in whole 
cells (Table 1). Combining AZT (20 PM) with rIFN-ol2a 
(5000 IU/mL) produced an additive inhibitory effect 
(Table 1). 

Analysis of dThd kinase activity indicated that a 24-hr 
exposure to AZT alone (20 or 50 FM) did not alter this 
activity significantly. In contrast, exposure to 5000 or 
10,000 IU/mL rIFN-cu2a significantly increased dThd ki- 
nase activity. Interestingly, exposing cells to the combina- 
tion of AZT plus rIFN-a2a resulted in a greater than addi- 
tive increase in dThd kinase activity when compared with 
effects produced by these agents alone (Table 1). 

ations, intracellular pools of dTTP and [3H]AZT nucleo- 
tides were quantitated in cells incubated for 24 hr in me- 
dium containing either 5000 or 10,000 IU/mL rIFN-c;u2a, 20 
or 50 PM [3H]AZT, or the combination of 20 p,M [3H]AZT 
plus 5000 IU/mL rIFN-cw2a. This exposure to AZT alone 
did not affect dTTP pools significantly (Table 2); thus con- 
firming our previous findings. Additionally, in spite of its 
ability to alter dThd kinase activity, rIFN-a2a also, either 
alone or combined with AZT, did not affect dTTP pools 
significantly (Table 2). Quantitation of intracellular AZT 
nucleotides revealed that increasing the medium concen- 
tration of AZT from 20 to 50 p,M increased intracellular 
pools of all AZT nucleotides and increased AZTTP pools 
by 56% to 19.6 pmol/106 cells. As predicted by the effect of 
these agents on dThd kinase activity, incubating cells in 
5000 IU/mL rIFN-a2a and 20 (LM AZT resulted in a mea- 
surable increase in AZT nucleotides compared with incu- 
bation in medium containing 20 p,M [3H]AZT alone. Spe- 
cifically, AZTMP, AZTDP, and AZTTP pools were in- 
creased by 75, 37 and 27%, respectively, in the presence of 
rIFN-a2a (Table 2). 

Since AZT is salvaged as a dThd analogue [42], these 
findings suggested that, in the presence of rIFN-a2a, AZT 
nucleotide production was increased. Our previous studies 
indicated that such an increase could result in a reduced 
intracellular dTTP/AZTTP ratio, increased AZT incorpo- 
ration into DNA, and increased cytotoxicity [5, 331. To 
determine if the synergistic inhibition of HCT-8 cell 
growth produced by these agents reflected similar alter- 

This increase in AZT nucleotides reduced the intracel- 
lular dTTP/AZTTP ratio (Table 2) and suggested that, in 
the presence of rIFN-a2a, AZT incorporation into DNA 
increased. To determine if this was the case, HCT-8 cells 
were incubated in medium containing either 20 or 50 PM 
[3H]AZT alone, or 20 FM [3H]AZT plus 5000 IU/mL rIFN- 
a2a. After 24 hr, the cells were harvested, and AZT incor- 
poration into DNA was quantitated. As predicted, in the 
presence of rIFN-a2a, AZT incorporation into DNA in- 
creased 2-fold to -35 pmol incorporated/lo6 cells (Fig. 2). 

Taken together, these findings suggested that the cell 
growth inhibitory effects produced by the combination of 
rIFN-a2a plus AZT resulted from a rIFN-ol2a-induced in- 
crease in AZT metabolism and incorporation into DNA. 
However, AZT incorporation into DNA in the presence of 
20 FM AZT + rIFN-or2a was not as great as that following 
exposure to 50 p,M AZT alone while the cell growth in- 
hibitory effects of the combination were significantly 
greater. Clearly, other factors were contributing to produce 
the observed synergism. Since, in this model, the cell 
growth inhibitory effects of AZT are directly related to its 
incorporation into and damage of DNA [33], these findings 
could suggest that rIFN-or2a also affected DNA excision/ 
repair processes. 

50% lsobologram 

0 5000 10000 

[rlFN-aZa], M/ml 

15000 

FIG. 1. Isobologram analysis of the growth inhibitory effects 
of the combination of rIFN-or2a and AZT in the human 
colon tumor cell line HCTS. Cells ( 1 x 105) and various 
concentrations of rIFN-cx2a and/or AZT were incubated at 
37”. After 5 days, the cells were harvested and the cell num- 
ber was determined as previously described [S]. Under these 
conditions, the xcSO of rIFN-a2a alone or AZT alone was 
14,250 * 1,460 IUlmL or 64.7 * 3.2 @I, respectively. Each 
point represents the mean IC,, value of duplicate determi- 
nations. 

To evaluate this possibility, experiments first assessed the 
effect of rIFN-a2a on the rate of AZT excision from DNA. 
For these studies, cells were incubated in either 20 or 50 
p.M [3H]AZT alone, or 20 p,M [3H]AZT plus 5000 IU/mL 
rIFN-cll2a. After 24 hr, the cells were incubated in fresh 
medium without drug. At various times after drug removal 
(~6 hr), the amount of AZT remaining in DNA was mea- 
sured to assess its rate of clearance. AZT clearance from 
DNA in cells incubated in 20 or 50 p.M AZT alone was 
parallel and appeared to be biphasic, with an apparent ini- 
tial half-life of -1 hr (Fig. 3). Incubating cells in both 20 
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TABLE 1. Effect of a 24.hr incubation in medium containing AZT alone, rIFN-ru2a 
alone, or their combination on celh&r dTMP synthase and dThd kinase activities in 
HCTS cells 

Conditions 
dTMP synthase dThd kinase 

( pmol/hr/106 cells) (nmoYhr/mg protein) 

No drug 10.6 k 2.3 192.1 k 11.2 
AZT, 20 FM 8.4 f 0.7 214.4 f 16.9 
AZT, 50 /J,M 8.3 + 1.1 204.3 f 6.4 
rlFN-ol2a, 5000 IU/mL 9.0 f 1.6 241.3 + 11.4* 
rlFN-cr2a, 10,000 lU/mL 9.3 f 1.7 242.7 + 12.0* 
AZT, 20 FM + rlFN-cw2a, 5000 lU/mL 7.4 * 1.2 288.6 k 14.7t 

Cells (5 x 106) were incubated in 50 mL of RPM1 1640 medium containing 10% FBS and the noted concentrations 

of AZT, rIFN-a2a, OT their combination for 1 day. To assess dTMP synthase activity cells were harvested and 

resuspended at 1 x lo7 cells/ml m RPM1 1640 medium and the assay was initiated by the addition of 200 (LL of cell 

suspensmn to 30 pL of 8.3 +M [5-‘HldURd (30 &i/mL) at 37”. Enzyme activity was quantitated by assessment of the 
formation of ‘H,O as a function of time [3, 341. To assess dThd kinase. cells were harvested, homogenized in 50 mM 

Tris (pH 7.4 at 379, and centrifuged at 100,000 g for 1 hr. The enzyme reaction was initiated by incubating lo- to 

30-PL aliquots of the resulting supematant in a mixture of 200 &M [‘4C]dTbd (IO pCi/mL), 1 mM ATP, and 50 mM 

Tris (pH 7.4 at 37”) in a final volume of 100 PL f or various times (~10 mm). Activity was determined by quantitation 

of the formation of [14C]dThd nucleotides by TLC methods [35]. Each value represents the means + SEM of 4 (dTMP 

synthase) or 8 (dThd kinase) determinations with P values determined by Student’s t test. 

* P G 0.05, compared with activity in non-treated controls. 

t P < 0.01, compared with activity in non-treated controls. 

PM AZT and 5000 IU/mL rIFN-a2a appeared not to effect 
the rate at which AZT was cleared from DNA (Fig. 3). 

The effect of rIFN-ol2a and/or AZT on DNA fragmen- 
tation and repair was assessed by monitoring DNA damage, 
using filter elution techniques, in cells exposed to these 
agents for 24 hr and then placed in medium without drug. 
The results indicated that the amount of DNA damage 
following exposure to 20 or 50 PM AZT was about equal 
(Fig. 4). Furthermore, the decrease in DNA fragmentation 
following removal of AZT from the medium, presumably a 
reflection of DNA repair, appeared to mirror AZT excision 
from DNA in that the degree of fragmentation was reduced 
dramatically within 1 hr after drug removal (Fig. 4). In 
contrast, exposure to rIFN-o2a alone or combined with 20 
p,M AZT resulted in greater DNA fragmentation than ex- 
posure to AZT alone. Also noteworthy, up to 3 hr after the 

removal of rIFN-a2a from the medium the amount of DNA 
fragmentation remained relatively unchanged. Indeed, over 
this interval the difference in DNA damage between rIFN- 
a2a (*AZT) exposed cells and cells exposed to AZT alone 
increased (Fig. 4). These findings suggested that, in rIFN- 
o12a exposed cells, the repair of DNA fragmentation was 
impaired. 

DNA polymerases alpha and beta have been implicated 
in DNA repair [43-45], and it also has been reported that 
IFN-u can inhibit their activities [21, 221. Therefore, the 
effect of rIFN-a2a, AZTTP, or their combination on these 
polymerase activities was assessed in vitro. The results re- 
vealed that while AZTTP alone slightly inhibited the ac- 
tivity of DNA polymerase alpha in a concentration- 
dependent manner, rIFN-a2a alone and the combination 
of AZTTP plus rIFN-o2a did not inhibit this polymerase 

TABLE 2. Effect of a 24.hr incubation in medium containing AZT alone, rIFN-cx2a alone, 
or their combination on intracellular pools of AZT nucleotides and drrP 

Nucleotides ( pmoU106 cells) 

Condition AZTMP AZTDP AZ-MI’ dTTP TP ratio* 

No drug 31.3 * 1.5 
AZT, 20 FM 239.4 f 18.1 12.9 k 1.3 12.5 f 1.4 30.2 k 3.9 2.4:1 
AZT, 50 /.LM 342.8 k 39.81_ 22.1 f 4.2-F 19.6 k 3.3 34.6 + 5.8 1.&l 
rlFN-ol2a, 5000 lU/mL 31.7 f 2.1 
rlFWcYZa, 10,000 lU/mL 34.7 k 2.4 
AZT, 20 FM + rlFN-a2a 

5000 lU/mL 418.5 + 34.lt 17.7 k 2.5 15.9 ?z 1.9 30.8 k 6.4 1.9:1 

Cells (5-20 x 106) were mcubated in 10-50 mL of RPMl 1640 medium containing 10% FBS and the noted concentrations of 
[3H]AZT alone (2.0 &i/mL), rIFNcr2a alone, or their various combinations. After 1 day, the cells were harvested and 

processed to quantitate AZT nucleotides and dTTP by HPLC methods, as described in the text 15, 331. Each value represents 
the mean + SEM of 14-27 detenmnations with P values determined by Student’s t-test. 

* [dTTP]/[AZTTP]. 
t P G 0.05 vs that detected in cells exposed to 20 p,M AZT. 
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FIG. 4. Assessment of DNA repair in cells exposed to AZT 
alone, rIFN-or2a alone, or the combination of AZT + rIFN. 
o12a. Approximately 2 x lo6 cells were incubated in medium 
containing [3H]dThd for 48 hr. For the final 24 hr cells were 
also exposed to either AZT alone (20 or 50 pM), rIFN.cwZa 
alone (5000 IUlmL) or the combination of 20 pM AZT + 
5000 IUlmL rIFN-cY2a. Thereafter, the medium was re. 
moved, and the cells were washed with saline and then in- 
cubated in fresh medium without drug. At various times 
thereafter, the cells were harvested and DNA damage was 
assessed by filter elution techniques as described in the text. 
DNA damage is designated as the percentage of total counts 
per minute recovered not retained by the filter, and for the 
series of experiments summarized in this figure the total 
cpm recovered averaged 116,400. Each point represents the 
mean * SEM of 4-6 determinations. 

AzT,20uM Arr.50uM AzT,20uM + 

rlFN-a2a. 5OOOlU/ml 

FIG. 2. Effect of rIFN-a2a on the incorporation of AZT into 
the DNA fraction of HCT8 cells. Approximately 2 x lo6 
HCTJ3 cells were incubated in 10 mL of RPM1 1640 me- 
dium containing 10% FBS and the stated concentrations of 
i3H]AZT * rIFN-cx2a (5000 IU/mL). After 24 hr, the cells 
were harvested and homogenized in 1 mL of 0.2 N PCA. 
The acid-insoluble material was assayed to quantitate 
[3H]AZT content as previously described [3,5,33]. Each bar 
represents the mean * SEM of 5-8 determinations. 

activity (Table 3). In contrast, rIFN-a2a alone or combined 
with AZTTP exerted a marked inhibitory effect on poly- 
merase beta activity in spite of the fact that AZTTP at 
either 25 or 50 p,M was non-inhibitory (Table 3). These 
findings suggested that the ability of rIFN-ol2a and AZT to 
delay DNA fragment repair corresponded with the ability of 
these agents to inhibit DNA polymerase beta. 

Exposure to various DNA damaging agents both in- 
creases the expression of, and activates, wild-type p53 [46]. 
This results in G, arrest and DNA repair, or can lead to 

0-e AZT, POUM 
A-A &T, 50UM 
o-o m, 20uM + 

rFN-a2a. 5000lU/ml 

0 1 2 3 4 5 6 

Hours after drug washout 

FIG. 3. [3H]AZT clearance from the DNA fraction of HCTS 
cells as a function of AZT concentration or co-exposure to 
rIFN-a2a. Approximately 2 x lo6 HCT-8 cells were incu- 
bated in 10 mL of RPM1 1640 medium containing 10% FBS 
and the stated concentrations of [3H]AZT * rIFN.a2a. After 
24 hr, the medium was removed, and the cells were washed 
with saline and then incubated in fresh medium without 
drug. At various times thereafter, the cells were harvested, 
and the [3H]AZT content of cellular DNA was quantitated 
as described in Fig. 2. Each point represents the mean * SEM 
of 4-6 determinations. 

apoptosis [47-49]. To determine if the ability of rIFN-ol2a 
plus AZT to disrupt DNA repair also reflected a disruption 
of p53-mediated processes, studies next assessed the effect 
of these agents, alone or in combination, on wild-type ~53 
expression. As expected, following a 24-hr exposure to 20 
p,M AZT alone, wild-type ~53 expression increased (Fig. 
5A), and densitometric analysis revealed this increase to be 
significant (P s 0.05) (Fig. 5B). In contrast, exposure to 
rIFN-a2a (5000 IU/mL) alone significantly reduced (I’ s 
0.01) wild-type ~53 expression to a level below that de- 
tected in control (non-exposed) cells (Fig. 5B). When cells 
were exposed to 20 FM AZT + 5000 IU/mL rIFN-ol2a, a 
condition that produced more DNA damage than exposure 
to 20 p,M AZT alone, ~53 expression was similar to that 
observed in control cells and was significantly lower (I’ s 
0.05) than that in cells exposed to 20 FM AZT alone. 
Thus, in addition to inhibiting polymerase beta activity, 
rIFN-cl2a significantly reduced the expression of wild-type 
p53. 

DISCUSSION 

The results indicate that AZT plus rIFN-ol2a combine to 
produce synergistic inhibition of HCT-8 cell growth, which 
reflects (i) the ability of rIFN-ti2a to increase dThd kinase 
activity and thus AZT metabolism and incorporation into 
DNA, and (ii) the combined inhibitory effects of rIFN-cl2a 



rIPN-cx2a Plus AZT 577 

TABLE 3. Effect of AZTTP alone, rIFN-cr2a alone, or their combination on the activities 
of human DNA polymerases alpha and beta 

Polymerase activity (% of control) 

Conditions 

No drug 
Aphidicolin, 4 lq/mL 
ddCTP, 10 /.LM 
rIPN-cr2a, 15,000 IU/mL 
rIPN-ol2a, 30,000 IU/mL 
AZTTP, 25 /.LM 
AZ-PIP, 50 PM 
rIPN-a.Za, 15,000 IU/mL + AZlTP, 25 ~.L.M 
rIPN-cx2a, 15,000 IU/mL + AZTTP, 50 PM 
rIPN-a2a, 30,000 IU/mL + AZTTP, 25 ELM 
rIPN-cr2a, 30,000 IU/mL + AZTTP, 50 p,M 

Alpha 

100 
19.3 + 10.3 

ND 
124.0 f 18.1 
126.9 + 15.7 
89.3 + 8.6 
76.8 * 13.5 

106.3 (N = 2) 
105.5 (N = 2) 
109.1 (N = 2) 
113.3 * 9.5 

Beta 

100 
ND* 

32.0 f 7.6 
83.3 & 11.9 
73.7 * 10.8 
97.7 * 1.5 
91.7 + 7.3 
63.7 f 8.9 
58.7 & 8.1 
67.7 & 3.7 
61.7 * 6.7 

Purified human DNA polymerases alpha and beta were obtained commercially. The effect of alterations in the concentration 

of r!FN-aZa and AZTTP on DNA synthesis mediated by these polymerases, using activated calf thymus DNA as a template and 

dTTP, dATP. [3H]dCTP and dGTP as substrates, was carried out by methods described in the text, and DNA synthesis was 

quantiared by liquid scintillation techniques. Polymerax activity is presented as a percentage of cpm retained on the filters in 

the absence of inhibitors, and control cpm values were 1400 e 130 for polymerase alpha and 16,600 + 1,310 for polymerase beta. 

Values are the means _+ SEM of 3 determinations unless otherwise noted. 

* ND = not determined. 

and AZT on DNA polymerase beta mediated gap-filling 

repair synthesis. This effect of rIFN-a2a on cellular dThd 

kinase activity has been observed by others using a variety 

of model systems [27, 28, 501. The positive correlation be- 

tween increased dThd kinase activity and increased AZT- 

associated cell growth inhibition is consistent with our pre- 
vious observations that alterations in dThd or AZT me- 
tabolism, which result in an increased intracellular 
AZTTP/dTTP ratio, lead to increased AZT incorporation 
into DNA and cytotoxicity [5, 331. 

A. B. 

i 
.uT+ 

(20 CM) (moo ~“m, rlFN-&?a 

FIG. 5. (A) Results of a representative western blot to detect 
wild-type ~53 protein in HCT-8 cells exposed to AZT and/or 
rIFN-o2a. Cells (2 x 106) were incubated in medium con- 
taining 20 pM AZT alone, 5000 IU/mL rIFN-or2a alone, or 
the combination of AZT + rIFN-ar2a. After 24 hr, the cells 
were harvested and ~53 protein was isolated by microbatch 
affinity chromatography using the Ab-5 antibody. The im- 
mune complexes were resolved by 7.5% SDS-PAGE and 
transferred to nitrocelhdose, which was probed with the 
monoclonal antibody to wild-type ~53, DOa 1. ~53 was then 
visualized by enhanced chemiluminescence. (B) Densito- 
metric analysis of wild-type ~53 expression in HCT-8 cells 
under the exposure conditions described above. Each bar 
represents the mean * SEM of 5-6 western blots. Key: (*) P 
c 0.05 vs control (non-treated) cells, and (**) P 6 0.01 vs 
control cells. 

Our findings that alterations in DNA repair can affect 
AZT cytotoxicity support those of Vazquez-Padua et al. [51] 
and Harrington and coworkers [52], which indicated that 
DNA repair capacity can impact upon cellular sensitivity to 
AZT. In the present study, the effect of rIFN-ol2a on AZT 
metabolism and incorporation into DNA, albeit significant, 
was similar in degree only to that produced when AZT was 
combined with either FUra or MTX [3, 51, combinations 
that produce only additive growth inhibitory effects. There- 
fore, we conclude that it is the added ability of rIFN-ol2a + 
AZTTP to disrupt DNA repair that results in the synergis- 
tic activity observed in this study. 

Of interest, we did not observe major differences in the 
rate of AZT excision from DNA among the exposure con- 
ditions analyzed. This is surprising since AZT excision, me- 
diated by 3’-exonuclease, is reportedly inhibited by el- 
evated AZTMP [51, 521. In the present study, AZTMP 
pools were -2-fold higher in cells exposed to 20 p,M AZT 
plus rIFN~o2a compared with those in cells exposed to 20 
FM AZT alone. The apparent lack of effect of this higher 
AZTMP on AZT excision, however, supports the findings 
of Harrington et al. [52] that under physiological conditions 
for Mg” and Mn”, 1 mM AZTMP (a concentration 
greater than that generated in the present study) inhibited 
3’-exonuclease activity by ~50%. Thus, while the ability of 
AZTMP to inhibit AZT excision from DNA may be rel- 
evant under some exposure conditions, it did not contribute 
to the activity observed in the present study. 

Although AZT excision from DNA was unaltered, we 
have shown that rIFN-o2a, alone or combined with 
AZTTP, directly inhibited polymerase beta activity in a 
cell-free system. Our analysis of the effect of these agents on 
DNA fragmentation/repair in whole cells suggested that 
this inhibitory effect correlated with an impaired ability to 
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repair DNA damage. This supports the findings of Wilson 
and colleagues [53-551, who reported that alterations in the 
expression of DNA polymerase beta are associated with 
changes in cellular sensitivity to selected DNA damaging 
agents. It is fortuitous that, in the present study, the nucleo- 
side analogue AZT contributes to the ability of rIFN-a2a to 
inhibit polymerase beta and also acts as a DNA damaging 
agent; thus, these agents combine to both directly damage 
DNA and inhibit subsequent repair. 

It has been demonstrated that exposing cells to selected 
DNA damaging agents increases the expression of wild-type 
~53 [46-49, 561. This can result in an inhibition of both 
replicative DNA synthesis and progression through the cell 
cycle to allow more effective DNA repair. Since DNA dam- 
age was greater in cells exposed to rIFN-cw2a alone or com- 
bined with AZT, one could predict that exposure to these 
agents would increase expression of wild-type ~53. We were 
surprised to find that exposure to rIF’N-cx2a resulted in a 
decreased expression of wild-type ~53 in both the presence 
and absence of AZT. Functionally, this could result in rela- 
tively unrestricted cell growth in spite of DNA damage, a 
situation that can contribute to the cytotoxicity of this 
combination. Interestingly, these data suggest that func- 
tional DNA polymerase beta may be necessary for the early 
identification of DNA damage and subsequent increase in 
~53 expression. Alternatively, these findings may suggest 
that rIFN-a2a directly reduces ~53 expression by inhibiting 
~53 synthesis or increasing its turnover. Indeed, our recent 
finding that rIFN-cw2a can restore drug sensitivity in a cis- 
platin-resistant human melanoma line supports this later 
contention [38]. Experiments in progress are directed to 
further assessing these possibilities. 

The present findings suggest that a previously unappre- 
ciated mechanism by which IFN-a enhances the cytotox- 
icity of selected DNA damaging agents, such as cisplatin, 
vinblastine, and UV radiation, is its ability to disrupt DNA 
gap-filling repair. Since, in the present study, rIFN-cY2a 
concentrations as low as 500 IU/mL, a concentration that 
is clinically achievable, enhanced the growth inhibitory 
effect of AZT (Fig. l), our findings also suggest that DNA 
repair may be therapeutically manipulated with rIFN-a2a. 
In light of the above data, the suggestive therapeutic ac- 
tivity of FUra/LV + AZT, and the reported efficacy of FUra 
+ LV + IFN-a, we believe evaluation of FUra/LV + AZT + 
rIFN-a2a in patients with advanced cancer is warranted. 

This work was supported by NIH Grants CA 55358 and CA 13943, 
the T. J. Martell Foundation, and the Departments of Medicine at 
Rhode Island and Roger Williams Hospitals. 

References 

1. Fischl MA, Richmann DD, Grieco MH, Gottlieb MS, Vol- 
berding PA, Laskin OL, Leedom JM, Groopman JE, Mildvan 
D, Schooley RT, Jackson GG, Durack DT, King D and the 
AZT Collaborative Working Group, The efficacy of azido- 

thymidine (AZT) in the treatment of patients with AIDS and 
AIDS-related complex. N Engl J Med 317: 185-191, 1987. 

2. Mitsuya H, Weinhold KJ, Furman PA, St. Clair MH, 
Nusinoff-Lehrman S, Gallo RC, Bolognesi D, Barry DW and 
Broder S, 3’-Azido-3’-deoxythymidine (BW A509U): An an- 
tiviral agent that inhibits the infectivity and cytopathic effect 
of human T-lymphotropic virus type III/lymphadenopathy- 
associated virus in vitro. Proc Natl Acad Sci USA 82: 7096- 
7100, 1985. 

3. Brunetti I, Falcone A, Calabresi P, Goulette FA and Damow- 
ski JW, 5-Fluorouracil enhances azidothymidine cytotoxicity: 
In vitro, in viva and biochemical studies. Cancer Res 50: 4026 
4031, 1990. 

4. Darnowski JW and Goulette FA, Increased azidothymidine 
metabolism in the presence of fluorouracil reflects increased 
thymidine kinase activity. Proc Am Assoc Cancer Res 34: 302, 
1993. 

5. Tosi P, Calabresi P, Goulette FA, Renaud CA and Damowski 
JW, Azidothymidine-induced cytotoxicity and incorporation 
into DNA in the human colon tumor cell line HCT-8 is 
enhanced by methotrexate in vitro and in vipio. Cancer Res 52: 
40694073, 1992. 

6. Pressacco J and Erlichman C, Combination studies with 3’- 
azido-3’-deoxythymidine (AZT) plus ICI D1694. Cytotoxic 
and biochemical effects. Biochem Phannacol 46: 1989-1997, 
1993. 

7. Posner MR, Darnowski JW, Calabresi P, Bnmetti I, Corvese 
D, Curt G, Cummings FJ, Clark J, Browne M, Beitz J and 
Weitberg AB, Oral zidovudine, continuous-infusion fluoro- 
uracil, and oral leucovorin calcium: A phase I study. J Natl 
Cancer Inst 82: 1710-1714, 1990. 

8. Posner MR, Darnowski JW, Weitberg AB, Dudley MN, Cor- 
vese D, Cummings FJ, Clark J, Murray C, Clendennin N, 
Bigley J and Calabresi P, High-dose intravenous zidovudine 
with 5-fluorouracil and leucovorin. A Phase I trial. Cancer 
70: 2929-2934, 1992. 

9. Beitz JG, Darnowski JW, Cummings FJ, Browne MJ, Clark 
JW, Bigley JW and Weitberg AB, Phase I trial of high-dose 
infused zidovudine combined with leucovorin and fluoroura- 
cil. Cancer Invest 13: 464-469, 1995. 

10. Posner M, Damowski J, Tessitore J, Bigley J, Parker L, Stuart 
K and Huberman N, A Phase I trial of high dose, intravenous 
zidovudine (AZT) and 5-fluorouracil/leucovorin (FUra/L). 
Proc Am Sot Clin Oncol 12: 162, 1993. 

11. Browne MJ, Beitz J, Clark JW, Cummings FJ, Weitberg A, 
Murray C and Darnowski JW, A Phase I study of zidovudine 
(AZT) combined with methotrexate in patients (pts) with 
advanced cancer. Proc Am Sot Clin Oncol 12: 163, 1993. 

12. Clark JW, Beitz J, Cummings F, Sikov W, Browne M, Akerley 
W, Wanebo H, Weitberg AB, Kennedy T, Bigley J and Dar- 
nowski JW, Phase II study of 5-fluorouracil (5FU), leucovo- 
rin (LV) and azidothymidine (AZT) in patients with meta- 
static colon cancer. Proc Am Sot Clin Oncol 14: 220, 1995. 

13. Goldstein D and Laszlo J, Interferon therapy in cancer: From 
imaginon to interferon. Cancer Res 46: 4315-4329, 1986. 

14. Trotta PP, Preclinical biology of alpha interferons. Semin On- 
col 13: 3-12, 1986. 

15. Lengyel P, Biochemistry of interferons and their actions. 
Annu Rev Biochem 51: 251-282, 1982. 

16. Yan C and Tamm I, Identification of a new interferon-a/p 
inducible DNA-binding protein that interacts with the regu- 
latory element of 2’,5’-oligoadenylate synthetase ME-12 
gene. J Interferon Res 12: 425-430, 1992. 

17. Clark JW and Longo DL, Interferons in cancer therapy. Can- 
cer Updates 1: 1-15, 1987. 

18. Levy D, Larner A, Chaudhuri A, Babiss LE and Darnell JE Jr, 
Interferon-stimulated transcription: Isolation of an inducible 



rIFN-a2a Plus AZT 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

31. 

32. 

33. 

34. 

35. 

gene and identification of its regulatory region. Proc Nut1 Acad 
Sci USA 83: 8929-8933, 1986. 
Rutherford MN, Hannigan GE and Williams BRG, Inter- 
feron-induced binding of nuclear factors to promote elements 
of the 2-5A synthetase gene. EMBO J 7: 751-759, 1988. 
Friedman RL, Manly SP, McMahon M, Kerr IM and Stark 
GR, Transcriptional and post-transcriptional regulation of in- 
terferon-induced gene expression in human cells. Cell 38: 
745-755, 1984. 
Catalda A, Santavenere E, Vitale M, Trubiani 0, Lisio R, 
Tulipano G, Domenicantonio LD, Zamai L and Miscia S, 
Interferon affects cell growth progression by modulating DNA 
polymerase activity. Cell Prolif 25: 225-231, 1992. 
Tanaka M, Kimura K and Yoshida S, Inhibition of mamma- 
lian DNA polymerases by recombinant o-interferon and y-in- 
terferon. Cancer Res 47: 5971-5974, 1987. 
Bergerat J-P, Herbrecht R, Dufour P, Jacqmin D, Bollack C, 
Prevot G, Bailly G, de Garis S, Juraschek F and Oberling F, 
Combination of recombinant interferon alpha-2a and vin- 
blastine in advanced renal cell cancer. Cancer 62: 2320- 
2324, 1988. 
Muss HB, Welainder C, Capanera M, Reavis K, Cruz JM, 
Cooper MR, Jackson DV Jr, Richards F II, Stuart JJ, Spurr CL, 
White DR, Zekan PJ and Capizzi RL, Interferon and doxoru- 
bicin in renal cell carcinoma. Cancer Treat Rep 69: 721-722, 
1985. 
Kemeny N, Younes A, Seiter K, Kelsen D, Sammarco P, Ad- 
ams L, Derby S, Murray P and Houston C, Interferon o2a and 
5-fluorouracil for advanced colorectal carcinoma. Cancer 66: 
2470-2475, 1990. 
Pazdur R, Ajani JA, Patt YZ, Winn R, Jackson D, Shephard 
B, DuBrow R, Campos L, Quaraishi M, Faintuck J, Abbruzzese 
JL, Gutterman J and Levin B, Phase II study of fluorouracil 
and recombinant interferon a2a in previously untreated ad- 
vanced colorectal carcinoma. _I Clin Oncol 8: 2027-203 1, 
1990. 
Schwartz EL, Hoffman M, O’Connor CJ and Wadler S, 
Stimulation of 5-fluorouracil metabolic activation by inter- 
feron-o in human colon carcinoma cells. Biochem Biophys Res 
Commun 182: 1232-1239, 1992. 
Gewert DR, Shah S and Clemens MJ, Inhibition of cell di- 
vision by interferons. Changes in the transport and intracel- 
lular metabolism of thymidine in human lymphoblastoid 
(Daudi) cells. Eur J Biochem 116: 487-492, 1981. 
Houghton JA, Morton CL, Adkins DA and Rahman A, Locus 
of the interaction among 5-fluorouracil, leucovorin, and in- 
terferon-a2a in colon carcinoma cells. Cancer Res 53: 4243- 
4250, 1993. 
Darnowski JW and Goulette FA, Synergistic cytotoxicity 
with alpha interferon and azidothymidine in HCT-8 cells 
reflects increased azidothymidine incorporation into DNA. 
Proc Am Assoc Cancer Res 35: 334, 1994. 
Darnowski JW, Hankinson G and Goulette F, Alpha- 
interferon induced inhibition of DNA repair increases the 
cytotoxicity of azidothymidine in HCT-8 cells. Proc Am Assoc 
Cancer Res 36: 298, 1995. 
Tompkins WAF, Watrach AM, Schmale JD, Schultz RM and 
Harris JA, Cultural and antigenic properties of newly estab- 
lished cell strains derived from adenocarcinoma of the human 
colon and rectum. J Natl Cancer lnst 52: 1101-l 110, 1974. 
Darnowski JW and Goulette FA, 3’-Azido-3’-deoxy- 
thymidine cytotoxicity and metabolism in the human colon 
tumor cell line HCT-8. Biochem Pharmacol 48: 1797-1805, 
1994. 
Kalman TI and Yalowich JL, Studies of the effects of folic acid 
antagonists on thymidylate synthetase activity in intact mam- 
malian cells. Dev Biochem 4: 671-676, 1979. 
Darnowski JW and Handschumacher RE, Tissue uridine 

36. 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 

50. 

51. 

52. 

579 

pools: Evidence in wivo of a concentrative mechanism for 
uridine uptake. Cancer Res 46: 3490-3494, 1986. 
Sharma M, Jain R, Ionescu E and Darnowski JW, Quantita- 
tive analysis of 3’-azido-3’Fdeoxythymidine incorporation 
into DNA in human colon tumor cells. Bioconjug Chem 6: 
536-540, 1995. 
Hengstler JG, Fuchs J and Oesch F, DNA strand breaks and 
DNA cross-links in peripheral mononuclear blood cells of 
ovarian cancer patients during chemotherapy with cyclophos- 
phamide/carboplatin. Cancer Res 52: 5622-5626, 1992. 
Davol PA, Goulette FA, Frackelton AR Jr and Damowski 
JW, Modulation of p53 expression by human recombinant 
interferon cr2a correlates with abrogation of cisplatin resis- 
tance in a human melanoma cell line. Cancer Res 56: 2522- 
2526, 1996. 
Elion GB, Singer S and Hitchings GH, Antagonists of nucleic 
acid derivatives. VIII. Synergism in combinations of bio- 
chemically related antimetabolites. J Biol Chem 208: 477- 
488, 1954. 
Chou TC and Talalay P, Quantitative analysis of dose-effect 
relationships: The combined effect of multiple drugs and en- 
zyme inhibitors. In: Advances in Enzyme Regulation (Ed. We- 
ber G), pp. 27-55. Pergamon Press, New York, 1984. 
Chu E, Zinn S, Boarman D and Allegra CJ, Interaction of 
y-interferon and fluorouracil in the H630 human colon car- 
cinoma cell line. Cancer Res 50: 5834-5840, 1990. 
Furman PA, Fyfe JA, St. Clair MH, Weinhold K, Rideout JL, 
Freeman GA, Nusinoff Lehrman S, Bolognesi DP, Broder S, 
Mitsuya H and Barry DW, Phosphorylation of 3’-azido-3’-de- 
oxythymidine and selective interaction of the 5’-triphosphate 
with human immunodeficiency virus reverse transcriptase. 
Proc Nat1 Acad Sci USA 83: 8333-8337, 1986. 
Waga S and Stillman B, Anatomy of a DNA replication fork 
revealed by reconstitution of SV40 DNA replication in vitro. 
Nature 369: 207-212, 1994. 
Sancar A, Mechanisms of DNA excision repair. Science 266: 
1954-1965, 1994. 
Miller MR and China& DN, The roles of DNA polymerases 
(Y, B and y in DNA repair synthesis induced in hamster and 
human cells by different DNA damaging agents. _I Biol Chem 
257: 10204-10209, 1982. 
Price BD and Park SJ, DNA damage increases the levels of 
MDM2 messenger RNA in wtp53 human cells. Cancer Res 
54: 896-899, 1994. 
Marx J, New link found between p53 and DNA repair. Science 
266: 1321-1322, 1994. 
Milne DM, Campbell LE, Campbell DG and Meek DW, p53 
is phosphorylated in oitro and in viwo by an ultraviolet radia- 
tion-induced protein kinase characteristic of the c-Jun kinase 
JNKI. J Biol Chem 270: 5511-5518, 1995. 
El-Deity WS, Harper JW, O’Connor PM, Velculescu VE, 
Canman CE, Jackman J Pietenpol JA, Burrell M, Hill DE, 
Wang Y, Wiman KG, Mercer WE, Kastan MB, Kohn KW, 
Elledge SJ, Kinzler KW and Vogelstein B, WAFJICIPJ is 
induced in p53-mediated G, arrest and apoptosis. Cancer Res 
54: 1169-l 174, 1994. 
Elias E and Sandoval JM, Interferon effects upon fluorouracil 
metabolism in HL60 cells. Biochem Biophys Res Common 163: 
867874, 1989. 
Vazquez-Padua MA, Starnes MC and Cheng Y-C, Incorpo- 
ration of 3’-azido-3’-deoxythymidine into cellular DNA and 
its removal in a human leukemic cell line. Cancer Commun 2: 
55-62, 1990. 
Harrington JA, Reardon JE and Spector T, 3’-Azido-3’-de- 
oxythymidine (AZT) monophosphate: An inhibitor of exo- 
nucleolytic repair of AZT-terminated DNA. Antimicrob 
Agents Chemother 37: 918-920, 1993. 



J. W. Darnowski et al. 

53. Fort-race AJ Jr, Zmudzka B, Hollander MC and Wilson SH, 
Induction of P-polymerase mRNA by DNA-damaging agents 
in Chinese hamster ovary cells. Mel Cell Biol 9: 851-853, 
1989. 

54. Horton JK, Srivastava DK and Wilson SH, Down-regulation 
of DNA polymerase beta (beta-pal) sensitizes mammalian 
cells to specific DNA damaging agents. Proc Am Assoc Cancer 
Res 35: 394, 1994. 

55. Narayan S, Beard WA and Wilson SH, DNA damage-in- 
duced transcriptional activation of a human DNA polymerase 
beta chimeric promoter: Recruitment of preinitiation com- 
plex in viao by ATF/CREB. Biochemisny 34: 73-80, 1995. 

56. Smith ML, Chen IT, Zhan Q, O’Connor PM and Fomace AJ 
Jr, Involvement of the p53 tumor suppressor in repair of u.v.- 
type DNA damage. Oncogene 10: 1053-1059, 1995. 


