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Abstract-The present study was undertaken to determine whether cytotoxicity by l-@-arab- 
inofuranosylcytosine (ara-C) in LoVo colon carcinoma cells, which are resistant to high concentrations 
of ara-C, would be enhanced by concurrent exposure to hydroxyurea (HU). Since mechanisms underlying 
the effects of HU on ara-C induced cytotoxicity are unclear, we also evaluated the effect of HU on the 
~~o~ration of ara-C into DNA, as well as potential consequences of m~s~co~ration. Our results 
demonstrate that HU synergistically enhances cytotoxicity by ara-C in these cells. This effect was not 
present when HU was combined with aphidicolin, an agent that resembles ara-C in competing with 
dCTP for binding to polymerase alpha but that is not incorporated into DNA. Further, cells exposed 
to HU and ara-C incorporated up to 5-fold as much ara-C into DNA as cells solely treated with ara-C. 
While the extent of inhibition of DNA synthesis was comparable with cells exposed to HU and 
aphidicolin as those treated with HU and ara-C, recovery of DNA synthesis was delayed more 
significantly by the latter combination. These findings suggest that HU syner~sti~lly potentiates ara- 
C induced cytotoxicity by enhancing inco~ration of ara-C in LoVo cell DNA. 

The lethal effects of l-@-D-arabinofuranosylcytosine 
(ara-C) are correlated significantly with the extent of 
am-G inco~rated into DNA during DNA synthesis 
[l-5]. ~inco~orated ara-C acts as a chain ter- 
minator during in ~iuo and in uitro DNA synthesis 

[3-a 
Several approaches have been employed to 

enhance the incorporation of ara-C into DNA in 
order to increase cytotoxicity by this agent. These 
include the use of inhibitors of ~bonucleotide 
reductase and of de novo pyrimidine synthesis to 
increase the formation of ara-C nucleotide pools 
[7,81. 

A prior study demonstrated that hydroxyurea 
(HU) synergistically enhances cytotoxicity by ara-C 
in a human B cell line, in blasts from patients with 
acute leukemia, as well as in murine L1210 leukemia 
[9-101. I-IU reversibly inhibits eukaryotic ribo- 
nucleotide reductase by binding to its B2 protein 
[ll-131. While declines in dATP pools have been 
documented in eukaryotic cells, HU either does not 
affect or increases pools of the other nucleotides 
[14-161. Thus, the effect of HU, unlike that of thy- 
midine, in enhancing ara-C induced cytotoxicity is 
complex and may not be related to declines in dCTP 
pools [9,17]. Further, HU while increasing ara-CTP 
pools decreases the incorporation of ara-C into acid 
insoluble macromolecules of cells in which the com- 
bination causes synergistic cytotoxic effects [9]. In 
contrast, others have demonstrated that HU 
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increases incorporation of ara-C into acid insoluble 
macromolecules, but they did not analyze the effect 
of HU on ara-C induced c~oto~~ty and in~bition 
of DNA synthesis [8]. 

The present study was undertaken to determine 
whether cytotoxicity by ara-C in LoVo colon car- 
cinoma cells, which are resistant to high con- 
centrations of ara-C, was enhanced by concurrent 
exposure to HU [l&19]. Since mechanisms under- 
lying the effects of HU on ara-C induced cytoto~~ty 
are unclear, we also wished to evaluate the effect of 
HU on the incorporation of ara-C into DNA as well 
as potential consequences of misincorporation. 

MAlXW&Ls AND METHODS 

Cell culture. LoVo colon cancer cells were 
obtained from the American Type Culture Col- 
lection (Rockville, MD). Cells were routinely tested 
for mycoplasma and maintained by serial passage in 
Ham’s F-12 medium with 15% fetal calf serum, 100 
units/ml penicillin, and 100 ,ug/ml streptomycin. 

~e~ge~~. Cytosine arabinoside and hydro~urea 
were obtained from Sigma (St. Louis, MO). Aphi- 
dicolin was provided by the Drug Synthesis and 
Chemistry Branch, Division of Cancer Treatment, 
National Cancer Institute. Drugs were prepared in 
medium without serum just prior to use except for 
aphidicolin which was dissolved in dimethyl 
sulfoxide. 

Cytotoxkity. Flasks (25 cm2) (Coming 
Glassworks, Corning, NY) were seeded with lo6 
cells in 10 ml medium, and drug exposure was carried 
out on day 3. Cytotoxicity was analyzed by exposing 
non-confluent cells to drug for 3 hr at 37”. Cells were 
washed twice, trypsinized, and plated on 1OOmm 
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Fig. 1. Cytotoxicity by ara-C and hydroxyurea. LoVo colon carcinoma cells were incubated with no ara- 
C or 1O-8-1O-2 M ara-C either without HU (0) or with HU at 2 X 10e3 M (0) for 3 hr at 37”. Cells were 
washed twice, trypsinixed, and plated. Percent (%) clonogenic survival was analyzed as described in the 
text. Of 1000 cells plated, 276 + 4.65 (SD) colonies were noted in untreated controls. For the other 
figures, the control value varied slightly. Values represent the mean and standard deviations of triplicate 

determinations from a representative experiment. 

petri dishes (Coming Glassworks). Colonies with at 
least 50 cells were counted after incubation for 14 
days at 37”, 5% COZ. Cytotoxicity was determined 
by counting six control plates and three plates for 
each drug treatment. Percent control survival was 
determined by the ratio of colonies formed by treated 
cells as compared to untreated cells multiplied by 
100. Cloning efficiency of the untreated LoVo cells 
was 24% (mean of ten experiments). Experiments 
were done at least twice. Representative experiments 
are shown. 

Incorporation of ara-C into DNA. LoVo cells in 
logarithmic growth phase were exposed to lo-‘- 
10T5 M [3H]ara-C (Amersham International, Amer- 
sham, U.K.) in the presence or absence of hydroxy- 
urea for 3 hr at 37”. Cells were washed twice with 
cold phosphate-buffered saline (PBS) and cells were 
trypsinized. Cells (106) in 2ml PBS were digested 
with 50 ,ug/ml proteinase K and 2 ml of 0.01 M Tris, 
0.01 M EDTA, 0.5% sodium dodecyl sulfate (SDS), 
pH 7.4, for 12 hr at 37”. The solution was extracted 
with phenol, and the aqueous phase was treated with 
50 @g/ml ribonuclease (Sigma) for 90 min at 37”. A 
second phenol extraction was performed, and the 
DNA was precipitated with 0.1 vol. of 4 M NaCl and 
2 vol. of absolute ethanol overnight at 4”. Specimens 
were centrifuged at 2800 rpm for 30 min at 4”. Ali- 
quots were assessed spectrophotometrically at 280 
and 260nm for purity, Samples were then filtered 
on Whatman GF/A filters (Whatman, Maidstone, 
U.K.), and radioactivity was analyzed after the 
addition of 5 ml hydroflour. Results are expressed as 
pmoles [3H]ara-C incorporated per lo6 cells. 

Inhibition of DNA synthesis. LoVo cells in log- 
arithmic rowth phase were incubated with no drug, 
lO-6-lO-k M a h’d’ 1’ p I ICO m in the presence or absence 
of 2 X 1O-3 M HU or 10-6-10-3 M ara-C with or 
without 2 x low3 M HU. 32P (5 pCi/ml) was added, 
and cells were incubated for 3 hr at 37”. DNA was 
isolated as previously described, and samples were 
evaluated for radioactivity. Results are expressed as 
counts per min/106 cells. 

Recovery of DNA synthesis. Cells were treated 
with no drug; 10m4M aphidicolin or 10e4M ara-C 
alone, or in combination with 2 X 10e3 M HU; or 
2 x 10m3 M HU alone. Cells were incubated for 3 hr, 
washed twice, and then exposed to 5 pCi/ml 32P for 
3 and 12 hr at 37”. DNA was isolated as previously 
described, and radioactivity was analyzed. 32P incor- 
poration into DNA/lo6 cells was calculated for each 
treatment group. The experiment was performed 
twice, and a representative experiment is shown. 
Values reuresent the nercent of control DNA syn- 
thesis and are the - mean of duplicate 
minations + standard deviations. 
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J 

0 10-6 10-s lo-' 10-l 1o-2 

aphidicolin [Ml 

Fig. 2. Cytotoxicity by aphidicolin and hydroxyurea. LoVo 
colon carcinoma cells were exposed to no drug or 10e6- 
10v2 M aphidicolin either without HU (0) or with HU at 
2 x 10e3 M (0) for 3 hr at 37”. Cells were washed twice, 
trypsinixed, and plated. Percent (%) clonogenic survival 
was evaluated as described in the text. Values represent the 
mean and standard deviations of triplicate determinations 

from a representative experiment. 
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Fig. 3. Effect of deoxyqtidine on cytotoxicity by ara-C and 
HU. LoVo colon carcinoma cells were incubated with no 
drug or 10-6-10-3 M ara-C (0), 2 X lob3 M HU with either 
no ara-C or 10-6-10-3 M ara-C (O), or 10e5 M dCyd and 
2 X 10m3 M HU with either no ara-C or 10-6-10-3 M ara-C 
(A). Incubations with drug were for 3hr at 37’. Cells 
were washed twice, trypsinized, and plated. Percent (%) 
clonogenic survival was analyzed as described in the text. 
Values represent the mean and standard deviations of 
triplicate determinations from a representative experiment. 

RESULTS 

The effect of HU on ara-C induced cytotoxicity is 
shown in Fig. 1. HU markedly potentiated ara-C 
induced cytotoxicity. In this representative exper- 
iment, the combination of 2 X 10m3 M HU with 
10e4M ara-C increased cytotoxicity 19-fold com- 
pared to treatment with 10e4 M ara-C alone. 

The interaction of HU with ara-C was analyzed 
further by evaluating the effect of HU on aphidicolin 
induced cytotoxicity. Aphidicolin resembles ara-C in 
competing with dCTP for binding to polymerase 
alpha, but differs from ara-C in not being misin- 
corporated into DNA PO]. Figure 2 demonstrates 
that, in contrast to HU and ara-C, HU in com- 
bination with aphidicolin caused less than additive 
cytotoxic effects. 

Differing cytotoxic effects by HU in combination 
with ara-C and aphidicolin suggest that rnisin- 
corporation of ara-C may underlie these results. To 
evaluate this hypothesis, cytotoxicity was analyzed 
after the addition of 10w5M deoxycytidine to cells 
treated with either ara-C or ara-C and HU. We 
reasoned that incorporation of ara-C into DNA 
should be slowed in the presence of increased dCTF+ 
pools and the effect of HU on ara-C induced cyto- 
toxicity abrogated. The representative experiment 
shown in Fig. 3 confirms that 2 x 10m3 M HU caused 
more than additive cytotoxic effects in combination 
with ara-C and further that this potentiation of cellu- 
lar lethality did not occur after treatment with 10e5 M 
deoxycytidine. 

The effect of HU on the incorporation of [3H]ara- 
C into LoVo carcinoma cell DNA is shown in Fig. 
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Fig. 4. Effect of hydroxyurea on the incorporation of 
[3H]ara-C into LoVo cell DNA. Cells were exposed to 
[‘H]ara-C at 10-8-10-6 M with 2 X 10e3 M HU (0) or with- 
out HU (0). Cells were washed twice and trypsinized, and 
DNA was isolated. Results represent the mean of duplicate 
determinations f standard deviation. See Materials and 

Methods for details. 

4. Cells were exposed to 10-8-10-6M 13H]ara-C in 
the presence or absence of 2 X 10m3 M HU for 3 hr 
at 37”. The results demonstrate that HU caused up 
to a 5-fold increase in the incorporation of ara-C into 
the DNA of these cells. Further, the most significant 
increments in incorporation of ara-C into DNA 
occurred in the range of ara-C concentrations where 
cytotoxicity was potentiated most markedly by HU. 

Since both HU and ara-C inhibit DNA synthesis, 
the effects of these agents in combination were 
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Fig. 5. Effect of HU and ara-C on DNA synthesis in LoVo 
ceils. Cells were ex osed 

P 
to no drug or ara-C at 10m6- 

10m2 M with 2 x lo- M HU (0) or without HU (0 . Cells 
were incubated for 3 hr at 37” with drug and 5 ,uCi I ml 32P, 
washed and trypsinized; DNA was isolated and evaluated 
for iteration of radioactivity as described in the text. 
Values represent 3zP incorporation into DNA/lo6 ceIfs 
and are the mean and standard deviations of duplicate 

determinations from a representative experiment. 
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Fig. 6. Recovery of DNA synthesis after exposure of cells to HU in combination with ara-C or 
aphidicolin. LcVo cells were exposed to no drug; lo-’ M aphidicolin (A); lo-’ M aphidicolin and 
2 X lop3 M HU (A); lo-‘M ara-C (0); lo-‘M ara-C and 2 x lo-” M HU (0); or 2 x low3 M HU (0). 
Cells were incubated for 3 hr, washed twice, and then incubated after drug removal with 5 &i/ml 32P 
for 3 and 12 hr at 37”. DNA was isolated, and incorporation of 3zP into DNA was measured as described 
in the text. Values are the percent control DNA synthesis as measured by 32P incorporation into DNA/ 
lo6 cells. The mean of duplicate determinations Z!Z standard deviations are shown from a representative 

experiment. 

analyzed on both DNA synthesis as well as the 
recovery of DNA synthesis after removal of drug. 
Cells were exposed to either 10-6-10-2M ara-C 
alone or 2 x 10S3 M HU in combination with 10m6- 
10d2M ara-C for 3 hr, and DNA synthesis was 
analyzed. Figure 5 demonstrates that a less than 
additive effect on the inhibition of DNA synthesis 
occurred when HU was combined with ara-C. In 
fact, DNA synthesis inhibition by ara-C and HU was 
not significantly different from that caused by HU 
alone in the range of ara-C concentrations in which 
HU markedly potentiates ara-C induced cytotox- 
icity. Effects of HU on the inhibition of DNA syn- 
thesis by aphidicolin also were less than additive 
(data not shown). 

While the incorporation of ara-C into DNA may 
not alter the extent of inhibition of DNA synthesis, 
incorporated ara-C residues could slow the recovery 
of DNA synthesis by causing DNA chain termin- 
ation. To evaluate this possibility, cells were exposed 
to 10m4 M ara-C and 10m4 M a hidicolin in the pres- 
ence and absence of 2 X lo- P M HU for 3 hr and 
washed twice; then the incorporation of 32P into 
DNA was measured over a 12-hr interval. Figure 6 
demonstrates that the combination of ara-C and HU 
markedly inhibited the recovery of DNA synthesis 
up to 12 hr after drug exposure as did, albeit to a 
lesser extent, 10V4 M ara-C alone. In contrast to ara- 
C and I-W, exposure to aphidicolin and HU did not 
inhibit the recovery of DNA synthesis after drug 
removal. 

DISCUSSION 

Our results confirm prior studies demonstrating 
more than additive cytotoxic effects when ara-C is 
combined with HU. Further, in contrast to the pre- 
viously cited reports, our data demonstrate that 
enhanced incorporation of ara-C into DNA in the 

presence of HU likely underlies the effects of HU 
on ara-C induced cytotoxicity [9]. Thus, more than 
additive cytotoxic effects were not seen when HU 
was combined with aphidicolin, an agent that 
resembles ara-C in competing with dCTP for binding 
to polymerase alpha but that is not incorporated into 
DNA [20]. In addition, the incorporation of [3H]ara- 
C into DNA was enhanced up to 5-fold in the pres- 
ence of HU. Lastly, the effects of HU were reversed 
in the presence of 10e5 M dCyd. The latter result 
might be expected if increased pools of dCyd com- 
peted with ara-C for phosphorylation and incor- 
poration into DNA. 

A probable effect of enhanced incorporation of 
ara-C into DNA caused by HU is that, while the 
extent of DNA synthesis is not altered during incu- 
bation with both agents, recovery of DNA synthesis 
is delayed markedly. The latter did not occur after 
treatment with aphidicolin and HU, also suggesting 
that recovery of DNA synthesis is inhibited as a 
result of incorporation of ara-C into DNA. Ara-C 
incorporated into DNA may, because it acts as a 
chain terminator during DNA synthesis, have irre-- 
versible effects on the recovery of DNA synthesis 
after removal of drugs from the medium. A prior 
study, for example, has shown that 10e4M ara-C 
results in the irreversible inhibition of DNA synthesis 
in L1210 murine leukemia cells [5]. Our findings 
demonstrate in LoVo colon cells, that while recovery 
of DNA synthesis was inhibited by 10m4M ara-C, 
this effect was even more marked in the presence of 
HU. 

The mechanisms underlying enhanced incor- 
poration of ara-C into DNA after exposure to HU 
are not known. An effect of HU in lowering dCTP 
pools has not been documented in prior reports and, 
in fact, dCTP pools either do not change or increase 
after HU treatment [ 14-161. An effect by HU on the 
localization of deoxyribonucleotide pools within the 
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cell nucleus, however, may occur, leading to 
decreases in dCTP pools that would prove relevant 
in determining the extent of incorporation of ara-C 
DNA [15]. Another possible mechanism by which 
hydroxyurea may enhance incorporation of ara-CTP 
into DNA is by increasing phosphorylation of ara-C 
perhaps by effects on kinase activity. As yet, no 
evidence has been presented to show that HU 
directly affects enzymes participating in the phos- 
phorylation of ara-C, although ara-CTP pools do 
increase in the presence of HU [9]. Future work will 
be directed at clarifying these potential effects of 
HU. 
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