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ABSTRACT

5-Hydroxytnethyl-2'-deoxyuridine (SHmdUrd) and 1-0-D-arabinofur-

anosylcytosine (Ara-C) had a dose-dependent synergistic or antagonistic
action on growth of human promyelocytic leukemia (HL-60) cells in
suspension culture. For instance, in 3-day cultures, the cell number was
reduced from 100% (with either 100 n\i Ara-C or 10 MMSHmdUrd
alone) to 65% (with 100 n\i Ara-C plus 10 MMSHmdUrd), or from 35%
(with 1.0 MMAra-C alone) to 10% (with 1.0 MMAra-C plus 10 MM
SHmdUrd), compared to the control cultures without drugs. 1.0 and 10
MMSHmdUrd potentiated the incorporation of radioactive Ara-C (1.0
MM)into HL-60 cell nucleic acids in 2-day cultures by 56 and 64%,
respectively. SHmdUrd-induced enhancement of Ara-C incorporation is
one explanation for the synergism of these two drugs. On the other hand,
10 UM Ara-C partially inhibited the toxicity of 100 MM SHmdUrd.
Radioactive SHmdUrd was incorporated into DNA, but not UNA, the
rate being S% of that observed with thymidine. [3H]5HmdUrd-derived

radioactivity remained stable in DNA for at least 24 h, indicating that
the compound was not excised to a significant extent from DNA in these
conditions. The incorporation of Ara-C and SHmdUrd into DNA ap
peared to take place via different pathways, which is a second explanation
for their synergism. Ara-C is the most important drug in the clinical
chemotherapy of acute nonlymphoblastic leukemia. Experience with
SHmdUrd in experimental antileukemia chemotherapy has been prom
ising. This novel combination of antileukemic agents merits further
evaluation.

INTRODUCTION
SHmdUrd3 is a dThd analogue (Fig. 1) having biological

activity against bacteria and various mammalian cells in culture
(1-3). We have recently demonstrated that the compound has
antileukemic activity against seven different human leukemia
cell lines in vitro (B-cell ALL, T-cell ALL, null-cell ALL, acute
promyelocytic leukemia, erythroleukemia, monoblastic leuke
mia, and Burkitt's lymphoma) (4). Furthermore, the compound

also has a promising antileukemic activity as a single agent in
vivo; two daily i.p. injections of 100 mg/kg given for five
successive days resulted in long-term remissions and in an 238%
increase in the median life-span of mice bearing leukemia
LI210 (5, 6). This treatment schedule resulted in only tempo
rary hematological side-effects such as neutropenia and throm-
bocytopenia (6). Selectivity of SHmdUrd towards malignant
cells has also been noted in vitro; the concentrations of
SHmdUrd required to bring about S0% inhibition of the prolif-
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eration of human benign I evils were higher than those required
with the seven different human leukemia cell lines listed above
(4).

In addition to the interesting and promising pharmacological
properties of SHmdUrd, the compound has gained attention as
one of the major Thy derivatives induced by ionizing irradiation
(7,8) or by tumor promoters (9) in DNA. It would be important
to know what role, if any, SHmdUrd might have in radiation
carcinogenesis and how much SHmdUrd-irradiated or carcin
ogen-exposed cells can tolerate in their DNA. Owing to the
complexity of DNA irradiation products, ionizing irradiation
itself cannot be utilized as the experimental tool in clarifying
this problem.

A third major aspect of SHmdUrd metabolism, which is
currently poorly understood, is the stability of the compound
in DNA. SHmdUrd is a natural constituent of DNA in certain
Bacillus subtilis phages, substituting for Thy (10-12). Some
SHmdUrd is also found in the DNA of certain dinoflagellates
(13). Hence, the compound can be incorporated into DNA and
its presence per se does not prevent the various functions of
DNA. On the other hand, SHmdUrd is highly mutagenic in
bacterial tests (14) and it has been reported that eukaryotic cells
may contain glycosylase activity capable of excising SHmUra
from DNA (IS). Incorporation into DNA and subsequent re
moval by a glycosylase might have a role in the toxicity of
SHmdUrd.

The biochemical mechanisms of action and the cellular me
tabolism of SHmdUrd are poorly understood. DNA incorpo
ration of SHmdUrd has been demonstrated with animal (16-
18) and human (4) cells /// vitro. We have recently demonstrated
a similarity between dThd and SHmdUrd; the toxicity of both
of these analogues can be reversed by exogenous dCyd (see Fig.
1). Both SHmdUrd and dThd increased the incorporation of
radioactive dCyd into the triphosphate pool and into the DNA
of HL-60 cells (5). Thus, it is conceivable that SHmdUrd might
also have interesting interactions with a close dCyd analogue
or Ara-C (Fig. 1), which is the major drug in successful treat
ment of acute nonlymphoblastic leukemia (19).

The experiments described in this report focus on the phar
macological actions and interactions of SHmdUrd and Ara-C.
Furthermore, the biochemical disposition, incorporation into
DNA, and stability in DNA of SHmdUrd in HL-60 human
promyelocytic leukemia cells is described.

MATERIALS AND METHODS

Cell Culture and Cytotoxicity. The human promyelocytic leukemia
cell line (HL-60) was a gift from Professor Leif Andersson, Department
of Pathology, University of Helsinki. The cells did not contain Myco-
plasma, when assessed with benzimidazole stain directly. The cocultur-
ing of HL-60 cells with a mycoplasma-sensitive monkey cell line (!,<('

MK2) showed that the HL-60 cell line was not infectious. The Myco-
plasma tests were performed in collaboration with Ms. Hanna Tuokko,
M.Sc., Department of Medical Microbiology, University of Oulu.

The toxicity of SHmdUrd and Ara-C against HL-60 cells was as
sessed by adding the indicated initial concentrations of the test com-
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Fig. 1. Chemical structures of dThd, SHmdUrd, dCyd, and Ara-C, and their
possible metabolic pathways from the deoxyribonucleoside level to mono-, di-,
and triphosphates, and into DNA.

pounds to cultures in 96-well microplates, 10,000 cells per 200-/il well.
Cells were cultured in RPMI 1640 medium containing glutamine (2
HIM),penicillin (100 U/ml), streptomycin (100 Â¿ig/ml),and fetal calf
serum (10%, v/v). Other conditions were; humidified atmosphere con
taining 5% CÃ›2at 37Â°C.The cells were allowed to proliferate for 1-4

days, after which cell counting was performed hemocytometrically using
trypan blue as an indicator for living cells.

The effects of SHmdUrd and Ara-C were also investigated by assess
ing the protein synthesis of the HL-60 cells using [14C]leucine incor
poration. The cells were cultured as described above, but [U-I4C]-L-

leucine (specific activity, 1.3 mCi/mmol and 0.5 /iCi/ml) was added to
the cultures for the final 24 h of the 3-day culture period. After
incubation the proteins were precipitated with 0.2 N perchloric acid
and collected on glass fiber niters using a multiple cell harvester (Cell
Harvester D-001, Flow Laboratories). The radioactivity incorporated
into proteins was measured in a scintillation spectrophotometer (LKB-
Wallac, 81,000). The incorporation of [l4C]leucine per cell remained

constant during the final 24 h of culture and there was a good correla
tion between cell number and [MC]leucine incorporation per cell (5).

Materials. Bases, nucleosides, and nucleotides were purchased from
the Calbiochem-Behring Corp. (La Julia, CA) or from the Sigma
Chemical Co. (St. Louis, MO). SHmdUrd (M, 258.2) was from Sigma.
The purity of the compound was checked by high-performance liquid
chromatography as described in detail elsewhere (6). No contaminating
Ura, dUrd, SHmUra, or dThd was detected. A minor peak (<0.5%)
was observed corresponding to that of Thy. SHmdUMP was synthe
sized enzymatically from SHmdUrd employing wheat shoot phospho-
transferase, with /Â»-nitrophenolphosphate as a phosphate donor (20).
SHmdUDP and SHmdUTP were synthesized and isolated as described
by Smith and Khorana (21). Cesium sulfate, DNase I, RNase, and
snake venom phosphodiesterase were also from Sigma; calf intestinal
alkaline phosphatase and proteinase K were from Boehringer-Mann-
heim GmbH (Mannheim, West Germany); [5-3H]Ara-C (specific activ
ity, 30 Ci/mmol), [U-'4C]L-leucine (348 mCi/mmol), and [methyPW]

dThd (47 Ci/mmol) were from the Radiochemical Centre (Amersham,
UK). [6-3H]5HmdUrd was from Moravek Biochemicals, Inc. (Brea,

CA). The purity of the compound was higher than 99% as checked by
three different TLC systems (4). RPMI 1640 culture medium, L-
glutamine, penicillin, streptomycin, and fetal calf serum were obtained
from GIBCO Europe Ltd. (Middlesex, UK); TLC plates were from E.
Merck (Darmstadt, West Germany); microtiter culture plates were from
Sterilin (Middlesex, UK); glass fiber filters (Titertek Cell Harvester
Filters) were from Flow Laboratories; Instagel-II Scintillation liquid
was from the Packard Instrument Company Inc. (Dovers Grove, IL).

Stability of Incorporated ('HJSHmdl rd and |'H|dIhd in Nucleic
Acids. HL-60 cells (167 x lO'/ml) were suspended in RPMI 1640

culture medium containing 10% dialyzed fetal calf serum and incubated
at 37Â°Cwith either 10 JIM(80 MCi/mI) [3H]5HmdUrd or [3H]dThd for

30 min, after which the cells were washed once with warm PBS (1000
x g for 1 min) (Table 1). The cells were resuspended in the same
medium without radioactive nucleosides and further incubated up to 1,
3, and 24 h. After various incubation periods, the cells were washed

Table 1 Distribution of radioactivity in HL-60 ceil cultures exposed to f'HJ-
SHmdUrd and f'HJdThd

HL-60 cells (167 x 10'/ml) were exposed for 30 min to 10 Â»IM(80 ^Ci/ml)
[3H]5HmdUrd and [3H)dThd. The cells were washed with PBS and a proportion

of them extracted with 60% methanol for soluble intracellular metabolites.
Another part was dissolved in water and the nucleic acids were precipitated with
0.2 N perchloric acid. The radioactivities of different compartments were meas
ured.

Radioactivity
(% oftotal)"CompartmentSupernatant

culture medium
Methanol-extract
Acid precipitateSHmdUrd96.60

(4.2)
2.34 (0.2)
1.03(0.1)dThd73.50

(2.8)
6.30 (0.4)

20.10(2.6)
' Mean (SD) of six individual determinations.

Table 2 Incorporation off'HJSHmdUrd into the nucleoside triphosphate pool

and into the DNA of human promyelocytic leukemia cells
HL-60 ceils (167 x 106/ml) were exposed for 30 min to 10 MM(80 (iCi/ml)

|'lI|5IImdl.'rd. Intracellular nucleotides were extracted with 60% methanol,

triphosphates were resolved on TLC, eluted from the plate and hydrolyzed to
their constituent deoxyribonucleosides by alkaline phosphatase. Macromolecular
DNA was isolated by standard procedures (22) and hydrolyzed to its constituent
deoxyribonucleosides by DNase I, snake venom phosphodiesterase, and alkaline
phosphatase. The nucleosides were further separated by two-dimensional TLC;
the first dimension was developed with butanol/ammonia/water (86:4:10), and
the second dimension with butanol/water (86:14).

R,dimensionMarker"dGua

SHmdUrd
SMedCyd
dCyd
dUrd
dAde
dThd1st0.12

0.19
0.33
0.44
0.51
0.27
0.542nd0.27

0.36
0.30
0.36
0.42
0.49
0.63Radioactivity(%

oftotal)*Triphosphatebg<

96.2 (2.4)
bg
bg
bg
bg

3.8 (2.4)DNAbg

92.6 (6.8)
bg
bg
bg
bg

7.4 (6.8)
"dGua, deoxyguanosine; dAde, deoxyadenosine; SMedCyd, 5-methyl-2'-de-

oxycytidine.
* Mean (SD) of two independent assays, each performed in triplicate. 2000-

3000 cpm of total radioactivity was used per chromatography.
' bg, radioactivity was within the range of background radioactivity: 30 (mean)

Â±6 (2SD) cpm.

with ice-cold PBS. Cellular material was dissolved in 666 ftl of water.
Nucleic acids were precipitated in a final volume of 1 ml and washed
once with 0.2 N perchloric acid. The precipitates were dissolved in 10
u\ of l N NaOH, diluted with 1 ml of water, and the radioactivity was
counted.

Metabolite Analysis. The cells were incubated for 30 min with
radioactive SHmdUrd and dThd as described in the preceding para
graph. The supernatant incubation medium was stored at -20Â°C for

further analyses. The cell pellet was washed once with ice-cold PBS
(1000 x g for 1 min) and the intracellular metabolites were extracted
twice for 10 min with 60% methanol at 30"C. The extracts were

combined and nonsoluble material was precipitated by centrifugation
(10,000 x g for 15 min). The clear supernatant, containing the soluble
intracellular metabolites, was stored at â€”20Â°Cand used for further

analyses.
The metabolites were separated by TLC, together with marker mol

ecules. Ion-exchange chromatography on PEI-cellulose plates was used
for separation of phosphorylated compounds from bases and nucleo
sides; the chromatograms were developed with 0.4 N LiCl. The sepa
ration of different marker molecules is illustrated below (Fig. 4). In this
chromatography system, dTMP coelutes with SHmdUMP, dTDP with
SHmdUDP, and dTTP with SHmdUTP. The bases and deoxyribonu
cleosides were separated by partition TLC on cellulose plates using
one-dimensional development with butanol/water (86:14). Alterna
tively, two-dimensional development was used for nucleoside separa
tion. The first dimension was developed with butanol/ammonia/water
(86:4:10), and the second dimension in a perpendicular direction was
developed with butanol/water. The Rf values are given in Table 2. After
development, the positions of the known marker molecules were
marked under U.V. light with pencil, the plates were cut and the
radioactive compounds eluted for l h or longer with 0.7 M MgCl2, pH
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7.S (PEI-cellulose plates) or with water (cellulose plates).
Triphosphate Separation and Hydrolysis. The intracellular triphos-

phates were separated as described in the previous paragraph. The PEI-
cellulose material was scraped from the plates into test tubes, the
triphosphates eluted into 50 Â¿ilof 0.7 M MgCl2 (pH 7.5), centrifuged
(10,000 x g for 15 min), and the remnants of the triphosphates were
further eluted with 450 p\ of 50 min Tris-HCl (pH 8.3). The Ã©lÃ»teswere
combined and complete hydrolysis to nucleosides was performed in this
mixture directly with alkaline phosphatase for 3 h at 37'C; 4 units of

alkaline phosphatase were used per mill Â¡liter.The macromolecules were
then precipitated with 2 vol of ethanol in an ice-bath for 15 min. After
centrifugal ion (10,000 x g for 15 min) the supernatant nucleosides
were further analyzed by TLC on cellulose plates as described above.

Effects of SHmdUrd on Incorporation of (3H]Ara-C into Nucleic Acids.
HL-60 cells (105/ml) were cultured for 48 h in the presence of 1.0 ^M
[3H]Ara-C (2 pCi/ml) and 0, 1.0, 10, and 100 ^M SHmdUrd. The living

cells were then counted hemocytometrically using trypan blue dye
exclusion. The radioactivity incorporated into nucleic acids was deter
mined after precipitation and washing with 0.2 N perchloric acid
essentially as described above.

Isopyknic Ultracentrifugation. The exponentially growing HL-60
cells (167 x 106/ml) were exposed for 30 min to [3H]5HmdUrd (10
UM, 80 /iCi/ml). The cells were washed twice with ice-cold PBS, and
the nucleic acids were isolated employing standard procedures (22).
DNA and RNA were further separated by isopyknic banding in cesium
sulfate, essentially as described by Birnie (23). In short, the samples
were dissolved in 4.5 ml of cesium sulfate solution in Tris-HCl buffer
(50 m.M,pH 7.5) containing 5 HIMEDTA. The initial density was 1.54
g/cm3 and the refractive index was 1.3775. The samples were centri
fuged at 25'C for 68 h at 45,000 rev/min in an MSE 10 x 10 Ti fixed-

angle rotor. Fractions of 10 drops each were collected from the bottom
of the tubes. The DNA had a density of approximately 1.43 and RNA
had a density of approximately 1.65 g/cm3.

Enzymatic Digestion of DNA. HL-60 cells (167 x IO"/ml) were
exposed to 10 JIM (80 Â¿iCi/ml)[3H]5HmdUrd for 30 min at 37'C in

RPMI 1640 culture medium plus 10% dialyzed fetal calf serum. DNA
was isolated by standard procedures (22). DNA was hydrolyzed to its
constituent deoxyribonucleosides: first with pancreatic DNase I [l mg/
ml in Tris-HCl buffer, 50 m\i (pH 8.3), containing 10 HIMMgCl2] for
2 h. Snake venom phosphodiesterase (50 Â¿ig/ml)was added and the
hydrolysis was allowed to proceed for 1-3 h at 37'C. Finally, alkaline

phosphatase was added (50 units/ml) for 3-16 h. The proteins were
precipitated with 2 vol of ethanol and pelleted by centrifugation (10,000
x g for 15 min). The supernatant nucleosides were further analyzed by
two-dimensional TLC as described above.

RESULTS

Cytotoxicity. The effects of SHmdUrd and Ara-C, alone and
in combination, on survival of HL-60 cells in suspension culture
was investigated. The toxicity of 100 MMSHmdUrd and 1.0 MM
Ara-C was clearly seen after the first day of culture (Fig. 2). 10
MMSHmdUrd did not inhibit growth when used alone. Simi
larly, 10 and 100 nM Ara-C did not clearly inhibit the growth
of HL-60 cells when used alone. However, a synergistic growth
inhibitory action and killing effect of SHmdUrd and Ara-C was
noted when they were used in combination; the synergism was
seen on Day 2 [Ara-C (1.0 MM)plus SHmdUrd (10 MMand 100
MM)],on Day 3 [Ara-C (100 nM) plus SHmdUrd (10 MMand
100 MM);Ara-C (1.0 MM)plus SHmdUrd (100 MM)],and on Day
4 [Ara-C (10 HM) plus SHmdUrd (100 MM);Ara-C (100 HM)
plus SHmdUrd (10 MM and 100 MM); Ara-C (1.0 MM) plus
SHmdUrd (10 MMand 100 MM)].

A low concentration of Ara-C (10 HM)partially inhibited the
toxicity of SHmdUrd when the initial concentration of
SHmdUrd was 100 MM. This antagonism was demonstrable
only on Days 2 (10 HMand 100 nM Ara-C) and 3 (10 HMAra-
C) of culture (Fig. 2). A very similar pattern was seen when
[MC]leucine incorporation per culture instead of cell number

0 0.01 0.1 1.0

0 0.01 01 10

0 001 01 10

0.01 01 10

ARA-C CONCENTRATION ( ||M )

Fig. 2. Effects of SHmdUrd and Ara-C, separately and in combination, on the
growth of HL-60 cells. Numbers of living cells at 1, 2, 3, and 4 days. â€¢,no
SHmdUrd; G. 10 (,M SHmdUrd, D; 100 *<MSHmdUrd. Mean of four individual
determinations; han. SD; arrows, synergism and antagonism of the compounds.
f, antagonism; L synergism. horizontal lines, reference levels. The reference level
for synergism and antagonism is the number of cells in cultures containing only
one of the drugs, at the same concentration as in the pertinent culture. Of the
two possible reference cultures, the one containing the lower cell number was
chosen.
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Fig. 3. [>4C]Leucine incorporation per culture on Day 3 was determined as
described under "Materials and Methods." (O) no SHmdUrd, (A) 1.0 MM

SHmdUrd, (â€¢)10 MMSHmdUrd, (A) 100 MMSHmdUrd. Mean of four individual
determinations. The coefficient of variation was less than S% at each point.

was determined (Fig. 3). Dose-dependent synergism/antago-
nism of SHmdUrd and Ara-C was also observed with other
human leukemia cell lines, such as Molt-4 (T-cell ALL) and
Nall-1 (null-ALL) (results not shown).

Incorporation of SHmdUrd Compared to dThd. HL-60 cells
were exposed to [3H]5HmdUrd and to [3H]dThd for 30 min,
and the amount of radioactivity incorporated into the methanol-
extractable intracellular compartment and into the acid-precip-
itable nucleic acid fraction was measured (Table 1). The ratios
of radioactivity of SHmdUrd/dThd in various compartments
were 1.31 (extracellular culture medium), 0.31 (intracellular
soluble metabolites), and 0.051 (nucleic acid fraction). Further
more, analysis of metabolites in the culture medium revealed
that 55.4 (so 6.3, N = 3) % of the SHmdUrd and 50.5 (so 1.2,
W = 3) % of the dThd were hydrolyzed to their corresponding
bases.

Metabolism of SHmdUrd. HL-60 cells were exposed for 30
min to 10 MM(80 MCi/ml) [3H]5HmdUrd and, for comparison,
to an identical amount of [3H]dThd. The intracellular metabo-
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lites were extracted with 60% methanol and analyzed by TLC.
The results in Fig. 4 show that approximately 30% of the
SHmdUrd-derivatives cochromatographed with the phospho-
rylated metabolite fraction, whereas that fraction represented
approximately 90% of the dThd derivatives (for total radioac
tivity distribution, consult Table 1). Furthermore, similar dis
tributions of radioactivity among mono-, di-, triphosphates, as
well as among bases and deoxyribonucleosides, were observed
in SHmdUrd-exposed and in dThd-exposed cultures (Fig. 4).

Incorporation of SHmdUrd into Nucleic Acid. HL-60 cells
were exposed to [3H]5HmdUrd for 30 min, and the nucleic acid

was isolated and analyzed by isopyknic ultracentrifugation. The
labeled compound was incorporated into the fractions corre
sponding to DNA (Fig. 5).

The chemical nature of the radioactivity incorporated into
DNA was further analyzed; highly purified macromolecular
DNA, containing 1000 dpm of [3H]5HmdUrd/;ug of DNA, was

hydrolyzed enzymatically to its constituent deoxyribonucleo
sides, which were then resolved by two-dimensional TLC. A
comparison was made with the intracellular triphosphate frac
tion, which was first isolated and enzymatically hydrolyzed to
constituent deoxyribonucleosides. The results in Table 2 illus
trate that most of the radioactivity was found in the SHmdUrd
fraction, although the percentage of radioactivity in the dThd
fraction was higher than that expected on the basis of slight
[3H]dThd/dUrd contamination (<1%) in the original [3H]-

SHmdUrd preparation.
Stability of SHmdUrd in DNA. HL-60 cells were exposed to

[3H]5HmdUrd and to [3H]dThd. After a 30-min incubation

period the cells were washed, and, in order to assess the stability
of radioactivity, incorporated into nucleic acids, the cells were
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Fig. 4. Radiochromatographic analysis (TLC) of 60% methanol-soluble me
tabolites extracted from HL-60 cells after exposure to 10 ,<M(80 fiCi/ml) ['II]
SHmdUrd (A and Q and [3H]dThd (B and D). A and B, TLC on cellulose plates
developed with butanol/water (84:16); C and J>. TLC on PEI-cellulose plates
developed with 0.4 N LiCl. The locations of marker molecules are indicated above
and they also apply to the lower parts of the figure. (For total radioactivities,
consult Table 1). Columns, mean of three individual determinations; Aun, SD.
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Fig. 5. Isopyknic cesium sulfate gradient ultracentrifugation analysis of total
nucleic acids (-O-) and DNA (-â€¢-)isolated from HL-60 cells exposed to 10 UM
(80 /iCi/ml) [3H]5HmdUrd for 30 min. Arrows, banding densities of RNA and
DNA isolated from HL-60 cells.
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Fig. 6. Nucleic acid incorporation and retention of radioactivity derived from
[3H]5HmdUrd and from [3H]dThd in HL-60 cell cultures. The cells (167 x IO6/
ml) were exposed for 30 min to 10 MM(80 fiO/ml) [3H]SHmdUrd and [3H]dThd.
The cells were then washed with PBS and recultured without exogenous nucleo
sides for up to 1, 3, and 24 h. The amounts of radioactivity incorporated into
nucleic acids were measured from aliquots representing 833,000 cells; the cells
were washed twice with PBS, nucleic acids were solubili?.Â«!with water and
precipitated with 0.2 N perchloric acid, and the radioactivity was measured.
Points, mean of two different experiments run in triplicate; bars, SD.

further incubated up to 1, 3, and 24 h under routine culture
conditions. The nucleic acid was then precipitated and the
radioactivity measured. The results in Fig. 6 demonstrate that
the profile of radioactivity retention in [3H]5HmdUrd-exposed
cultures was nearly identical to that of [3H]dThd-exposed cul

tures.
Effect of SHmdUrd on Ara-C Incorporation. The effect of

SHmdUrd on the nucleic acid incorporation of [3H]Ara-C was
investigated by continuous labeling of HL-60 cells with radio
active Ara-C (1.0 Â¿IM).SHmdUrd (1.0 and 10 /Â¿M)potentiated
the incorporation of Ara-C into HL-60 cells (56 and 64%,
respectively) as shown in Fig. 7.

DISCUSSION

The cytotoxicity of SHmdUrd has been known for over 30
years (1-3), but early experiments with the compound were
discouraging. For instance, human cancer, as exemplified by
He La cells, was resistant to 100 JUMSHmdUrd and the com
pound appeared to be very toxic to mice in vivo (2). A systematic
investigation of the antileukemic potency of SHmdUrd has
been carried out in this laboratory. The results seem promising:
(a) the compound is active against several types of human
leukemia in vitro with some selectivity (4); (b) the compound is
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Fig. 7. Effect of various concentrations of SHmdUrd on uptake of radiolabeled
(1.0 MM;2 /iCi/ml) Ara-C into nucleic acids of HL-60 cells. The 1 ml cultures
containing 10*cells were initiated in the presence of the indicated concentrations
of nonradiolabeled SHmdUrd and radioactive Ara-C. The cells were cultured for
2 days, washed twice with PBS and the cell counts were made hemocytometrically
using trypan blue exclusion as an indicator for living cells. The nucleic acids were
solubilized with water and precipitated with 0.2 N perchloric acid, and the
radioactivity was counted. Points, mean of four individual determinations; bars,
SD.

very effective as a single agent in vivo in the mouse leukemia
LI210 model, with minor hematological side-effects (6); and
according to previous preliminary observations, (c) the com
pound has interesting interactions with Ara-C (24). Ara-C is
the most important drug in the clinical chemotherapy of acute
non-lymphocytic leukemia (19).

The results of the present investigation revealed synergism
between SHmdUrd and Ara-C. 100 nM Ara-C and 10 n\i
SHmdUrd were not clearly toxic when tested in suspension
culture of HL-60 cells separately, but in combination the treat
ment resulted in 30-40% inhibition of cell growth. Similarly, a
considerable potentiation of toxicity was demonstrable when
10 n\i SHmdUrd was combined with 1.0 MMAra-C, i.e., with
clinically achievable Ara-C concentrations (see Ref. 25). A body
of evidence suggests that one of the plausible mechanisms
behind this potentiation is an increased uptake of Ara-C caused
by SHmdUrd. We have shown previously that SHmdUrd
greatly enhanced the incorporation of dCyd into the triphos-
phate pool and into the DNA of HL-60 cells in short-term
culture (5). The present work demonstrated a considerable
potentiation of Ara-C (1.0 n\i) net incorporation into nucleic
acids with 1.0 Â¿tMand 10 /IM SHmdUrd. In addition to incor
poration itself, SHmdUrd may also have other effects on Ara-
C metabolism. A DNA repair enzyme activity has been de
scribed recently that removes Ara-C residues from DNA (26).
It is possible that a flanking SHmdUrd residue might inhibit
this removal and hence facilitate the retention of Ara-C in
DNA.

The synergism between SHmdUrd and Ara-C may be possible
even without the enhancement of Ara-C net incorporation, since
these two toxic compounds might be incorporated into DNA
via different pathways (see Fig. 1); Ara-C is a known dCyd
analogue employing deoxycytidine kinase in its metabolism
(27), whereas SHmdUrd is apparently phosphorylated by thy-
midine kinase (28). It remains to be clarified whether the
mechanism of enhancement of Ara-C incorporation by
SHmdUrd is based on dCDP starvation. We have speculated
previously that the triphosphate of SHmdUrd might have a
similar negative feedback effect on the enzyme ribonucleotide
reducÃaseas has dTTP (5).

The present work demonstrated that 10 nM Ara-C partially
inhibited the toxicity of 100 MMSHmdUrd. Preliminary unpub
lished information from our laboratory points to the possibility
that although 10 nM Ara-C does not reduce HL-60 cell num
bers, it nevertheless temporarily slows down the cell cycle
during the first day of culture; this may prevent the incorpora

tion of SHmdUrd into every cell of the population. This re
markable antagonism with a low Ara-C concentration requires
further clarification, since it may hamper the possibility of
chemotherapy with otherwise promising 5HmdUrd/Ara-C
combinations. Although not observable in cell numbers, the
effect of 10 nM Ara-C was seen when total protein synthesis of
HL-60 cells per culture was assessed.

The nucleic acid incorporation rate of SHmdUrd in the
present assay system was approximately 5% of that of dThd.
This figure is similar to those observed previously; 0.7-13.3%
in Ehrlich ascites carcinoma cells (16), 3% in V79.5 Chinese
hamster cells (17), and 0.03-18.9% in V79 Chinese hamster
cells (18). The present data revealed no block in the salvage
pathway from SHmdUrd to DNA, and the relative amounts of
various phosphorylated SHmdUrd metabolites corresponded
roughly to those of dThd. Nevertheless, the behavior of
SHmdUrd derivatives as substrates for individual salvage path
way enzymes (see Fig. 1) remains to be investigated.

The pyrimidine metabolism of human HL-60 cells appears
to be very different from that of the V79.5 Chinese hamster
cells employed by Kaufman for metabolic studies of SHmdUrd.
For instance, the cytotoxicity of SHmdUrd can be fully reversed
by dCyd in HL-60 cells (5) but not in V79.5 cells (17). This
may indicate that SHmdUrd and Ara-C do not necessarily have
synergism in all types of cells. Furthermore, HL-60 cells hydro-
lyzed SHmdUrd and dThd to their corresponding bases at a
comparable rate in the present living cell system, although in
an optimized living HL-60 cell system (S), and with an extracted
thymidine phosphorylase enzyme (29), dThd appeared to be a
better substrate than SHmdUrd. In contrast, Kaufman observed
no free Thy in cells exposed to ['H]dThd, although free
SHmUra was easily detected in cultures exposed to ['H]-

SHmdUrd (17). Hence, it was unlikely that a thymidine phos
phorylase activity was involved, and Kaufman postulated that
SHmdUrd was first phosphorylated to its monophosphate and
then degraded to SHmUra, possible via the action of a new
enzyme, hydroxymethyldeoxyuridylate phosphorylase (17). In
spite of this activity, a marked accumulation of SHmdUMP in
V79.5 cells was observed. dTMP was not similarly accumulated
in V79.5 cells (17), nor was SHmdUMP in HL-60 cells studied
in the present investigation. The formation of free bases from
the corresponding deoxyribonucleosides dThd and SHmdUrd
appeared to be equal in HL-60 cells, as shown previously (5) as
well as in this work. Hence, the catabolism of dThd and
SHmdUrd in HL-60 cells can be explained by thymidine phos
phorylase activity alone. The occurrence of a novel SHmdUMP
phosphorylase requires further investigation. The degradation
of SHmdUrd to SHmUra is an important detoxification route,
since even 100 MMSHmUra was not toxic to HL-60 cells in a
previous study (5).

SHmdUrd was incorporated into DNA, not into RNA. and
the radioactivity in DNA hydrolysates cochromatographed with
SHmdUrd, i.e., the compound had maintained its original
chemical structure. There was also some radioactive dThd in
the triphosphate fraction as well as in the DNA of HL-60 cells
exposed to [3H]5HmdUrd. The presence of radioactive dThd

could entirely be the result of the slight contamination (<1%)
of radioactive dThd and dUrd in the original [3H]5HmdUrd

preparation.
HL-60 cells retained [3H]5HmdUrd-derived radioactivity in

their DNA as well as [3H]dThd-derived activity for 24 h. Hence,

excision repair of SHmUra was not operative or it was very
slow in HL-60 cells exposed to 10 MMSHmdUrd. SHmUra-
DNA glycosylase, capable of excising SHmUra from SP01
phage DNA substrates, has been described in eukaryotic cells

3121

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/11/3117/2431433/cr0480113117.pdf by guest on 19 M

ay 2023



SHmdUrd AND Ara-C

(15, 18, 30). This enzyme may have a crucial role in excising
SHmUra from DNA. It may conceivably prevent mutagenesis
or carcinogenesis linked to transformation of DNA Thy to
SHniUra resulting from ionizing irradiation or other carcino
genic mechanisms. The situation with human HL-60 cells was

similar to that observed with Escherichia coli and B. subtilis,
since the bacterial extracts did not effect removal of SHmUra
from SP01 phage DNA, although the same extracts did remove
uracil from PBS phage DNA, which contains Ura in place of
Thy (31). Expression of another excision repair enzyme, uracil-
DNA glycosylase, is nearly ubiquitous. For instance, the en
zyme is present in all kinds of human hematopoietic cells (see
Ref. 32 and references therein). This enzyme is very effective
and the demonstration of dUrd incorporation into DNA has
been extremely difficult (33, 34). HL-60 cells show high uracil-
DNA glycosylase activity (32) and, hence, they are not entirely
deficient in base excision repair pathways. We have made direct
comparisons of SHmUra-DNA glycosylase versus uracil-DNA
glycosylase activities in extracts obtained from HL-60 cells and
human mitogen-stimulated lymphocytes. The results demon
strated that 5HmUra-DNA glycosylase activity, if any, was less
than 1% compared with uracil-DNA glycosylase activity.4 These

data are in agreement with those presented by Boorstein and
coworkers; the ratio of SHmUra-DNA glycosylase to uracil-
DNA glycosylase was 0.59/480 for Hela cells, 0.76/270 for
V79 cells, and 0.50/380 for human fibroblasts (30). It remains
to be clarified whether the lack of demonstrability of a signifi
cant SHml.lra excision repair pathway in HL-60 cells was
associated with the nature of the cell line or the substrate type
(SHmUra incorporated into "normal" DNA versus SP01 phage

containing 5HmUra as a natural Thy substituent).
We conclude that SHmdUrd has promising biochemical and

pharmacological characteristics and that 5HmdUrd/Ara-C is a
novel antileukemic combination which merits further evalua
tion.

ACKNOWLEDGMENTS

We thank Dr. Nicholas Bolton who has carefully revised the English
of this article.

REFERENCES

1. Green, M., Burner, H. D., and Cohen, S. S. Studies on the biosynthesis of
bacterial and viral pyrimidines. V. HydrogÃ©nationof 5-hydroxymethylpy-
rimidines. J. Biol. Chem., 228:621-631, 1957

2. Waschke, S., Reefschlager, J., Barwolff, D., and Langen, P. 5-Hydroxy-
methyl-2'-deoxyuridine, a normal DNA constituent in certain Bacillus sub
tilis phages is cytostatic for mammalian cells. Nature (Lond.), 225:629-630,
1975.

3. De Clercq, E., Balzarmi, J., Torrence, P. F., Mertes, M. P., Schmidt, C. L.,
Shugar, D., Barr, P. J., Jones, A. S., Verhelst, G., and Walker, R. T.
Thymidylate synthetase as target enzyme for the inhibitory activity of 5-
substituted 2/-deoxyuridines on mouse leukemia 1,1210 cell growth. Mol.
Pharmacol., 19: 321-330, 1981.

4. Kahilainen, L. I., Bergstrom, D. E., and Vilpo, J. A. 5-Hydroxymethyl-2'-
deoxyuridine. Cytotoxicity and DNA incorporation studied using a novel [2-
M('Â¡-derivativewith normal and leukemic human hematopoietic cells. Acta

Chem. Scand., B39:477-484, 1985.
5. Kahilainen, L. I., Bergstrom, D. E., Kangas, L., and Vilpo, J. A. In vitro and

in vivo studies of a promising antileukemic thymidine analogue, 5-hydroxy-
methyl-2'-deoxyuridine. Biochem. Pharmacol., 55:4211-4215, 1986.

6. Vilpo, J. A., Suvanto, E., and Kangas, L. Antileukemic activity against LI 210
leukemia, pharmacokinetics, and hematological side effects of 5-hydroxy-

* Unpublished results.

methyl-2'-deoxyuridine. Leukemia Res., //: 877-880, 1987.

7. Teebor, G. W., Frenkel, K., and Goldstein, M. S. Ionizing radiation and
tritium transmutation both cause formation of 5-hydroxymethyl-2'-deoxyu-
ridine in cellular DNA. Proc. Nati. Acad. Sci. USA, 81: 318-321, 1984.

8. Frenkel, K., Cummings, A., Solomon, J., Cadet, J., Steinberg, J. J., and
Teebor, G. W. Quantitative determination of the 5-(hydroxymethyl)uracil
moiety in the DNA of gamma-irradiated cells. Biochemistry, 24:4527-4533,
1985.

9. Frenkel, K., and Chrzan, K. Hydrogen peroxide formation and DNA base
modification by tumor promoter-activated polymorphonuclear leukocytes.
Carcinogenesis (Lond.), 8:455-460, 1987.

10. Â«alien,R. G., Simon, M., and Marmur, J. The occurrence of a new pyrimi-
dine base replacing thymidine in a bacteriophage DNA: 5-hydroxymethylur-
acil. J. Mol. Biol., 5: 248-250, 1962.

11. Okubo, S., Strauss, B., and Stodolsky, M. The possible role of recombination
in the infection of competent Bacillus subtilis by bacteriophage deoxyribo-
nucleic acid. Virology, 24: 552-562, 1964.

12. Choy, H. A., Romeo, J. M., and Geiduschek, E. P. Activity of a phage-
modified RNA polymerase at hybrid promoters. Effects of substituting thy
mine for hydroxymethyluracil in a phage SP01 middle promoter. J. Mol.
Biol., 191: 59-73, 1986.

13. Rae, P. M. Hydroxymethyluracil in eukaryote DNA: a natural feature of the
pyrrophyta (dinoflagellatas). Science (Wash. DC), Â¡94:1062-1064, 1976.

14. Bilimoria, M. H., and Gupta, S. V. Comparison of the mutagenic activity of
5-hydroxymethyldeoxyuridine with 5'substituted 2'-deoxyuridine analogs in
the Ames Salmonella/microsome test. MutÃ¢t.Res., 169: 123-127, 1986.

15. Hollstein, M. C., Brooks, P., Linn, S., and Ames, B. N. Hydroxymethyluracil
DNA glycosylase in mammalian cells. Proc. Nati. Acad. Sci. USA, 81:4003-
4007, 1984.

16. Matt lies, E., Barwolff, D., and Langen, P. The incorporation of hydroxy-
methyldeoxyuridine into DNA of Ehrlich ascites carcinoma cells and some
of its consequences. Antimetabol. Biochem. Biol. Med., FEBS Symp., 57:
115-126, 1979.

17. Kaufman, E. R. Biochemical analysis of toxic effects of 5-hydroxymethyl-2'-
deoxyuridine in mammalian cells. Somat. Cell Mol. Genet., 12: 501-512,
1986.

18. Boorstein, R. J., Levy, D. D., and Teebor, G. W. Toxicity of 3-aminobenza-
mine to Chinese Hamster cells containing 5-hydroxymethyluraciI in their
DNA. Cancer Res., 47:4372-4377, 1987.

19. Gale, R. P. Progress in acute myelogenous leukemia. Ann. Intern. Med., 11)1:
702-705, 1984.

20. Giziewick, J., and Shugar, D. Preparative enzymatic synthesis of nucleoside-
5'-phosphates. Acta Biochim. Pol., 22:87-98, 1975.

21. Smith, M., and Khorana, H. G. Nucleoside polyphosphates. VI. An improved
and general method for the synthesis of ribo- and deoxyribonucleoside 5'-
triphosphates. J. Am. Chem. Sot-., 80:1141-1145, 1958.

22. Maniatis, T., Fritsch, E. F., and Sambrook, J. Molecular Cloning. A labo
ratory manual. Cold Spring Harbor Laboratory, 1982.

23. Birnie, G. D. Isopycnic centrifugation in ionic media. In: G. B. Birnie and
D. Rickwood (eds.). Centrifugal Separation in Molecular and Cell Biology,
pp. 169-217. London: Butterworths, 1978.

24. Vilpo, J. A., Begstrom, D. E., Kangas, L., and Suvanto, E. S-Hydroxymethyl-
2'-deoxyuridine: studies of antileukemic properties in vitro and in vivo.
Nucleosides and Nucleotides, 6: 415-417,1987.

25. Vilpo, J. A., Eerola, E., and Veromaa, T. Effect of cytosine arabinoside on
the human immunosystem: toxicity against quiescent human peripheral blood
mononuclear cells in vitro. Int. J. Immunopharmacol., 9: 379-384, 1987.

26. 1.edere. J. M., and Cheng, Y.-C., Demonstration of activities in leukemic
cells capable of removing 1-rl-n-arabinofuranosyl cytosine (ara-C) from ara
C incorporated DNA. Proc. Am. Assoc. Cancer Res., 25: 19, 1984.

27. Chabner, B. A., and Myers, C. E. Clinical pharmacology of cancer chemo
therapy. In: V. T. DeVita Jr., S. Hellman, and S. A. Rosenberg (eds.) Cancer:
Principles and Practice of Oncology, Vol. 2, pp. 287-324. Philadelphia:
Lippincott Co., 1985.

28. Nakayama, C., Wataya, Y., Meyer, R. B., Jr., Santi, D. V., Saneyoshi, M.,
and Ucda, T. Thymine phosphorylase. Substrate specificity for 5-substituted
2'-deoxyuridines. J. Med. Chem., 23: 962-964, 1980.

29. Kaufman, E. R. Resistance to toxic effects of 5-hydroxymethyl-2' -deoxyu-
ridine in mammalian cells. Somat. Cell. Mol. Genet., 13:101-110, 1987.

30. Boorstein, R. J., Levy, D. D., and Teebor, G. W. 5-Hydroxymethyluracil-
DNA glycosylase activity may be a differentiated mammalian function.
MutÃ¢t.Res., 183: 257-263, 1987.

31. Friedberg, E. C., Ganesan, A. K., and Minton, K. JV-Glycosidase activity in
extracts of Bacillus subtilis and its inhibition after infection with bacterio
phage PBS2. J. Virol., 16: 315-321, 1975.

32. Vilpo, J. A. The DNA-repair enzyme uracil-DNA glycosylase in the human
hematopoietic system. MutÃ¢t.Res., in press, 1988.

33. Goulian, M., Bleile, B., and Tseng, B. Y. Methotrexate-induced misincor-
poration of uracil into DNA. Proc. Nati. Acad. Sci. USA, 77: 1956-1960,
1980.

34. FrÃ¤ser,D. C., and Pearson, C. K. Is uracil misincorporation into DNA of
mammalian cells a consequence of methotrexate treatment? Biochem. Bio
phys. Res. Commun., 135:886-893, 1986.

3122

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/48/11/3117/2431433/cr0480113117.pdf by guest on 19 M

ay 2023




