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ABSTRACT

S-phase-active cytotoxic drugs selectively damage leukemic cells, but
the mechanisms of this action are not clear. We have investigated the
previously reported potentiation of toxicity of l-/3-n-arabinofuranosylcy-
tosine (ara-C) to HL-60 cells by the differentiation-inducing steroid,
1,25-dihydroxyvitamin D3 [l,25(OH)2D.i], and compared the results with
the effects of other drugs which inhibit DNA synthesis. Determination
of the intracellular content of the active metabolite of ara-C, ara-CTP,
excluded more prolonged retention of the drug as the basis for potentia
tion of cytotoxicity. Alkaline elution of replicating DNA showed that
1,25(OH)2D3 added with or immediately after ara-C or hydroxyurea
reduced the rate maturation of the replicating DNA and resulted in an
increased proportion of smaller DNA fragments. However, pretreatment
of the cells with 1,25(OH)2D., inhibited this effect of the drugs on
replication of DNA. No direct effect of l,25(OH)2D.i on replicating DNA
could be detected. The results suggest that the early events which initiate
cell differentiation may protect an intact DNA replicative machinery from
S-phase-active drugs but reduce the rate of DNA maturation once DNA
integrity has been compromised by inhibitors of DNA synthesis.

INTRODUCTION

The focus of many studies has recently shifted from the role
of vitamin D in calcium homeostasis to its contributions to the
regulation of other cellular processes. The availability of the
metabolically active form of vitamin D, 1,25(OH)2D3,3 facili
tated a variety of in vitro studies of the effects of this vitamin-
hormone on human and other mammalian cells. These inves
tigations provided evidence that in addition to the classical
target tissues of vitamin D, such as the intestinal mucosa,
kidney tubules, and bone (1-3), other tissues such as the brain
contain vitamin D-dependent calcium-binding protein (4), and
the hematopoietic cells respond to vitamin D (5-8).

An interesting and useful in vitro model for studies of the
action of 1,25(OH)2D3 on hematopoietic cells is provided by
cultured leukemic cells of myeloid lineage (9, 10). For instance,
human promyelocytic leukemia HL-60 cells respond to
1,25(OH)2D3 by acquiring many features of mature monocytes
in a manner that closely resembles the process of hematopoietic
differentiation (11). 1,25(OH)2D3 is unlike most other inducers
of myelomonocytic differentiation, in that several cell divisions
take place during the induction of differentiation by this com
pound, the process is reversible, and no cell toxicity results
from the exposure to 1,25(OH)2D3 (12-15).

In contrast, induction of the monocytic phenotype in HL-60
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cells by ara-C is accompanied by marked cytotoxicity (15-17).
It has previously been reported that the ara-C-induced toxicity
is potentiated by 1,25(OH)2D3 in a schedule-dependent
manner (15). Exposure to 1,25(OH)2D3 prior to ara-C pro
duced essentially additive induction of differentiation; however,
1,25(OH)2D3 administered after several hours of treatment with
ara-C markedly reduced cell survival. We have now investigated

the possible mechanisms of this effect.

MATERIALS AND METHODS

Chemicals. ara-C, hydroxyurea, mitomycin C, aphidicolin, 5-fluo-
rouracil, EDTA, sodium dodecyl sulfate, and tetrapropyl ammonium
hydroxide were obtained from Sigma Chemical Co. (St. Louis, MO).
Etoposide was generously provided by Dr. M. Suffness (NIH). Protein-
ase K was purchased from Boehringer Mannheim; [2-'4C]thymidine (52
mCi/mmol) and [mefA>7-3H]thymidine (71 Ci/mmol) were purchased
from Amersham, Inc. Polycarbonate filters (2-^m pore size; 25-mm

diameter) were obtained from Nucleopore Corp.
Cell Culture. HL-60 cells (HL-60-G1, subcloned from stock obtained

from Dr. Robert Wilson, University of Medicine and Dentistry of New
Jersey) were grown in suspension in RPMI 1640 (Hazelton Research
Products, Denver, PA) supplemented with 10% heat-inactivated (56Â°C

for 1 h) fetal calf serum, purchased from HyClone Laboratories, Inc.
(Logan, UT). A solution of penicillin (50 IU) and streptomycin (50 /jg/
ml) was added to a final concentration of 1% in the medium used for
each experiment. No antibiotics were used in the stock cultures. COLO
320 DM cells obtained from the American Type Culture Collection
(Bethesda, MD) were cultured in an identical way. All cultures were
periodically tested to exclude Mycoplasma contamination by both mi
crobiological culture and the autoradiographic method (18).

Cell numbers were obtained using a Neubauer hemocytometer, and
cell viability was determined by trypan blue exclusion (12).

Determination of Intracellular ara-CTP Content. HL-60 cells (5 x 105
cells/ml of medium) were exposed for 4 h to [3H]ara-C (5,6-[3H]-

cytosine, 18 Ci/mmol; Moravec Biochemicals, City of Industry, CA),
and the cells were centrifuged down at 5000 x g for 5 min, washed with
phosphate-buffered saline (pH 7.4), and divided into two batches. One
batch of cells was suspended in normal medium, and the other batch
was suspended in medium containing 10~7 M 1,25(OH)2D3 and incu
bated at 37Â°C.Aliquots of 2 x IO6cells were withdrawn at various time

points during these procedures, precipitated with 0.8 M perchloric acid
at 0Â°C,and centrifuged as above, and the supernatants were transferred

to fresh tubes in which the pH was brought to 7.0 with KOH. Following
centrifugation, the insoluble salt was discarded, and the second super
natant was used for high-performance liquid chromatography to deter
mine ara-CTP levels using the Walters system as previously described

(19).
Alkaline Elution. Determination of DNA integrity was performed by

the alkaline elution procedure B of Kohn et al. (20). Briefly, 1-20 x
IO6cells were deposited on a 2-/im-pore-diameter polycarbonate filter,
washed with phosphate-buffered saline (0.15 M NaCl-5 HIMpotassium

phosphate, pH 7.4), and lysed in 5 ml of 2% sodium dodecyl sulfate,
25 m.M EDTA, pH 9.7, containing 0.5 mg/ml of proteinase K. DNA
was eluted with 40 ml of tetrapropylammonium hydroxide-EDTA, pH
12.1, containing 0.1% sodium dodecyl sulfate, at a rate of 1.2 ml/h.
The lysis and elution were performed under yellow light. In preliminary
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experiments it was established that varying the number of cells placed
on the filter did not affect the results.

Experiments were performed to determine whether the drugs or
1,25(OH)2D3 caused single-strand fragments in the newly synthesized
DNA, preexisting DNA, or both. Each experiment was performed in
duplicate, and individual points are shown on the chart. The individual
experiments showed some variation in the shape of the elution curve,
but in general the agreement between duplicate points was <5%, and
the differences between experimental groups were reproducible in suc
cessive experiments.

To study the drug effects on the newly synthesized DNA, cultures of
HL-60 or COLO 320 cells (3 x 105/ml of medium) were incubated
simultaneously with [2-uC]dThd (0.01 Â¿iCi/mlof culture medium;
specific activity, 52 mCi/mmol) and drugs (ara-C, 10 ^J.M;HU, 10 ITIM;
mitomycin C, 2 Â¿Â¿M;etoposide, 10 /Â¿M;aphidicolin, 20 HIM; or
I,25(OH)2D3, 4 x IO"7 M) for 8 h, as indicated in the individual

experiments. The concentrations of the inhibitors of DNA synthesis
were chosen to produce approximately 95% reduction of dThd incor
poration. The cultures were then washed and resuspended in either the
drug or 1,25(OH)2D3 and incubated for a similar period of time. To
study drug effects on preexisting DNA, HL-60 cell cultures were
prclabeled with [2-'4C]dThd for 18 h, washed, resuspended in fresh

medium, and incubated with the drug for 16 h. The amount of DNA
single-strand fragmentation was assessed by alkaline elution.

Preliminary scintillation counting of I4Cin an aliquot of cell suspen

sion from each experimental group permitted placement of cells on the
filter containing approximately 2 x IO4cpm in each group. The same
number of cpm from an aliquot of cells labeled with ['HjdThd (0.1 ftd/

ml; specific activity, 62 Ci/mmol) for 24 h and irradiated with 300 rads
at 0Â°Cwas mixed with each sample to provide internal controls. Since

inhibitors of DNA synthesis markedly reduced incorporation of dThd
into DNA, the number of cells placed on the filters was increased in
those groups. However, HL-60 cells do not form clumps or aggregates;
therefore the solvent flow rate was not noticeably reduced.

The ability of HL-60 cells to elongate DNA in the absence of ara-C
was also studied. HL-60 cells were simultaneously incubated with
[l4C]dThd and ara-C for 8 h, followed by recovery in the drug-free
medium for 8 h at 37Â°Cin a 7% CO2 incubator before alkaline elution

analysis was performed.

RESULTS

Effect of 1,25(OH)2D3 on Intracellular Retention of ara-CTP.
The cytotoxicity and therapeutic efficacy of ara-C are known
to be related to the accumulation and retention of ara-CTP (21,
22). It is clear from published studies that the potentiation of
cytotoxicity of ara-C to HL-60 cells by 1,25(OH)2D, was not
due to an increased uptake or more efficient metabolic activa
tion of ara-C, since the addition of 1,25(OH)2D, after a period
of exposure to ara-C was as effective as the simultaneous
exposure to the two compounds (15). The possibility remains,
however, that 1,25(OH)2D3 enhances the intracellular retention
of ara-CTP, the active metabolite of ara-C, by reducing the rate
of its efflux or by inhibiting its deamination by cytosine deam-
inase (23). The cellular content of ['H]ara-CTP was therefore
measured at several time intervals after the exposure of HL-60
cells to ['H]ara-C followed by the addition of 1,25(OH)2D3,

according to the protocol which was shown to enhance the
cytotoxicity of ara-C to HL-60 cells (15). The results presented
in Table 1 show that in fact there was a decreased intracellular
retention of ara-CTP in the presence of 1,25(OH)2D,. Other
explanations for the enhancement by 1,25(OH)2D3 of ara-C
cytotoxicity to HL-60 cells were therefore sought.

Enhancement of ara-C-Induced Fragmentation of Replicating
DNA by 1,25(OH)2D3 and Its Analogues. ara-C treatment of
leukemic cells is known to induce single-strand DNA breaks,
although relatively high concentrations of ara-C are necessary

to produce significant effects (24). Addition of 4 x 10 7 M
1,25(OH)2D, in various combinations with 10~5 M ara-C pro
duced no detectable effects on the extent of "parental" DNA
breakage in HL-60 cells prelabeled with [MC]dThd for 18 h
prior to ara-C treatment (data not shown). However, when
DNA was labeled in the presence of ara-C, which is known to
reduce the rate of elongation of the replicative intermediates
(25), the addition of 1,25(OH)2D, markedly potentiated the
effect of ara-C, although in the absence of ara-C 1,25(OH)2D,
had no effect on DNA integrity (Fig. 1) and little effect on
DNA synthesis (Table 2). Sequential scheduling of the addition
of ara-C and 1,25(OH)2D, to the cultures showed that the effect
of l,25(OH)2Di was strictly schedule dependent; potentiation
of replicating DNA fragmentation was also observed when

Table I Effect of l,25(OH)il)s on the intracellular retention of ara-CTP
Cellular content of ara-CTP (pmol/106cells)Time

(h)Formation0
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taining medium3822

11

o: O
Ul
^J
LZ
^ 0.2
o
o
z
^ 0.4

5
ÃœJ

Â£ 0.6
Q_
O

S3 0.8

o

5 1.0

3
i

1.2
O 0.2 0.4

-LOG FRACTION

0.6 0.8 1.0 1.2 1.4

3H-CPM REMAINING ON FILTER

Fig. I. Polentiation of the effects of ara-C on DNA fragment size by
l,25(OH)2Dj. Cultures of HL-60 cells were simultaneously exposed to [MC]dThd
(0.0! jiCi/ml). ara-C (I0~5 M), and 1,25(OH)2D3 (4 x IO'7 M) for 16 h and
subjected to alkaline elution as described in "Materials and Methods." O, un
treated HL-60 cells; Â».1,25(OH)2D3; A, ara-C alone; D. ara-C and I.25(OH)2D3
together. The internal standard consisted of HL-60 cells labeled with O.I Â»jCi/ml
|'H]dThd for 24 h and irradiated with 300 rads. In this and the following figures

individual points are charted, and since elution rates showed some variation, the
duplicates do not always coincide on the vertical axis. The cultures were exposed
to 0.01 fiCi/ml of |'4C]dThd for 16 h prior to alkaline elution.

Table 2 Schedule specificity of the effects of I,25(OH)2 Oj on cell viability and
cell proliferation

First period of
exposure11Normal

medium
Normal medium
ara-C*

Normal medium
ara-C
1,25(OH)2D,
1,25(OH)2D,Incorporation

of
Cells excluding [l4C]dThd/l06

Second period of Cell no. trypan blue viable cells x
exposure" (xlO~3) (%)*10~3Normal

medium
I.25(OH),D,'

Normal medium
ara-C
1.25(OH)2D,
ara-C
Normalmedium"8h.

* Mean of 4 experiments
r4 x 10~7M.
d\ x IO"' M.+

SE.544

508254283

73
263528Â±37

Â±45
Â±21
Â±18
Â±15
Â±22
Â±3195

96
85
92529393:2.1

2.1
3.4
4.7
12.1
2.3

t 1.122.65

Â±
20.19 Â±

1.I9Â±
15.36Â±
0.87 Â±

15.33 +
23.34 Â±2

1
0
1
0
3
313

08
21
51
26
12
17
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Fig. 2. Schedule dependency of the effects of 1.25(OH)2D, on ara-C-produced
DNA damage. In A, treatment with ara-C preceded the exposure to 1.25(OH)2D3.
In B, treatment with ara-C followed or preceded the exposure to 1.25(OH)2D3.
O, untreated HL-60 cells; â€¢.4 x 10~7M 1,25(OH)2D3 for 8 h; A, 10~*M ara-C
for 8 h; A. IO"5 M ara-C for 8 h followed by 4 x 10~7M 1.25(OH)2D, for 8 h: D.
10~5 M ara-C for 8 h followed by incubation in normal medium for 8 h; â€¢.
exposure to 4 x 10~7 M 1.25(OH)2D3 for 8 h followed by IO*5M ara-C for 8 h.
The cultures were exposed to 0.01 ^Ci/ml of [uC]dThd for 16 h prior to alkaline

elution.

1,25(OH)2D3 followed an exposure to ara-C (Fig. 2A), but when
the sequence in which the drugs were added was reversed
1,25(OH)2D3 appeared to reduce the ara-C-induced fragmen
tation of the replicating DNA (Fig. 2B). These experiments
also showed that incubation of ara-C-treated HL-60 cells in the
absence of drugs reduced the accumulation of DNA fragments.
Although we cannot unequivocally exclude the occurrence of
DNA strand breaks, our findings are consistent with the notion
that replicative intermediates were being repaired and ligated
during this period (25).

We have confirmed that cell viability of the subline of HL-
60 cells used in these experiments (HL-60-G1) is reduced in
the same schedule-dependent manner as that which maximizes
DNA fragmentation (Table 2). More extensive data on cell
survival following identical ara-C and 1,25(OH)2D3 exposure
schedules have been presented previously (15).

Analogues of vitamin D other than the physiological form
1,25(OH)2D3 are now available and differ in their potency

regarding various biological end points (26). Specifically, 1,25-
dihydroxy-16-ene-23-cholecalciferol (RO23-7553) is more po
tent than 1,25(OH)2D_, as an inducer of monocytic differentia
tion, while l,25,26-trihydroxy-A22-cholecalciferol (RO23-4319)
is a less potent differentiating agent for HL-60 cells (27). These
two vitamin D analogues were compared regarding the modu
lation of the effects of ara-C on the fragment size of replicating
DNA. Both compounds reduced the degree of ara-C-induced
fragmentation of replicating DNA when added to the cultures
before ara-C, but the effect was essentially the same with each
analogue (Fig. 3). However, addition of the analogues after the
exposure to ara-C potentiated the effect on DNA fragmentation
in the same rank order as their potency as inducers of monocytic
differentiation of HL-60 cells (Fig. 3).

Modulating Effect of 1,25(OH)2D3 on DNA Damage by Agents
Other than ara-C. The effects of hydroxyurea on cell survival
have been reported to be potentiated or reduced by 1,25(OH)2D3
in a manner similar to the modulation of the effects of ara-C
(15). Fig. 4 shows that HU-induced DNA fragmentation is
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Fig. 3. Effects of two analogues of 1,25(OH)2D, on ara-C-induced fragmenta
tion of replicating DNA. â€¢,untreated HL-60 cells; O, cells treated with 10~! M
ara-C for 8 h: A. cells exposed for 8 h to 4 x IO'7 M RO23-4319 or RO23-7553
(A) followed by 8-h treatment with 10~5 M ara-C; D, cells treated with 10~* M
ara-C for 8 h followed by 8-h exposure to IO'7 M RO23-4319 or RO23-7553 (â€¢).
The cultures were exposed to 0.01 Â»iCi/mlof [l4C]dThd for 16 h prior to alkaline

elution.
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Fig. 4. Schedule-dependent effects of 1.25(OH)2D, on fragmentation of repli
cating DNA produced by exposure to HU. O. untreated HL-60 cells; A, cells
treated with 10~2M HU for 8 h; â€¢,HU treatment preceded or followed (A) by 8-
h exposure to 4 x 10~7M 1.25(OH)2D3. The cultures were exposed to 0.01
ml of C'CldThd for 16 h prior to alkaline elution.
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altered by 1,25(OH)2D, in the same way as the ara-C-induced

fragmentation.
We also found that fragmentation of replicating DNA by all

inhibitors of DNA synthesis that we tested was potentiated by
1,25(OH):D,. However, the effect in these instances was not
schedule specific, as illustrated by the experiments with aphi-

dicolin and mitomycin C shown in Fig. 5. Similarly, addition
of l,25(OH)2D.i to cells treated with 5-fluorouracil oretoposide

increased the abundance of fragments of replicating DNA,
which is probably a reflection of the individual mechanisms of
inhibition of DNA replication, but the sequence in which the
inhibitor of DNA synthesis or 1,25(OH)2D, was added to HL-

60 cells was not important (data not shown). Thus, potentiation
of DNA damage by inhibitors of DNA synthesis appears to be
a general property of l,25(OH)2Dj, but thus far the protection
against DNA damage is a phenomenon observed only when
ara-C or H U is used.

Treatment of COLO 320 Cells with ara-C and 1,25(OH)2D,.

COLO 320 cells, derived from a colon carcinoma of neuroen
docrine origin (28), are not known to be affected by
1,25(OH)2D., in any way. We tested to determine whether
damage to replicating DNA induced by ara-C is modified by

the subsequent addition of 1,25(OH)2D.,. As anticipated,
1,25(OH)2D, neither increased nor reduced the ara-C-induced

fragmentation of replicating DNA (Fig. 6).
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Fig. 5. Effects of 4 x 10~7 M 1.25(OH)2D3 on fragmentation of replicating
DNA by aphidicolin (A) or mitomycin C (B). â€¢.untreated HL-60 cells: O, cells
exposed to I0~5 M aphidicolin for 8 h: D, cells exposed to 2 x 10~*M mitomycin
C; A. cells exposed to 10~7 M 1.25(OH)2D, for 8 h before treatment with the

inhibitor of DNA synthesis (either aphidicolin or mitomycin C) for 8 h; A. cells
exposed to I.25(OH)2D3 after treatment with aphidicolin or mitomycin. Single
time points are shown for the mitomycin C experiment. The cultures were exposed
to 0.01 K'i/mlof |"C]dThdfor 16 h prior to alkaline elution.
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Fig. 6. Absence of an effect of 1,25(OH)2D, on ara-C-treated COLO 320 cells.
COLO .120 cells were untreated (â€¢)or exposed to 10~' M ara-C for 8 h (O). or
the ara-C exposure was preceded (D) or followed (A) by an 8-h exposure to 4 x
10~7M 1.25(OH)2D.,. The cultures were exposed to 0.01 (iCi/ml of [uC|dThd for

16 h prior to alkaline elution.

DISCUSSION

The data presented here demonstrate that although
l,25(OH)2D.i has no intrinsic DNA-damaging effects and has
only a slight effect on the rate of DNA synthesis, it can adversely
affect the integrity of replicating DNA or retard the rate of
initiation or growth of replicons. This happens when
1,25(OH)2D., is administered to responsive cells in which DNA
synthesis is inhibited by another compound and results in an
accumulation of DNA fragments, probably replication
intermediates.

Our results can be interpreted in light of the reports that the
joining of the replicative DNA intermediates is delayed by an
exposure to inhibitors of DNA synthesis (25), a previous finding
that the cell cycle window of sensitivity of HL-60 cells to the
differentiation-inducing effects of 1,25(OH)2D., is in early S
phase (29), and the current observation that the potentiating
effect of 1,25(OH)2D3 on DNA fragmentation occurs in cells
which are known to have a biological response to this vitamin-
hormone but not in cells which do not respond to 1,25(OH)2D,.
It can be suggested that in uninjured cells an interaction occurs
between l,25(OH)2D.i, combined with its cellular receptor, and
the replicating DNA. This interaction may then initiate the
pathway leading to monocytic differentiation. When DNA rep
lication is disrupted by an inhibitor of DNA synthesis, replica
tion intermediates tend to accumulate for longer than normal
periods of time due to a combination of factors, which probably
include attempted or complete repair of replicative errors. If
the l,25(OH)2D.,-receptor complex is present in the cell at this
time, cellular proofreading functions may be impaired, lead to
greater DNA fragmentation, and result in lowered cell survival.
An interference with efficient ligation of DNA breaks during
myeloid differentiation of HL-60 cells has previously been
shown to produce cell death (30).

In contrast to the above findings, the toxicity of ara-C or HU
was not potentiated if the exposure to 1,25(OH)2D., preceded
treatment with these cytotoxic drugs. It seems that when the
formation of nascent DNA is proceeding normally, the
l,25(OH)2D,-receptor complex interaction with DNA results
in the initiation of the monocytic differentiation probably dur
ing the period of the cell cycle in which changes in chromatin
conformation are taking place which prepare for and permit
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DNA replication (29). The initiation of the monocytic differ
entiation program may reduce the susceptibility of the differ
entiating cells to the toxic effects of the S-phase-active drugs
ara-C and HU. This may be due to altered properties of the
replicative complex in cells destined to differentiate. However,
it is also possible that there is an inhibition of replicÃ³ninitiation
under these circumstances, with little change in the average
length of growing replicons, measured as a fraction of total
labeled DNA in the alkaline elution procedure. On the other
hand, superposition of differentiation signals on the back
ground of DNA damage leads to cell death rather than cell
differentiation. The implications of this phenomenon for cancer
therapy remain to be explored.
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