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Abstract

During the induced differentiation of the human promyelocytic
leukaemic cell line, HL-60, along the myelocytic lineage, DNA strand-breaks
are formed. These breaks which are formed in the face of a proficient DNA
repair mechanism, are only transiently maintained and subsequently became
religated. The ligation of these breaks requires the activity of the
nuclear adenosine diphosphoribosyl transferase (ADPRT). Inhibition of
nuclear ADPRT, an enzyme totally dependent on the presence of DNA
strand-breaks for its activity and required for efficient DNA repair in
eukaryotic cells, blocks the religation of these breaks but not their
formation. The inhibition of DNA strand ligation in the differentiating
HL-60 cells results in loss of viability and cell death.

Introduction

The human praomyelocytic leukaemic cell line, HL-60, can be induced
to differentiate along the myelocytic lineage by a mnumber of agents
including dimethyl sulphoxide (DMSO) and retinoic acid (1). Several
studies have demonstrated the formation of DNA strand-breaks during
cellular differentiation in a rumber of different cell types. We have
shown that during the in vitro differentiation of primary avian skeletal
myoblasts, single-strand DNA breaks are formed in the genome (2). Single-
strand DNA breaks are also formed during the induced differentiation of
murine erythroleukaemic cells (3,4), and in the in vitro differentiation of
normal human granulocyte-macrophage progenitor cells (CFU-gm) (6). Resting
circulatory human lymphocytes contain DNA breaks which are ligated during
mitogen stimulation (6-9). More recently Weisinger et al, have
demonstrated that a purified myeloid cell differentiation inducing protein
(MGI-2), which is produced by the myeloid cells themselves, causes the
formation of single-strand breaks in closed circular SV-40 DNA.

It has been demonstrated that the ligation of DNA strand breaks
which are formed during myoblast differentiation or the ligation of DNA
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breaks present in resting lymphocytes, following the mitogenic activation
of these cells, both require the activity of nuclear adenosine diphospho-
ribosyl transferase, ADPRT (11). The nuclear ADPRT, which is totally
dependent on the presence of DNA strand-breaks for its activity (12), is
involved in a variety of cellular processes which require the ligation of
DNA strand-breaks, possibly because it regulates DNA 1ligase activity
(13,14). These processes include DNA excision repair (15), a number of
examples of eukaryotic cellular differentiation (2,5,15-19), mitogenic
activation of quiescent 1lymphocytes (6-9), sister chromatid exchange
(20,21), antigenic variationm in Trypanosoma brucei (22), and the stable
expression of transfected DNA in mammalian host cells (24). For a recent
review of _ADPRT involvement in cellular processes see references 25 to 28.

In this study we have employed a sensitive nucleoid sedimentation
technique to investigate the formation of DNA strand-breaks during the
myelocytic differentiation of HL-60 cells induced by either DMSO (29), or
retinoic acid (30). Inhibition of ADPRT activity by its competitive
inhibitor 3-methoxybenzamide (31), does not affect the formation of these
DNA strand breaks but does block their religation. Inhibition of ADPRT
activity in the differentiating HL-60 cells results in cell death.

Materials and Methods
Cells and Culture Conditions

The human promyelocytic cell 1line, HL-60 (in passage 25) was
obtained from Dr Ming-Chi Wu, Biochemistry Department, North Texas State
University. Cells were maintained at 1-10 x 105 cells/ml in RPMI 1640
medium supplemented with 10% (v/v) foetal calf serum. Cultures were
incubated at 37°C in tissue culture bottles, initially equilibrated in an
atmosphere of 95% air/5% 0)2. Routinely, cells were used in passages 30 to
40. For the induction of differentiation along the myelocytic lineage,
cells in logarithmic growth (generation time approximately 32 hours) were
ad:jusl:edtoleo5 cells/ml and either DMSO or retinoic acid were added to
a final concentration of 1.25% (v/v) or 1uM respectively. Differentiation
was then monitored at the indicated times by, a) the morphological
appearance of cytospin preparations stained with May-Grurwald-Giemsa, b)
the ability to reduce nitro-blue tetrazolium and c) phagocytosis of
opsonised latex particles.
May-Grurwald-Giemsa staining:

Air-dried slides of cells were prepared using a cytocentrifuge at
1000 rpm for five minutes. The slides were fixed in methanol for 20

3494



Nucleic Acids Research

minutes and then stained for 5 minutes in 50% (v/v) May-Grurwald stain
followed by 30 minutes in Giemsa stain. Both stain solutions were freshly
made using 10 nM phosphate buffer, pH 7.0. After staining, the slides were
washed and destained for 5 minutes in the phosphate buffer.
Nitro-blue-tetrazolium reduction:

Nitro-blue tetrazolium (NBT) reduction was estimated essentially
as described by Ferrero et al, (32). Briefly, 0.2 ml of a cell suspension
containing 2 x 10° cells was incubated at 37°C for 30 minutes with 0.2 ml
NBT solution (2 mg/ml) in calcium/magnesium-free phosphate-buffered saline
containing 1 ug/ml of 12-O-tetradecanoylphorbol-13-acetate (TPA). At the
end of the incubation period, the cells were collected on microscope slides
using a cytocentrifuge as described above. Air-dried slides were fixed in
methanol for 10 minutes and then stained in 1% (w/v) Saffranin O.

Assay of phagocytosis:

Polystyrene 1latex particles (0.81 um in diameter, Sigma) were
opsonised with the human complement component c3b, as described by Roberts
(33). Briefly, latex particles in suspension, 10% (v/v) in Kreb's Ringer
phosphate, were incubated with an equal volume of fresh human serum for 30
minutes at 37°C. The particles were then centrifuged for 2 minutes at
8000g, washed in 2 M NaCl to remove the adhered immunoglobulins and finally
resuspended in Kreb's Ringer phosphate at a density of 100 particles/ml.
To assay for phagocytosis, 106 cells resuspended in 0.5 ml of serum-free
RPMI 1640 medium were mixed with 10 ul of opsonised latex particle
suspension and incubated at 37°C in an atmosphere of 5% 00,/95% air, for 4
hours. Cells were then washed three times with Kreb's Ringer phosphate and
collected by centrifugation at 500g for 5 minutes. Cybtospin slides stained
with May-Grurwald-Giemsa were inspected by 1light microscopy. Cells
containing 5 or more latex particles were scored as phagocytic.

Nucleoid sedimentation:

DNA strand break formation and rejoining was monitored by a
modification of the previously described nucleoid sedimentation technique
(11) which was originally developed by Cock et al (34). 2 x 106 cells in
50 ul phosphate buffered saline containing 10 mM EDTA was added to 500 ul
of the lysis solution (2.0 M NaCl, 10 mM EDTA, 127 uM [50 ug/ml] ethidium
bromide, 100 mM Tris.HC1 pH 8.0, 0.5% (v/v) Triton-X-100), which was
overlaid on 14 ml of a 15-30% (w/v) linear sucrose gradient containing
2.0 M NaCl, 1.0 mM EDTA, 127 uM ethidium bramide, 10 mM Tris.HCl, pH 8.0.
This high concentration of ethidium bromide was included in the lysis and
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Fig. 1. DMSO-induced differentiation of HL-60 cells.
Nitro-blue-tetrazolium reduction (@ ); and phagocytosis of opsonised latex
particles ( A). Essentially similair results are obtained by the retinoic
acid-induced differentiation of HL-60 cells.

gradient solutions in order to awvoid interference from changes in the
superhelical structure of DNA and to enable simple visualisation of the
position of the nucleoid band in the gradients. The gradients were kept in
the dark, at room temperature, for 30 minutes and then centrifuged at 20000
rpm in a Beckman SW27.1 rotor for 1 hour. The positions of the nucleoid
bands were visualised with an ultraviolet transilluminator and photographed
with a polaroid camera fitted with a Wratten 25 filter.

Results

HL-60 cells can be induced to differentiate along the myeloid
lineage by either 1.25% (v/v) DMSO or 1 uM retinoic acid (Fig. 1). The
induction of differentiation by either agent is first detectable at 24
hours when approximately 20% of the cells are capable of reducing
nitro-blue-tetrazolium. After 5 days in culture, approximately 90% of the
cells can reduce nitro-blue-tetrazolium. The induction of the ability to
phagocytose latex particles takes longer and is first detectable after
three days, reaching its maximum after 7 days when approximately 80% of the
cells can phagocytose opsonised latex particles.

During the induced differentiation of HL-60 cells along the
myelocytic lineage, DNA strand-breaks are formed. This is reflected in a
reduction in the sedimentation rate of nucleoids during the first 24 hours
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Fig. 2. Estimation of DNA strand-break formation by nucleoid sedimentation
analysis during myeolcytic differentiation of HL-60 cells.

Nucleoid sedimentation rate was measured at the indicated times in HL-60
cells induced to differentiate (A ) by either 1.25% (v/v) DMSO (a), or 1uM

retinoic acid (b). Results are expressed as a fraction of sedimentation
rate in control, uninduced, HL-60 cells (@).

of treatment with either DMSO (Fig. 2a) or retinoic acid (Fig. 2b), as
compared to the sedimentation rate of nucleoids fram parallel uninduced
cultures. At this time very few cells are capable of reducing
nitro-blue-tetrazolium which is one of the earliest markers of
differentiation in these cells (Fig. 1). The DNA breaks thus formed are
only transiently maintained and are religated during the subsequent 24
hours (Fig. 2).

Inhibition of ADPRT activity, by 2 mM 3-methoxybenzamide at 2 nM,
blocks the religation of the DNA strand breaks which appear during
differentiation, but it does not block their formation (Fig. 3a). In the
DMSO-treated cultures in which ADPRT activity is blocked, the DNA
strand-breaks do form, but in contrast to the uninhibited cultures, the DNA
strand-breaks remain unligated during the subsequent period of incubation.
This inhibition of DNA strand ligation is only observed with 3-methoxy-
benzamide, an enzyme inhibitor, and not with 3-methoxybenzoic acid, which
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Fig.3. Effect of inhibition of ADPRT activity on DNA strand bresk
formation and re-ligation during HL-60 differentiation.

Nucleoid sedimentation rate in DMSO induced HL-60 cells in the absence of
an inhibitor ( A ); or in the presence of either 2 mM 3-methoxybenzamide
(a, A), or 2 nmM 3-methoxybenzoic acid (b, ). Control cultures were either
un-induced, HL-60 cells ( @ ), or cells cultured in the presence of 2 mM
3-methoxybenzamide (a, O) or 2 mM 3-methoxybenzoic acid (b, O). Results
are expressed as a fraction of sedimentation rate in control, un-induced,
HL-60 cells.

is not an inhibitor of ADPRT activity, (Fig. 3b). Neither 2 mM
3-methoxybenzamide nor 2 mM 3-methoxybenzoic acid have any detectable
effect on the sedimentation rate of nucleoids in the uninduced control
cultures. At the 2 mM concentration used here neither compound has any
effect on the cloning efficiency of control uninduced HL-60 cells in soft
agar (unpublished results), or the viability of these cells in culture
(35), clearly demonstrating that 3-methoxybenzamide is not causing
non-specific metabolic perturbations. Induction of differentiation by DMSO
decreases the rate of cell growth in culture because the differentiated
cells do not divide; again we see that 2 nM 3-methoxybenzamide by itself
does not affect the rate of cell growth. In contrast, in cultures induced
to differentiate by 1.25% DMSO, exposure to 3-methoxybenzamide results in a
dramatic reduction in cell growth and/or viability as judged by the number
of trypan blue impermeable cells in culture (Fig. 4).
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Fig.4. Effect of inhibition of ADPRT activity on cell density in
control and differentiating cultures of HL-60 cells.

Cell density (trypan blue impermeable) was measured at the indicated times
in control HL-60 cells not exposed to an inducer (@ ); or cultured in the
presence of only 1.25% (v/v) DMSO (A); or in the presence of 2 mM
3-methoxybenzamide alone (Q); or in the combined presence of both 1.25%
(v/v) IMSO and 2 mM 3-methoxybenzamide (A ).

Discussion

During the cellular differentiation of HL-60 cells along the
myelocytic 1lineage, induced by either DMSO or retinoic acid, DNA
strand-breaks are formed. These breaks transiently accumulate early in the
course of differentiation and are subsequently religated. The accumulation
of these physiologically-formed DNA strand-breaks occurs despite the
proficiency of differentiating HL-60 cells in DNA repair (35). We have
shown that DNA strand-breaks which are formed by either Y-irradiation or
exposure of the HL-60 cells to the monofunctional methylating agent
(dimethylsulphate) are as proficiently repaired in the differentiating or
differentiated HL-60 cells as they are in the undifferentiated control
cultures (please see the adjoining paper 35). It seems that the ligation
of the DNA strand breaks which are formed by either ionising radiation or
by exposure to monofunctional methylating agents as well as the
physiologically-formed DNA strand breaks require nuclear ADPRT activity.
The requirement for ADPRT activity has also been shown for the ligation of
DNA strand-breaks which are present in the genome of resting lymphocytes,
following their mitogenic activation (6-9). The inhibition of ADPRT
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activity in control, undifferentiated HL-60 cells by 2 mM 3-methoxy-
benzamide, has no detectable effect on their viability or the more rigorous
test of their cloning efficiency in semi-solid agar cultures.

In contrast to a previous report by Grosso and Pitot (36) we
failed to detect any evidence of HL-60 differentiation by the inhibition of
ADPRT activity at inhibitor concentrations which are not toxic to these
cells. Therefore, the reported induction of differentiation by Grosso and
Pitot may be a function of the cytotoxic property of these inhibitors at
the unusually high concentrations (10 mM 3-aminobenzamide) used in their
study (36).

In contrast to the undifferentiated cultures, the inhibition of
ADPRT activity in the differentiating culture does result in cell death and
loss of growth potential, possibly because the ligation of their DNA strand
breaks is blocked. Of course, even in the absence of ADPRT inhibition, the
differentiating cells do eventually become post mitotic and cultures cease
to grow. However, in the ADPRT inhibited cultures the growth arrest is
much earlier and in contrast to the normal differentiating cultures there
is actual cell death, as indicated by a substantial decrease in the number
of viable cells.

In conclusion, the studies reported here demonstrate the transient
formation of DNA strand-breaks during the induced myelocytic
differentiation of HL-60 cells in culture and that the subsequent ligation
of these breaks requires nuclear ADPRT activity. Although DNA strand break
formation has now been reported in a number of examples of cellular
differentiation (2-9), their biological significance remains obscure.
Perhaps the formation of DNA strand-breaks are required for alterations in
gene expression necessary for cellular differentiation, possibly by
regional chromatin relaxation of previously supercoiled domains in the
genome. This notion is strengthened by the recent demonstration that a
purified myeloid cell differentiation-inducing protein causes the formation
of single-strand breaks in supercoiled SV-40 DNA (10).
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