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Abstract
During the induced differentiation of the human praryelocytic

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 nechanism, are cnly transiently maintained and subsequently become
religated. The ligaticn of these breaks requires the activity of the
nuclear adenosine dipbosphoribosyl transferase (ADPRT). Irhibition 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.

Irtrition
The human pranyelocytic leukaemic cell line, HL-60, can be induced

to differentiate along the myelocytic lineage by a number of agents

including dimethyl sulphoxide (DtSO) and retinoic acid (1). Several

studies have cnstrated the formation of DNA strand-breaks during
cellular differentiation in a number 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 gerue (2). Single-
strand DNA, breaks are also formed during the induced differentiation of

murine eiythroleukaemic 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). tmre recently Weisinger et al, have

damsnstrated that a purified myeloid cell differentiation inducing protein

(W.3I-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 dbmonstrated 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 activaticn

of these cells, both require the activity of nuclear aderxsine 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 ligase 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 lymphocytes (6-9), sister chrcmatid exchange

(20,21), antigenic variation in Trypanoscma 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 campetitive

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.

Materials3 axa lthods
Cells and Culture Conditicns

The human pracnyelocytic cell line, HL-60 (in passage 25) was

obtained fran Dr Mirg-Chzi Wu, Biochmistry Deparlnent, North Texas State

University. Cells were maintained at 1-10 x 10 cells/ml in RPIE1640

medium supplemented with 10% (v/v) foetal calf serun. Cultures were

incubated at 370C in tissue culture bottles, initially equilibrated in an

atirsphere of 95% air/5% 002. 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

adjusted to 2 x 105 cells/ml and either DMS0 or retinoic acid were added to

a final cocaentration of 1.25% (v/v) or 1 vM respectively. Differentiation
was then nEnitored at the indicated times by, a) the mrphiological
appearance of cytospin preparaticns stained with May-Grunwald-Giensa, b)

the ability to reduce nitro-blue tetrazolium and c) phagocytosis of

cpscnised latex particles.
May d-Giemsa stainig:

Air-dried slides of cells were prepared using a cytocentrifuge at

1000 rpn for five minutes. The slides were fixed in methanol for 20
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minutes and then stained for 5 minutes in 50% (v/v) May-Grriwiad stain

followed by 30 minutes in Giensa stain. Both stain soluticns were freshly

made using 10 ffM pate buffer, pH 7.0. After staining, the slides we

washed and destained for 5 minutes in the ph butebuffer.

Nitro-blue-tetrazolium reduction:
Nitro-blue tetazoliun (NBT) reduction was estimated essentially

as described by Ferrero et al, (32). Briefly, 0.2 ml of a cell s i

ocntaining 2 x 105 cells was ircubated at 370C for 30 minutes with 0.2 ml

NBT solution (2 mg/ml) in calcium/magnesium-free phosphate-buffered saline

containing 1 i g/ml of 12-0-tetradecaniylpharbol-13-acetate (TPA). At the

end of the incubaticn period, the cells were collected on microscope slides

using a entrifuge as described above. Air-dried slides were fixed in

methanol for 10 minutes and then stai in 1% (w/v) Saffranin 0.
Assay ofpss:

Polystyrene latex particles (0.81 -jm in diameter, Sigma) were

cpsonised with the human ccuplement ccuonent c3b, as ribed by Pberts
(33). Briefly, latex particles in suspension, 10% (v/v) in Kreb's Ringer
phosphate, were incubated with an equal volume of fresh human serun for 30
minutes at 370C. The particles were then centrifuged for 2 minutes at

8000g, washed in 2 M NaCl to remve the a imunglobulins and finally
resuspended in Kreb's Ringer phate at a density of 10 particles/ml.
Tob assay for phagocytosis, 106 cells r in 0.5 ml of senxn-free

RPM 1640 medium were mixed with 10 ul of pnised latex particle

Susi and ineubated at 37°C in an ab e of 5% C02/95% air, for 4

hours. Cells were then washed three times with Kreb's Ringer EEhate and
collected by centrifugation at SOOg for 5 minutes. Cytospin slides stained

with May-Grunwald-Giemsa were inspected by light microsoopy. Cells

containing 5 or more latex particles were soored as phagocytic.

Nucleoid sedimentation:

DNh strand break fonmation and rejoining was monitored by a

modifiation of the previously ribed nucleoid sedimtation te i

(11) which was originally developed by Cook et al (34). 2 x 10c6ells in

50 l p phate buffered saline containing 10 mtM EDrA was added to 500 ul

of the lysis solution (2.0 M NaCl, 10 mM EDrA, 127 u M [50 ug/ml] ethidium
branide, 100 m4 Tris.HCl pH 8.0, 0.5% (v/v) friton-X-100), which was

overlaid on 14 ml of a 15-30% (w/v) linear sucrose gradient oantaining
2.0 M NaC, 1.0 irM EDrA, 127 uM ethidium bcrade, 10 mM Tris.HCl, pH 8.0.

This high coeentration of ethidium brmnide was included in the lysis and
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F$g. 1. EMS0-inx3ied. differentiatic of HL-60 cells.
Nitro-blue-tetrazoliun reduction ( 0 ); and phagocytosis of opsonised latex
particles ( A). Essentially similair results are obtained by the retirnic
acid-induced differentiation of HL-60 cells.

gradient soluticns in order to avoid interference fran changes in the

superalical 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 roan temperature, for 30 minutes and then centrifuged at 20000

rpm in a Beckman SW27. 1 rotor for 1 bour. The positions of the nucleoid

bands were visualised with an ultraviolet transilluminator and tograEkied
with a polaroid camera fitted with a Wratten 25 filter.

Relt

HL-60 cells can be induced to differentiate along the myeloid
lineage by either 1.25% (v/v) DMSO or 1 vM retirmic acid (Fig. 1). Tme

induction of differentiation by either agent is first detectable at 24

hours when app-riomately 20% of the cells are capable of reducing

nitro-blue-tetrazolium. After 5 days in culture, a rximately 90% of the

cells can reduce nitro-blue-tetrazolitun. The induction of the ability to
phagocybose latex particles takes lcraer and is first detectable after

thee days, reaching its maximum after 7 days when aproximately 80% of the
cells can phagocybose opsonised latex particles.

Duing the induced differentiation of HL-60 cells along the

myelocytic lineage, DNA strand-breaks are formed. This is reflected in a

reducticn in the sedimentaticn rate of nucleoids during the first 24 hurs
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Fig. 2. En aticn of DM strarxl-breac frmation by i sim-tation
analysis during myeolcytic differbitHaticn of HL-60 cells.
Nucleoid sintation rate was measured at the indicated times in HL-60
cells induced to differentiate (A) by either 1.25% (v/v) EMSO (a), or 11cM
retinoic acid (b). Results are expressed as a fracticn of sedimentaticn
rate in control, uninduced, HL-60 cells (0).

of treatment with either DvSO (Fig. 2a) or retineic acid (Fig. 2b), as

catpared to the sedlimentaticn rate of nucleoids fran parallel uninduced
cultures. At this time very few cells are capable of rcing

nitro-blue-tetrazolium which is cne of the earliest mkers of

differentiation in these cells (Fig. 1). The DNA breaks thus formed are

only transiently maintained and are religated during the subseqent 24

hours (Fig. 2).
Inhibiticn of ADPRT activity, by 2 mM 3-methU ybenzamide at 2 mM,

blocks the religaticn of the DNA strand breaks which appear during
diffetiaticn, but it does not block their formation (Fig. 3a). In the

D!SO-treated cultures in which ADPRT activity is blocked, the DNA

strand-breaks do form, but in cctrast to the uninhibited cultures, the DNA

strand-breaks remain unligated during the subsequent period of inrubation.

This inhibition of DNA strand ligation is only observed with 3-methmy-
benzamide, an enzyme inhibitor, and not with 3-methcybenzoic acid, which
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Fig.3. Effef of itbiiticn of ADWP ac-tivity cn E1 strand break
fornwticm aid re-ligat Ig L-60 differetiaticn.
Nucleoid sedimentation rate in tvO induced HL-60 cells in the of
an inhibitor ( A ); or in the preserne of either 2 ImM 3-metI-benzamide
(a,A), or 2 mM 3-methoxybenzoic acid (b,A). Control cultures were either
un-inucied, HL-60 cells ( 0 ), or cells cultured in the prese of 2 mM
3-methoxybenzamide (a, O) or 2 mM 3-methaxybenzoic acid (b, 0). Results
are expressed as a fraction of einmntatimn rate in control, un-induced,
HL-60 oells.

is not an inhibitbor of ADPRT activity, (Fig. 3b). Neither 2 mM

3-me1t dsybenzamide rr 2 mtM 3-metlmyberzic acid have any detectable
effect on the sedinentation rate of mucleoids in the i ontrol
cultures. At the 2 mrM ccnetraticon used here neither ouIpndA has any
effect on the cloing efficiency of control i HL-60 cells in soft

agar (unpublished results), or the viability of these cells in culture

(35), clearly deKxnstrating that 3-metbixybenzamide is rnt causing
no-specific metabolic perturbaticns. Induction of differentiation by DMSO
decreases the rate of cell growth in culture because the differentiated
cells dc not divide; again we see that 2 mM 3-methexybenzanide by itself
does not affect the rate of cell growth. In contrast, in cultures irndued
to differetiate by 1.25% I10, exposure to 3-methoybenzaide results in a
dranatic redictiomn in cell growth and/or viability as judged by the rxttier
of trypan blue feabl e cells in culture (Fig. 4).
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Fig.4. Effect of inhibiticn of ADWRr actvity cn cell cmsity in
ccto axi diffretitn cutrs of HE-60 cells.
Cell density (tpa blue imprmale) was masue at the indicated tie
in control HL-60 cells not exoe to an inue (0); ozr cultured in the
presene of oly 1.25% (v/v) I1%O (A*); or in the presene of 2 nt4
3-metliyez:amide al~ (0O); ozr in the ctribined preseme of bothi 1.25%
(v/v) DrvO and 2 nt4 3-mtknxybenamide (A).

Dis ic

During the cellular differentiaticn of HL-60 cells along the

myelooytic lineage, inue by either I1%O orretimsic acid, DNA

strand-breaks are fomd. These braks transiently accimulate early in the

course of differentiation and are subsqetly religated. The acoulation
of these Eiysiologically-rme DNA str-and-beaks occurs despite the

proficiency of differetiating HL-60 cells in DNA repair (35). We have

s1 ~that DNA strad-breaks which are fomd by either Y-irradiation or

exposue of the HL-60 cells to the nixmfunetioal methylating agent

(dAirethylsulEihte) are as prficiently repaired in tedifferentiating or

differentiated HL-60 cells as they are in the undifferentiated actrol
cultures (please see the adjoining paper 35). It seens that the ligation

of thie DNA strand bre3aks which are fored by either ionsing radiatio or

by exposur to nxfunctioa methylating agents as well as the

Stsiologically-formed DNA strn brak reurnuclear ADPRr activity.

The requiret for ADPRTxactivity has also bee st~ for teligatio of

DNA stad-brak which are present in the gexn of resting lympheytes,

follcsiin their mitoeic activationa (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 inhibiticn of

ADPRT activity at inhibitor ccncentraticns which are not toxic to these

cells. Therefore, the reported induction of differentiation by Grosso and

Pitot may be a function of the cytiotoxc prprty of these inhibitors at

the unusually high concentrations (10 fM 3-aminbenzamide) 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 grth potential, possibly because the ligation of their DNA strand

braks is blocked. Of course, even in the absence of ADPRT imnibitin, the

differetating cells do eventually becane 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 oell death, as indicated by a substantial decrease in the number

of viable cells.

In conclusion, the studies reported here dbmonstrate 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 rnclear ADPRr activity. Although DNA strand break

foomtion has inw been reportd in a number of exmples of cellular

differeitiation (2-9), their biological significance remains obscure.

Perhaps the formation of DNA strand-breaks are required for alterations in

ge e ion necary for cellular differentiation, possibly by

regional hranatin relaxation of previously supercoiled nains in the

gerzn. This notion is stre thened by the recent daxmistraticn that a

purified myeloid cell differentiation-induing protein causes the formation
of single-strand breaks in supercoiled SV-40 DNA (10).

This work was su torted by grants fran the Medical Research

Cncil, Cancer Campaign and the London University Central

Research Fund. We are grateful to Professors Stuart Campbell and William

P. Collins for their support and enouragement in the course of this work.
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