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Abract
The human pranyelocytic cell line, HL-60, shows large changes in

erxbgenous poly(ADP-ribose) and in nuclear ADP-ribosyl transferase activity
(ADPRT) during its induced myelocytic differentiaticn. DNA strand-breaks
are an essential activator for this enzyme; and transient DNA strand breaks
occur during the myelocytic differentiaticn of HL-60 cells.

We have tested the hypothesis that these post-mitotic, terminally
differentiating cells are less efficient in DNA repair, and specifically in
DNA strand rejoining, than their proliferating precursor cells. We have
fcund that this hyp esis is rot tenable. We cbserve that there is no
detectable reductin in the efficiency of DNA excision repair after
exposure to either dimethyl sulphate or Y-irradiaticn in HL-60 cells
induced to differentiate by dimethyl sulpixide. br , the efficient
excisicn repair of either dimethyl sulphate or Y-irradiaticn induced
lesicns, both in the differentiated and undifferentiated HL-60 cells, is
blocked by the inhibiticn of ADPRT activity.

Tro&x±
The human prciryelocytic cell line, HL-60, can be induced to

differentiate alcng either the monocytic or myelocytic lineages deperding
cn the choice of the inducing agent (for review please see ref. 1). During

dimethylsulphoxide (DMS) induced myelocytic diiferentiation of HL-60 cells

endogernos poly(ADP-ribose) increases substantially and there are large

changes in the activity of the nuclear enzyme, ADP-ribosyl transferase,

(ADPRT) (2). Breaks in DNA are an essential activator of nuclear

ADP-ribosyl transferase (3) and we have deimmstrated the transient

a e of DNA strand breaks in HL-60 cells differentiating alcng the
myelocytic lineage (4). The transient appearance of these breaks raises the

questicn whether these terminally differentiating cells are rot proficient
in DNA repair. Indeed, a number of studies have suggested that there may
be a decrease in the DNA repair capacity of terminally differentiating
cells including chic3k ey ocytes (5), chick neural retinal cells (6),
murine neuroblastxma cells (7) and both avian and murine yotube nuclei
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(8-10). Based on these and other similair observations it has been argued
that in post-mitotic cells there is a less stringent requirement for

efficient DNA excision repair, because there is no further need for the

replication of the genom and that deficiencies in the integrity of the

genome will not be passed to future generations. Indeed, deficiencies in

DNA repair capacity, leading to the subsequent accumulation of mutaticns,

has been proposed as a possible machanism in cellular ageing and

carcinogenesis (11-13). In contrast to these studies, other reports have

deronstrated proficient DNA repair capacity in terminally differentiated

mammalian neuronal cells (11,14), in guinea pig melanocytes (15) and in

nuuse epidermal cells (16). Ccnparison of repair capacity in rat and chick

myotubes with their respective proliferating myoblasts has also failed to

deinnstrate a reduction in their repair capacity after the onset of

terminal differentiaticn (17,18). Therefore, at the present time, there is

sane controversy as to the proficiency of DNA repair in post-mitotic,
terminally differentiating cells. This issue is inportant net only for

understanding the relationship, if any, between DNA repair and ageing but

is of nore direct importance in elucidating the mechanisms irnolved in

alterations in DNA molecular weight which are detected in a number of

examples of cytodifferentiation (18-23) and in the function of nuclear

ADP-ribosyl transferase (ADPRT) in cell differentiation (24).
We have shown that during the cnset of terminal differentiation in

primary chick skeletal myoblasts, single-stranded DNA breaks are

metabolically generated (18). Differentiation in normal human bone marrow

CRU-g cells (19) and in mouse erytoleukaemic cells is also associated

with the formaticn of DNA strand-breaks (20,21). Resting, circulating

human lymphcytes contain DNA strand breaks which disappear within four

bours of mitogen stimulation (22,23).
Because of the widespread and important imrplications of these

observations, it is necessary to artain whether these DNA strand-breaks
are the passive pdt of alterations in DNA repair efficiency. In the

present report, we have used a sensitive rucleoid sedimentaticn technique

to min the excisicn repair capacity of HL-60 cells following exposu

to dimethyl suliphate (Dr) of Y-radiation, both before and after the

induction of differentiation alng the myelocytic lieage inuced by MM0.

MEterials and seU x

Cells and culture conditions are described in the preceding
manuscript (4). HL-60 cells were cultured in the presence of 1.25% (v/v)
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I1MO for the indicated lergths of time. Cells were then collected by

centrifugation at 500 x g, for 10 min. and r in fresh medium at a

density of 2 x 105 cells/ml. Cultures were then incubated for apprcx-
imately 2 hours before exposure to the DNA damaging agent (either DMS or

Y-radiaticn) unless otherwise specified.
An apprcpriate volume of a solution of DMS in absolute ethanol, at

1000 times the desired final cacrentration, was added to cultures. Because

the half-life of DM5 in culture medium at 37°C is very short (approximately
15 min. ) the DMS was not washed away. A Cobalt-60 source, emitting

approximately 1000 rads per min. was used for Y-irradiaticn. The exact

rate of emissicn was calculated fran a Cobalt-60 decay chart. After

exposue to the DNA-damging agents, cells were incubated at 370C for the

indicated times prior to the estimation of DNA strand-breaks.
The effect of inhibition of a in dipE ribosyl transferase

(ADPRT) activity on DNA repair was assayed after adding either 5 mM 3-amino
benzamide or 2 mtM 3-methoxybenzamide, which are ccrpetitive inhibitors of

ADPRT activity (25), to the cultures imnadiately after the addition of DM5

or follc4ingj Y -irradiation. Alternatively, the acid analogues of these

caupounds, 3-aminobenzoic acid or 3-metbcxybenzoic acid, which are poor
inhibitors of ADPRT activity (25), were added to the cultures imnediately
after expos to the DNA damaging agent, at the ccricentrations indicated
above.

DNA repair was assayed by the estimation of DNA strand-breaks by
the nucleoid sedn ntation method previously described (4).

Resllts
DNA strand-breaks formed after expos of cells to low doses of

either Y-radiaticn or DM can be easily quantitated, using the nucleoid
sientation procedure. This methed, scribed in the preceding paper

(4), can accurately measure DNA strand-breaks formed by apximately 25
rads of Y-radiation or as little as 2.5 uM DS (Fig.1). Icnising radiaticn
produces 2 single-strand breaks per 1012 daltcns of DNA per rad (26).
HL-60 cell DNA has a molecular mass of 4 x 1012 daltons, calculated from a

diploid DNA content of 10 pg per nucleus. Therefore, Y-irradiation of

HL-60 cells produces 8 single-strand breaks per geanre per rad. These
calculaticns are used to establish the calibration scale in Fig. 1. This

scale is used to estimate the a imate nber of DNA strand breaks in

subseq t experiments.
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Fig.l. Usi mn of E£ strad-breaks by th Urleoid sediIwitatiat
procein. a) Sdientation of rucleoids fran HL-60 cells irradiated with
the indicated dose of Y -irradiaticn. b) Sedimntation of nucleoids fran
cells treated with th indcad ocentration of D[ for 15 minutes. The
exror bars show the stadard error of the mean of at least tree seprae
mlsre ts in each case and refer only to the actual distance migrated
and rot the relative migration rates. The standard erros for the relative
sedimentation rates are smaller than the symbols in these figures. The
insets are Ehtgraphs of two nucleoid gradients against a vertical UV
trsilluninator. The figures in the insets indicate the dkee of
Y-irradiation (a), or the concentration of DS used (b).

Exposure of HL-60 cells to 100 rads or Y-radiation p es 800

single-strand DNA breaks per dipoid gense in both undifferentiated,
proliferating cells and in the post-mitotic cells induced to differentiate
along the myelocytic lineage. Them breaks are rapidly repaired in both
cell types during a subset incuation of the cells and within 40
mintesthe sedi entaticn rate of the nucleoids is restored to the control
un-irradiated levels (Fig. 2). nreasing the Y-irradiation dose to 400
rads d ses the relative sedimtaticn rate of the nucleoids to 0.35,
orre r to approximately 3 200 single-strand DNA breaks. This larger

number of DMN strand-breaks takes lcnger to be repaired and even after 2

hours ther is still sane 200 single-strand breaks evident. Htwever,
either at 100 or at 400 rads of Y -irradiaticn ther is no detectable
difference in the kinetics of repair of DNA strand-breaks between
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Fig.2. Rpaif of ENA stxad-breaks indxied by Y-radiatim in HL-60 cels.
Proliferating, undifferentiated HL-60 cells ( , 0 ) and post-mitotic,
undifferentiated cells, which had been cultured in the presence of 1. 25%
(v/v) IMO for 7 days (A, A) were irradiated with 100 (closed symbols)r
400 (cpen syibols) rads of Y-radiatico. cells were then incubated at 37c
for the indicated times prior to being applied to the rucleoid gradients.

proliferating, undifferentiated and the post-mitotic, differentiated cells

(Fig. 2).
The exposure of HL-60 cells to 10 tM MS for 15 minutes

reduces the relative sedimentaticn rate of the nucleoids to 0.55,

corresponding to approximately 800 single-strand breaks present at the time

of assay, reflecting the balance between the rate of formaticn and the rate

of rasoval of strand breaks. The total number of methylated products is

much greater and repair will continue for many IMurs. There is no

detectable difference in the kinetics of repair of DM5-induced DNA

strand-breaks between undifferentiated cells, or in differentiating cells

in cultures treated with DMSO for 2 days, or the post-mitotic,

differentiated cells in cultures treated with DtVSO for 7 days.

Interestingly, as already denstrated (4), the differentiating HL-60 cells

(treated with DtSO for 2 days) ontained physiologically formed DNA

strand-breaks prior to DM' exposure (Fig. 3). The additicnal DNA

strand-breaks produced by the exposure to DM5 were repaired with apparently
similair kinetics in these differentiating cells as in the control or in

the differentiated cells. In all three cultures the steady-state level of

detectable DNA strand-breaks has fallen to 5% the initial value by 160
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Fig.3. Rpair of fl stranxl-breaks irxkved by [EC in HL-60 cells.
Proliferating, urdifferentiated HL-60 cells (0, 0), differentiating calls
fran cultures treated with MM0 fcr two days ( , 0 ), or post-mitotic
differentiated cells fran cultures treated with MM0 for 7 days (A , A )
w e ed to 10 vM (closed symbols) ar 50 vM (cpen symbols) DIM. After
15 mirntes (defined as time 0 of repair), cells were ranred at the
indicated times and their nucleoid sedimntatiai rate was determined.

minutes. Paoever, in the differentiating cells apoximately the same

level of DA strnd breaks as was present prior to DM tratmt was

maintained at 160 minutes (Fig. 3).
Iraceasqin the DM concentraticn to 5OuM rces the relative

i entation rate of the nucleoids bo 0.23, ccrrespcriding to aprimately
4 000 single-strand breaks per dipoid genae. The repair of this much
higher level of DNA strand-breaks takes a longer time and after 4 Ixurs of

ircubatimn apprc nately 1 000 single-strand breaks are still observed
(fig. 3); but again there is ro detectable difference between
diff ated, difftiating and undiffer ated cells.

The ir.hibitcr of ADPRT activity, 3-id (5 alM) and

3-metbowebenzamide (2 aWM), retard the repair of DNA strand-breaks fanned by
exposure to either 400 rads of Y-radiaticn (Fig. 4), a 10 i'M DM (Fig. 5).
This inhibiticn of DN repair is seen in both the the proliferatixq,
undifftiaed and in the post-mitotic, differentiated cells. At
corresponding acncentraticis the acid logues of these o

3-ai oc acid and 3-metccybezic acid, which do nct inhibit ADPRT
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Fig.4. Effet of ititicn of ADMPRI activity on te repair of DNt
strard-breaks inclked by Y-radiation.
Proliferating urx]ifferentiated (0 , 0 ) and post-mitotic differentiated
HL-60 cells (A , A ) were irradiated with 400 rads of Y-radiaticn. The
pogress of DNA strand ligatim was then neasued in the preserce of ADPRT
inhibitoxrs and their non-inhibitxxy acid analogues, a) 5 IrM 3-ani-
benzaicde (open symbols), or 5 nM 3-i c acid (closed symbols).
b) 2 mM 3-mtheoybenzamide (open symbols), or 2 mtM 3-metboxyberic acid
(closed symbols).

activity, do not block the religation of DM strand-breaks forned by
exposure to either Y-radiation or D (Figs. 4 & 5). At these
corEentratiaLs neither the ADPRT inhibitors rxr their acid analogues have a

detectable effect cn the rate of proliferaticn of control,
undifferentiated, HL-60 cells even over three days of culture (Fig. 6). Up
to 5SuM cczxcentrations of these t< ccupands there was rn a-arent effect

on cell grmwth. At higher cocuentraticns the rate of cell proliferation
was significantly slowed down.
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Fig.5. Effect of irihi of ADPRT acivity cn the repair of DEM
LL -dbreaks Lrxed by I1m.

Proliferating undifferentiated (0, 0 ) and post-mitotic differentiated
HL-60 cells (A , A ) were exposed to 50 u M DMS. The rate of DNA
strand-ligaticr was then nmesured in the presce of ADPRT inhibitors and
their nxi-inhibitory acid analogues. a) 5 mM 3-amirzamide (open
symbols), or 5 mM 3-aminebenzoic acid (closed symbols). b) 2 mM 3-methoxy-
benzamide (open symbols), or 2nmM 3-methoxybenzoic acid (closed synbols).

aicssion

The data presented here dbmonstrate that induction of
differentiation by DMSO in the human prcaryelocytic leukaeinc cells, HL-60,
along the nyelocytic lineage does not inhibit the ability of these cells to
repair DU lesions induced by exposure to either ionising radiation or
treatmelt with the m mfunctional methylating agent, DM.

The differentiating HL-60 cells, after two days of treatmnt with
MMO, contain aoxinately 400 [hysiologically formed DNA strand-breaks
per diploid ges. e additinal DM-induced DNA breaks are efficiently
repaired, but aprodimately 400 DNA strand-breaks per diploid genme remain
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Fig.6. Effect of ADfRT iibics on HL-60 cell growth.
HL-60 cells fran a logarithmically growing culture were sub-cultured into
fresh mediun at a cell density of 2 x 105/ml. 3-amibenzamide (), or
3-metboxybenzamide (A ) was then added at the irndicated Centratins. The
cell densities were determired three days later.

unligated. This suggests either that the physiologically-formed breaks are

different fran the DI-inucxed breaks, or altratively that the

differentiating cells maintain a quantitatively similar number of breaks as

was prest prior to JS treatment after the repair of the EDv indced

breaks. [he physiologically forned breaks are also eventually ligated
during the next 24 hours in the course of differentiation (please see the

precedin paper, ref. 4).
Ctnparism of the rate of rentval of DNA strand-breaks i ed y

100 and 400 rads of Y-radiaticn demonstrates that under both ccrditicns
approximately 20 single-strand DNA breaks per gernre are religated per

minute. This is an interesting observatin s ti that in both cases

there was a 'saturating cn tration' of DNA strand-breaks available to

the DNA repair mechanism; or alternatively, that the rate of DNA strand

ligaticn is independent of the 'ccentration' of DNA strand-breaks
present. A similar analysis of the kinetics of the rate of ligation of DNA

strand-breaks formad by D cat be made. This is be the detectable

number of DNA strand breaks at any given time following exposu to DM, is

aoly a reflection of the net balance in the rate of fornaticn and reioval

of DNA strand-breaks. [me rate of repair of Y-induced DNA damage is
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cxmparable to the rate observed in a number of other DNA repair-proficient
cells. However, DMS-induced damage in proliferating, or in either

differentiating or the post-mitotic differentiated cells appears to be

repaired much more slowly in these cells compared to the muse

lymphcblastic cell line, L1210.

The present studies also demnstrate that in both the

proliferatin, undifferentiated cells and in the post-mitotic cells indced

to differentiate alcng the myelocytic lineage, rnclear ADPRT activity is

required for the efficient repair of DNA damage induced by either CMS or

y-irradiaticn. Nuclear ADPRT activity has also been shxon to be required

for the efficient excisicn repair of DNA damage induced by DNS in a number

of other cells (for review see ref. 27 and 28).
The inhibiticr of ADPRT activity is specific to benzamide and its

amide analogues, all of which, including the most camrnly used cpounds
3-aminobenzamide and 3-methoxyberzamide, block the activity of ADPRT; the

acid analogues of these c ds do not ihibit ADPRT activity. However,
the additicnal effects of high, lethal ccricentrations of bezamide

derivatives cn growth and nucleotide biosynthesis (29) are not specific to

the amides but are rancmly shared by the acid analogues as well.

Therefore, the correct use of ADPRT inhibitors, that is, at nin-toxic
cocrentraticrs and in ccnjuncticm with their acid analogues, offers a

perfectly valid means of testing the effect of specific inhibiticn of ADPRT

activity in different biological proces, including DNA excisic repair

and cellular differentiaticr.
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