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Volume 232, Number 3 (1997), in Article No. RC976345, ‘‘Extracellular ATP
Triggers Cyclic AMP-Dependent Differentiation of HL-60 Cells,’’ by Lele Jiang,
Fiona M. Foster, Peter Ward, Vitomir Tasevski, Brian M. Luttrell, and Arthur
D. Conigrave, pages 626–630: Due to a file conversion error at the printer,
the Greek letter mu appears as an ‘‘m’’ in many places throughout the text.
For the reader’s convenience, the entire article is printed on the following
pages.
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differentiation of HL-60 cells (1, 6) but the mechanism
Extracellular ATP and ATPgS (1–1000 mM) stimu- of action remains unclear. ATP might act after its hy-

lated cyclic AMP (cAMP) production in undifferenti- drolysis to adenosine (which induces HL-60 cell
ated HL-60 cells. The potency order for adenine nucle- apoptosis; see Refs 7, 8), by the activation of an ecto-
otides and adenosine was ATPgSú ATP @ ADP§ AMP protein kinase, or via surface receptors. Two forms ofÅ Adenosine. Indomethacin (50 mM) had no effect on ATP receptor have been described on HL-60 cells: (i)ATP-induced cAMP production. ATP and ATPgS also

P2U receptors present on both undifferentiated and dif-suppressed cell growth and induced differentiation as
ferentiated HL-60 cells (9) which induce Ca2/ mobiliza-revealed by fMLP-stimulated b-glucuronidase release
tion in response to extracellular ATP or UTP and (ii)48 h after exposure. The potency order for the induc-
P2X1 receptors which are ATP-gated Ca2/-permeabletion of fMLP-stimulated b-glucuronidase release by
ion channels present on differentiated cells (10). Re-adenine nucleotides and adenosine was ATPgS § ATP
cently, extracellular ATP has been reported to elevateú ADP ú AMP Å Adenosine É 0. The protein kinase A
intracellular cAMP levels in several different cell typesinhibitor Rp-8-Br-cAMPS (10–200 mM) suppressed
e.g., bovine aortic endothelial cells (11), NG108-15 cellsATP-induced differentiation but had no effect on ATP-
(12) and MDCK-D1 cells (13). Given that cAMP is adependent growth suppression. UTP which, like ATP,

activates P2U receptors on HL-60 cells, had no effect on recognised differentiation agent for HL-60 cells, we ex-
cAMP production, cell growth, or differentiation. The amined whether the differentiating effect of extracellu-
data suggest the existence of a novel receptor for ATP lar ATP was dependent upon the generation of cAMP.
on undifferentiated HL-60 cells that is coupled to the Our data suggest the presence of a novel ATP receptor
activation of adenylate cyclase and cAMP-dependent on HL-60 cells that is coupled to the generation of
differentiation. q 1997 Academic Press cAMP which, in turn, triggers cellular differentiation.

MATERIALS AND METHODS

Human promyelocytic HL-60 leukemia cells can be
HL-60 cell culture and proliferation assay. HL-60 cells were

induced to differentiate to neutrophil-like cells by vari- grown in suspension culture in Hepes-buffered RPMI-1640 (pH 7.4,
ous agents including 3 *, 5* cyclic AMP. Agents that Sigma, St Louis MO, USA) supplemented with fetal bovine serum

(FBS, 10%, Cytosystems, Australia) and gentamicin (50 mg/ml;elevate intracellular cAMP levels by activating adenyl-
Sigma) at 377C. Cell density was maintained within the range 1–10ate cyclase e.g., PGE2 (1), histamine (2) and epineph-
1 105 cells/ml which falls in the log phase of HL-60 cell growth curve.rine (3) are all recognised differentiating agents. Cell- Cell counts were performed routinely using a Coulter Counter (Model

permeable forms of cAMP such as N6, 2*-O-dibutyryl Zf, Dunstable, Bedfordshire, UK).
cAMP (4) and 8-Cl-cAMP (5) also induce HL-60 cell Doubling times of undifferentiated HL-60 cells were approximately

30-36 h. For proliferation studies, HL-60 cells were cultured in eitherdifferentiation.
10 ml flasks (Greiner, Australia) or in multi-well plates (Linbro, ICNExtracellular ATP has been reported to induce the
Biomedicals, Ohio, USA; 1-2 ml) with a starting density of 105 cells/
ml. Nucleotides or other chemicals were added as required in a single
dose at the beginning of each experiment.

Abbreviations: ATPgS, adenosine 5*-[g-thio]triphosphate;
dbcAMP, N6, 2*-O-dibutyryl-adenosine 3 *, 5*-cyclic monophosphate; cAMP assay. HL-60 cells were harvested in log phase by centrifu-

gation and resuspended in fresh RPMI-1640 medium supplementedfMLP, fMet-Leu-Phe; IBMX, 3-isobutyl-1-methyl xanthine; PK-A,
protein kinase A; Rp-8-Br-cAMPS, Rp isomer of adenosine 3 *,5*-(cy- with 10% FBS at a density of 106 cells/ml. The cells (in 0.2 ml ali-

quots) were stimulated with nucleotides at various concentrationsclic)-phosphoro[thioate].
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in the presence or absence of IBMX (2 mM) at 377C. Reactions were
stopped by the addition of absolute ethanol (0.5 ml). Supernatants
were evaporated by vacuum centrifugation and the precipitates were
re-dissolved in 0.2 ml of cAMP assay buffer which contained Na
acetate (0.05 M), CaCl2 (0.025 M) and bovine serum albumin (0.1%),
pH 6.2. The radioimmune assay for cAMP was performed as de-
scribed previously (14).

b-Glucuronidase secretion assay. Assays of b-glucuronidase re-
lease were performed on cytochalasin B (Sigma)-treated cells as de-
scribed previously using 4-methylumbelliferyl b-D-glucuronide (Cal-
biochem, CA, USA) as the fluorescent substrate (15, 16).

Ion-pair HPLC. Ion-pair reverse-phase chromatography was
used to separate adenosine and adenine nucleotides using a C-18
endcapped column (Regis, Morton Grove, IL USA; 250 mm 14 mm)
attached to a Pharmacia/LKB HPLC system. A binary gradient based
on increasing acetonitrile (Rhone-Poulenc, Melbourne, Victoria, Aus-
tralia) concentration was used. Buffer A had the following composi-
tion: TBA (tetrabutyl ammonium chloride; Sigma) 5 mM, KH2PO4

80 mM, pH 5.0. Buffer B was composed of equal volumes of Buffer
FIG. 1. The effect of ATP and ATPgS on cAMP production inA and acetonitrile. The gradient profile was as follows: 0-3 min, 24-

undifferentiated HL-60 cells. HL-60 cells were incubated in RPMI-50% B, 3-14 min, 50% B, 14-15 min, 50-24% B, 15-30 min, 24% B.
1640 medium containing FBS (10%) for various times at 377C in theThe flow rate was 1 ml/min. Nucleotides were detected by absorbance
presence of ATP or ATPgS (100 mM). cAMP was determined by radio-at 254 nm. The retention times (min) were as follows (means { SEM,
immunoassay of aqueous samples prepared from cell pellets by etha-nÅ13): adenosine (4.29{0.01), AMP (5.19{0.01), ADP (8.72{0.01),
nol extraction.ATP (10.82{0.01) and ATPgS (11.49{0.01).

Data analysis. The data are reported as means{ SEM. Student’s
unpaired and paired t-tests were used to test the statistical signifi-

The greater apparent potency of ATPgS might havecance of the differences observed between experimental means.
Curve fitting for concentration-response curves using the Hill equa- arisen as a result of the hydrolysis of ATP by ecto-
tion was performed using DeltaGraph Professional software to per- nucleotidases. However, the half-life of ATP under
form non-linear regression analysis. EC50s (means { SEM) were de- these conditions was found to be greater than 1 h andtermined using MacCurveFit software.

only about 5% of ATP was hydrolysed under the condi-
tions of the assay. Therefore, the data support the con-

RESULTS clusion that ATPgS is a more potent activator of cAMP
production than ATP.

Extracellular ATPgS and ATP stimulated cAMP pro-
Extracellular ATP induced the differentiation of HL-duction in HL-60 cells. ATP (100 mM) induced a rapid

60 cells as determined by fMLP-stimulated b-glucuroni-increase in cellular cAMP levels that reached a maxi-
dase secretion. Control undifferentiated HL-60 cellsmum (66.3 { 8.5 pmol/106 cells; n Å 3) after 5-10 min
did not release b-glucuronidase when exposed to theof incubation (Fig. 1); cAMP levels returned to baseline
chemotactic peptide fMLP (1 mM). HL-60 cells that hadafter 1–2 h (not shown). ATPgS (100 mM) induced a
been exposed to a single dose of ATP or ATPgS (1-1000similar maximal response (88.7 { 16.2 pmol/106 cells;
mM) and cultured for 48 h, released b-glucuronidase innÅ 3). In the presence of the cyclic nucleotide phospho-
response to fMLP (1 mM; Fig. 3). The potency order fordiesterase inhibitor IBMX (2 mM), the ATP- and
adenine nucleotides and adenosine was: ATPgS§ ATPATPgS-induced cAMP responses were similar but
ú ADP ú AMP Å Adenosine É 0 (Fig. 3B). UTP wascAMP levels returned to baseline levels more slowly
without effect. After 48 h exposure to ATP at an initial(not shown). Extracellular UTP (1-1000 mM) which ac-
concentration of 1 mM, fMLP released 16.4 { 2.8%tivates Ca2/-mobilizing P2U receptors on HL-60 cells (9,
(n Å 5) of their b-glucuronidase content. By way of17) had no effect on cAMP levels.
comparison, cells exposed to dbcAMP (500 mM) for 48The concentration dependence of various nucleotides
h and then exposed to fMLP (1 mM) released 23 { 1.6on cAMP generation were obtained after 5 min of incu-
% (n Å 3) of the total cell content of b-glucuronidase.bation in the presence of IBMX (2 mM; Fig. 2). The
Unlike ATP, cells treated with high concentrations ofpotency order for the production of cAMP by adenine
ATPgS (0.3 mM and 1.0 mM) exhibited suppressednucleotides and adenosine was: ATPgS ú ATP úú
fMLP-induced b-glucuronidase release (Fig. 3A). TheseADP § AMP Å Adenosine É 0. Similar data were ob-
cells lost viability as determined by phase contrast mi-tained in the absence of IBMX (not shown). The EC50 croscopy and trypan blue exclusion. Less than 40% ofvalues for ATPgS and ATP were 17.7 { 2.7 mM and
cells exposed to ATPgS (1 mM) on day zero excluded158 { 15.6 mM respectively. Aristolochic acid (200 mM),
trypan blue after 48 h (0.04%, 20-257C, 5 min).an inhibitor of phospholipase A2 and indomethacin (50

mM), an inhibitor of cyclo-oxygenase, had no effect on Growth suppression of HL-60 cells by extracellular
ATP and ATPgS. Single doses of ATP or ATPgS (10-ATP-induced cAMP production.
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and growth suppression in HL-60 cells. HL-60 cell dif-
ferentiation by ATP has been noted previously (1, 6)
however, the mechanism responsible has been unclear.
Olsson et al. (1) suggested that the effect was due to
ecto-protein kinase activity. On the other hand, Cowen
et al. (6) suggested that the differentiation effect de-
pended upon P2U receptor activation. Our data are not
compatible with the idea that P2U receptors mediate
the differentiation effect of ATP because UTP, which
is an equipotent agonist at P2U receptors, had no effect.
In fact, our results suggest that extracellular ATP in-
duces cell differentiation via the stimulation of cAMP

FIG. 2. The concentration dependence of nucleotide-induced
cAMP production. HL-60 cells were incubated in RPMI-1640 medium
containing FBS (10%) for 5 min at 377C. (A) The effects of ATP and
its hydrolysis products on cAMP production. (B) The effects of ATP,
ATPgS, and UTP on cAMP production.

1000 mM), but not UTP, inhibited the growth of HL-60
cells in FBS-supplemented RPMI-1640 medium over
the succeeding 7 days of culture (Fig. 4A). Adenosine
(100 mM) had no effect on cell growth and ATP was
more effective than its products of hydrolysis (Fig. 4B).

Effects of the cell-permeable protein kinase A inhibi-
tor Rp-8-Br-cAMPS. Rp-8-Br-cAMPS (10 – 200 mM)
suppressed the differentiation effect of extracellular
ATP (Fig. 5). After 48 h exposure to ATP in the presence
of Rp-8-Br-cAMPS (200 mM), HL-60 cells failed to re-
lease b-glucuronidase in response to fMLP (1 mM). The

FIG. 3. The effect of exposure of undifferentiated HL-60 cells toeffect of Rp-8-Br-cAMPS was concentration dependent extracellular nucleotides on fMLP-induced b-glucuronidase release.
with an apparent IC50 of about 10 mM. Rp-8-Br-cAMPS HL-60 cells were cultured in RPMI-1640 medium containing FBS
(200 mM), however, failed to reverse the growth inhibi- (10%) and exposed to nucleotides or control solution on day zero.

After 48 h the cells were harvested and assayed for fMLP-inducedtory effect of ATP (not shown).
b-glucuronidase release. (A) The dependence of ATP and ATPgS-
induced fMLP-stimulated b-glucuronidase release on initial nucleo-DISCUSSION
tide concentration. (B) The effect of various nucleotides (all 100 mM;

Extracellular ATP and its more stable analog compared to control: *p Å 0.0001 for ATP and ATPgS; **p Å 0.007
for ADP).ATPgS, induced cAMP generation, cell differentiation
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bility of ATPgS. However, HPLC analysis of ATP (ini-
tial concentration 100 mM) and its breakdown products
under the conditions of these experiments demon-
strated that only about 5% of ATP was broken down.
Therefore, ATPgS appears to be a selective agonist sug-
gesting the presence of a novel P2 receptor. The effects
of ATPgS on cell differentiation and growth inhibition,
however, were complex because at the highest concen-
trations (0.3 and 1.0 mM) it induced cell death. This
effect may have arisen from ATPgS-derived thiophos-
phate. We have shown previously that thiophosphate
(10-1000 mM) induces apoptosis in HL-60 cells (18).

ATP receptors that activate adenylate cyclase have
been reported previously. In some cases ATP-activated
cAMP production is sensitive to the cyclo-oxygenase
inhibitor indomethacin which blocks the generation of
the autocrine activator PGE2 (13, 19, 20). In MDCK-
D1 cells, activation of PLA2-coupled P2U receptors by
ATP or UTP induces cAMP production via this mecha-
nism (13). In other cells, however, ATP-activated cAMP
production is insensitive to indomethacin (11, 21) and
UTP is ineffective despite the presence of P2U receptors
e.g., NG108-15 cells (12). The results of our study indi-
cate that HL-60 cells fall into this latter group: indo-
methacin (50 mM) did not block ATP-activated cAMP
production and UTP was ineffective despite the pres-
ence of P2U receptors (9, 17, 22) A sub-group of ATP
receptors that stimulate cAMP production are inhib-

FIG. 4. The effect of extracellular nucleotides on HL-60 cell pro- ited by xanthines (11, 12, 23). The receptor responsible
liferation. HL-60 cells were cultured in RPMI-1640 (FBS 10%) and for cAMP production in HL-60 cells does not appear to
exposed to nucleotides (initial concentration 100 mM) on day zero. belong to this group because IBMX (2 mM) did not(A) The effects of ATP, ATPgS, and UTP on cell proliferation over

inhibit cAMP production. Instead, IBMX prolonged thethe succeeding 7 days of culture. (B) The effects of ATP and its
products of hydrolysis, ADP, AMP, and adenosine, on HL-60 cell
proliferation.

production and activation of protein kinase A. Consis-
tent with this, ATP and ATPgS promptly elevated
cAMP levels in a concentration-dependent fashion
(Figs. 1 and 2), ATP induced HL-60 cell differentiation
(Fig. 3) and the protein kinase A inhibitor Rp-8-Br-
cAMPS (10-200 mM) inhibited ATP-dependent differen-
tiation (Fig. 5).

ATP is broken down by surface ectonucleotidases to
ADP, AMP and adenosine. This raises the possibility
that the stimulation of cAMP production and differenti-
ation, and the suppression of growth were due to the
generation of one or other of these breakdown products.
However, we obtained potency orders for all three ef-
fects which took the form: ATPgS § ATP ú ADP §
AMP Å Adenosine É 0. This potency order for cAMP
generation, in particular, excludes the involvement of FIG. 5. The effect of Rp-8-Br-cAMPS on ATP-induced HL-60 cell

differentiation. HL-60 cells were exposed to Rp-8-Br-cAMPS at theadenylate cyclase-activating adenosine receptors.
concentrations shown for 20 min prior to exposure to ATP (100 mM).ATPgS (EC50 17.7 { 2.7 mM) was found to be a more
After 48 h culture in RPMI-1640 (FBS 10%) the cells were harvestedpotent agonist than ATP (EC50 158 { 15.6 mM) for and assayed for fMLP-induced b-glucuronidase release and total b-

cAMP production from undifferentiated HL-60 cells. glucuronidase content (compared to 100 mM ATP alone: *p Å 0.016;
**p õ 0.005).This difference might have arisen from the greater sta-
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4. Chaplinski, T. J., and Niedel, J. E. (1982) J. Clin. Invest. 70,ATP-induced elevation in cAMP levels as predicted for
953–964.an inhibitor of cAMP phosphodiesterase.

5. Rohlff, C., Clair, T., and Cho-Chung, Y. S. (1993) J. Biol. Chem.The conclusion that ATP induces the differentiation
268, 5774–5782.

of HL-60 cells via the production of cAMP is consistent
6. Cowen, D. S., Berger, M., Nuttle, L., and Dubyak, G. R. (1991)

with a large body of evidence that links elevated intra- J. Leukocyte Biol. 50, 109–122.
cellular cAMP levels to HL-60 cell differentiation. This 7. Tanaka, Y., Yoshihara, K., Tsuyuki, M., and Kamiya, T. (1994)
effect of intracellular cAMP has been observed in cells Exp.Cell Res. 213, 242–252.
exposed to cell-permeable forms of cAMP e.g., dbcAMP 8. Kohno, Y., Sei, Y., Koshiba, M., Kim, H. O., and Jacobson, K. A.

(1996) Biochem. Biophys. Res. Commun. 219, 904–910.(4) or 8-Cl-cAMP (5) as well as in cells exposed to acti-
9. Dubyak, G. R., and Cowen, D. S. (1990) Ann. N.Y. Acad. Sci.vators of adenylate cyclase e.g., PGE2 (1), epinephrine

603, 227–245.(3) and histamine (2, 24). cAMP is a recognised differ-
10. Buell, G., Michel, A. D., Lewis, C., Collo, G., Humphrey, P. P. A.,entiation agent in a variety of cell systems. In addition

and Surprenant, A. (1996) Blood 87, 2659–2664.to its differentiation effects on HL-60 cells, cAMP also
11. Côte, S., Sande, J. v., and Boeynaems, J. M. (1993) Am. J. Phys-induces the differentiation, for example, of certain neu- iol. 264, H1498–H1503.

rons (25), PC12 pheochromocytoma cells (26), thyro- 12. Matsuoka, S., Zhou, Q., Ishimoto, H., and Nakanishi, H. (1995)
cytes (27) and LNCaP and PC-3-M prostate cancer cells Mol. Pharmacol. 47, 855–862.
(28). Depending on the distribution of adenylate cyclase 13. Post, S. R., Jacobson, J. P., and Insel, P. A. (1996) J. Biol. Chem.
coupled ATP receptors, extracellular ATP may act as 271, 2029–2032.

14. Luttrell, B. M., and Hennikers, A. J. (1991) J. Biol. Chem. 266,a more general signal for cellular differentiation.
21626–21630.ATP-activated cAMP production has been linked to

15. Packham, D. E., Jiang, L., and Conigrave, A. D. (1995) Cell Cal-increased DNA synthesis and mitogenesis (19, 20, 29).
cium 17, 399–408.In HL-60 cells, however, we observed ATP-dependent

16. Packham, D. E., Jiang, L., and Conigrave, A. D. (1996) Cell. Sig-suppression of cell proliferation. The mechanism is un-
nalling 8, 67–73.

clear. The cell-permeable inhibitor of PK-A, Rp-8-Br-
17. Stutchfield, J., and Cockcroft, S. (1990) FEBS Lett. 262, 256–

cAMPS (200 mM) which suppressed ATP-dependent dif- 258.
ferentiation, failed to reverse the inhibitory effect of 18. Jiang, L., Weston, K. M., and Conigrave, A. D. (1996) Biochem.
ATP on cell growth. The growth suppressing effect of Biophys. Res. Commun. 219, 393–397.
ATP may depend upon an alternative mechanism e.g., 19. Huang, N., Wang, D., Gonzalez, F., and Heppel, L. A. (1991) J.

Cell. Physiol. 146, 483–494.the activation of an ecto-protein kinase (30). However,
20. Wang, D. J., Huang, N. N., and Heppel, L. A. (1992) J. Cell. Phys-intracellular cAMP has been shown to suppress the

iol. 153, 221–233.growth of a variety of cell-types in culture (31) and cell-
21. Gailly, P., Boland, B., Paques, C., Himpens, B., Casteels, R., andpermeable forms of cAMP, dbcAMP and 8-Cl-cAMP, as

Gillis, J. M. (1993) Br. J. Pharmacol. 110, 326–330.well as the adenylate cyclase activators PGE1 and
22. Conigrave, A. D., and Jiang, L. (1995) Cell Calcium 17, 111–PGE2, suppress the growth of HL-60 cells (4, 5). Rp- 119.

8-Br-cAMPS is a more potent inhibitor of the PK-AI 23. Griese, M., Gobran, L. I., and Rooney, S. A. (1991) Am. J. Physiol.
isoenzyme than PK-AII (32). It is possible that ATP 261, L140–L147.
induces differentiation via the activation of PK-AI, 24. Seifert, R., Hoer, A., Schwaner, I., and Buschauer, A. (1992) Mol.

Pharmacol. 42, 235–241.whereas ATP suppresses cell growth via the activation
25. Sklair-Tavron, L., and Segal, M. (1993) Brain Res. 614, 257–of PK-AII.

269.
26. Kvanta, A., and Fredholm, B. B. (1993) J. Mol. Neurosci. 4, 205–

ACKNOWLEDGMENTS 214.
27. Pirson, I., Coulonval, K., Lamy, F., and Dumont, J. E. (1996) J.

This project was supported by the Australian Research Council. Cell. Physiol. 168, 59–70.
L.J. was a recipient of an Australian Government John Crawford

28. Bang, Y. J., Pirnia, F., Fung, W. G., Kang, W. K., Sartor, O.,Scholarship. Dr. Michael Morris critically reviewed the manuscript.
Whitesell, L., Ha, M. J., Tsokos, M., Sheahan, M. D., and Ngu-
yen, P. (1994) Proc. Natl. Acad. Sci. USA 91, 5330–5334.

REFERENCES 29. Tokumitsu, Y., Yanagawa, Y., and Nomura, Y. (1991) FEBS Lett.
288, 81–85.

1. Olsson, I. L., Breitman, T. R., and Gallo, R. C. (1982) Cancer Res. 30. Friedberg, I., Belzer, I., Oged-Plesz, O., and Kuebler, D. (1995)
42, 3928–3933. J. Biol. Chem. 270, 20560–20567.

2. Nonaka, T., Mio, M., Doi, M., and Tasaka, K. (1992) Biochem. 31. Cho-Chung, Y. S. (1990) Cancer Res. 50, 7093–7100.
Pharmacol. 44, 1115–1121. 32. Gjertsen, B. T., Mellgren, G., Otten, A., Maronde, E., Genieser,

H. G., Jastorff, B., Vintermyr, O. K., McKnight, G. S., and Doske-3. Bang, B. E., Aarbakke, J., and Sager, G. (1993) Scand. J. Clin.
Lab. Invest. 53, 311–315. land, S. O. (1995) J. Biol. Chem. 270, 20599–20607.

630

AID BBRC 6345 / 6930$$181x 06-16-97 14:25:29 bbrcg AP: BBRC


