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Spermine or putrescine increased CAMP levels through a catalase-sensitive mechanism, resulting in. most 
notably, a dephosphorylation of protein A (M, 45 000, pZ5.15) and protein B (M, 45000, pZ4.9) and slightly 
increased phosphatidylcholine (PC) synthesis in HL60 cells. Exogenous dibutyryl CAMP mimicked the poly- 
amine effects. 12-O-Tetradecanoyl phorbol-13-acetate (TPA) also promoted the protein dephosphorylation 
and PC synthesis, the effects augmented by R59022 and mimicked by exogenous I-oleoyl-2-acetylglycerol. 
The effects of spermine (or dibutyryl CAMP) and TPA on PC synthesis were synergistic. It was suggested 
that cAMP-dependent protein kinase and protein kinase C might mediate, in an independent but inter- 

related manner, the effects of polyamines and TPA. 

Polyamine; Phosphatidylchol~ne; cyclic AMP; Phosphorylation; Phorbol ester; (HL60 cell) 

1. INTRODUCTION 

Increases in ornithine decarboxylase activity and 
polyamine biosynthesis often accompany the onset 
of cell proliferation and differentiation (reviews 

[l-3]). Numerous polyamine effects on various 
cellular activities have been described [l-3], 
however none demonstrated a close relationship 
with the CAMP or Ca’+/phospholipid-dependent 
PKC systems. 
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Human promyeloc~ic leukemia cell line HL60 is 
a good model to study cell differentiation since it 
can be induced to differentiate toward the 
monocytic pathway when treated with phorbol 
esters [4,5] or 1,25-dihydroxycholecalciferol [6,7] 
or along the granulocytic pathway when treated 
with dimethyl sulfoxide [8], butyric acid [S], 
hypoxanthine [8] and retinoic acid [9]. In addition 
to these agents, CAMP also promotes differentia- 
tion of HL60 cells [IO,1 I]. 

Abbreviations: PKC, protein kinase C; TPA, 12-O- During a study of the possible role of CAMP and 

tetradecanoyl phorbol-13-acetate; OAG, sn-l-ofe- polyamines in the phorbol ester-induced differen- 
oyl-2-acetylglycerol; db CAMP, dibutyryl CAMP; CAT, tiation of HL60 cells, we observed significant 
catalase; PC, phosphatidylcholine; A-PK, CAMP- elevation of cellular cAMP ievels in the presence of 
dependent protein kinase spermine or putrescine, which was accompanied by 
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apparently CAMP-mediated potentiation of the 
pharbol ester effect on PC synthesis as well as 
dephosphorylation of specific proteins. This paper 
is an account of these hitherto unrecognized, 
cAMP-related effects of polyamines which may be 
relevant to certain aspects of differentiation of 
HL60 cells. 

2. MATERIALS AND METHODS 

2.1, Materials 
TPA and mezerein were purchased from Sigma; 

UAG from Avanti Polar Lipids; acrylamide from 
Kodak; compound R59022 from fanssen Life 
Sciences Product; ampholites (pH ranges 3.5-10 
and 5-7) from LKB; [~~P]orthophosphate (carrier- 
free, in water) from ICN Radiochemicals; 
[metra?yl-‘4C]choline chloride (50 mCi/nmol) and 
CAMP assay kit (code TRK 432) from Amersham. 

2.2, Cell culture 
The human promyelocytic leukemia cell line 

HL60 [12] was continuously cultured in RPM1 
1640 medium (Gibco) supplemented with 20% 
halt-inactivated fetal calf serum, penicillin- 
streptomycin (50 U/ml and 50 sg/ml, respectively) 
and glutamine (2 mM). Cells were harvested for 
experiments at a density of O&-l.0 x 106/ml. 

2.3. Radiolabeling of cellular proteins and 
preparation of cell extracts 

Cells were first washed then incubated in fresh 
RPM1 1640 medium with 32Pi (0.4 mCi/ml) at a 
density of 1 x 106/ml for 7 h. Aliquots (1 ml) of 
cells were transferred to small Eppendorf tubes 
and incubated for an additions 2 h with either of 
the following com~unds~ putrescine (0.5 mM), 
spermine (0.5 mM), db cAMP (0.5 mM) or g-I&= 
CAMP (0.5 mM). In other experiments cells were 
also treated for the last 45 min with TPA 
(20-500 nM), mezerein (100 nM) or OAG 
(25 pg/ml). Incorporations of 32Pi were terminated 
by centrifuging the samples for S s at 10000 x g, 
aspirating supernatants and lysing cells with 50~1 
gel buffer [ 131. Stock solutions (10 mM) of TPA 
and mezerein were made up in dimethyl sulfoxide; 
the final concentration of this solvent never ex- 
ceeded 0. I%, which had no detectable effect oh 
cellular protein phosphorylation. 
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2.4. Two-ditnensionai polyacryimnide gel electro- 
phoresis 

The 2~dimensional gel electrophoresis procedure 
described by O’Farrell fI4f was used, with 
modifications described by Steinberg and Coffin0 
[13]. The first-dimension isoelectric focusing gels 
contained 9.2 M urea and 6% ampholites (l.Solo 
amphalite, pH 3.5-10, and 4.5% ampholite, pH 
5-7). Aliquots, corresponding to about 35 fig pro- 
tein and containing 1.5 x lo5 cpm (fig.1) or 2.0 x 
lo5 cpm (fig.2) of acid-precipitable radioactivity, 
were loaded for gel eiectrophoresis. Radioactivity 
in various samples of the same experiment differed 
from each other by less than 10%. The first- 
dimension gels were run for 7000 V-h. The 
second-dimensional separation was accomphshed 
using SDS-polyacrylamide gel electrophoresis. 
Proteins were stained with Coomassie blue. The 
“P-1abelled proteins were detected by autoradio- 
graphy of dried gels for 4 days at -20°C using 
Kodak XAR-5 film between Kodak Omatic inten- 
sifying screens. Gel patterns are shown with the 
aGidiG proteins to the right. Each experiment was 
performed at least three times to ensure the 
reproducibility of the findings. 

pro&&s 
To quantitate the changes in 32P content, after 

autoradiography of gels for 4 days, the respective 
proteins, as well as several reference proteins, were 
excised and counted for 32P in a liquid scintillation 
spectrometer. Pieces of gel of identical sizes, cor- 
responding to the appropriate proteins, were ex- 
cised from radioactivity-free areas in the gels and 
served as a blank. The data given in the text are the 
mean values of three experiments with a maximal 
error of 15%. 

2.6, ~e~~~re~e~t of PC ~~~t~e~~~ in in&m ceils 
Cells were suspended in fresh RPM1 1640 

medium and incubated with ~~e~~~~-*4C]choline 
chloride (0.75 ,&i/ml) at a density of 2 x I06/ml 
for 3 h in the absence or presence of the agents 
listed in table 1. At the end of incubation, cells 
were pelleted and then phospholipids were ex- 
tracted with a mixture of chloroform/methanol 
(2: 1, v/v), PC was separated from other 
phospholipids by silica gel thin-layer chroma- 
tography and its r4C content determined as in 
[15,16]. 
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Table 1 2.7. Determination of CAMP content in intact 

Effects of spermine, db CAMP, TPA and R59022 on PC 
synthesis in HL60 ceils 

cells 

Addition 14C-labeled PC (cpm)/106 cells per 3 h 

None TPA (200 nM) 

None 2157 + 28 (100) 3651 1- 49a (169) 
db cAMP 

(0.5 mM) 2594 k 85 (120) 5187 + 129b (240) 
Spermine 

(0.5 mM) 2462 f 117 (114) 4944 + 64b (229) 
R59022 (25 FM) 2216 + 46 (103) 4672 4 Sob (217) 

Cells were treated with spermine (0.5 mM), 
putrescine (0.5 mM), db CAMP (0.5 mM), S-Br 
CAMP (0.5 mM) and TPA (100 nM) for 2 h or 
with OAG (25 pg/ml) for 45 min. CAT (50 pg/ml) 
was added 30 min before polyamines. Samples 
were deproteinized with ethanol and cAMP con- 
tent was determined in triphcates using an Amer- 
sham CAMP assay kit according to Gilman 1171. 

3. RESULTS 

a Significantly different from the control @ < 0.05) 
b Significantly different from the value obtained with 

TPA alone @ < 0.01) 

Cells (3 x 106/ml) were incubated with 14C-labeled 
choline for 3 h as described in section 2. All agents were 
present during the entire incubation period. Data are 
means f SE of three determinations. Similar results were 
obtained in two other separate experiments. The 
numbers in parentheses are percentages of the values 
compared to the control (no addition, no TPA), which 

was taken as 100% 

It has been reported previously that TPA 
stimulates PC synthesis in HL60 cells [ 18,191. We 
observed now that db CAMP (table l), or the 
CAMP-elevating agent prostaglandin E2 (not 
shown), potentiated the stimulatory effect of TPA 
on PC synthesis in these ceils. Polyamines such as 
spermine (table 1) and putrescine (not shown) and 
the dia~ylgly~eroi kinase inhibitor R59022 ]20] also 
potentiated the TPA effect (table 1). Neither of 
these agents had any significant effect on PC syn- 
thesis when present alone. 

Table 2 

Effects of polyamines, TPA and OAG on CAMP levels in HL60 cells 
incubated with or without CAT 

Addition CAMP (pmol)/lO’ cells 

None + CAT (50 pg/ml) 

Expt 1 
None 33.3 * 1.9 (100) 33.9 & 0.8 (102) 
Spermine (0.5 mM) 88.4 + 7.1a (265) 44.9 + 4.9b (135) 
Putrescine (0.5 mM) 93.7 f 5.3a (281) 46.4 + 2.8b (139) 
TPA (200 nM) 40.8 f 3.6 (123) 38.4 * 2.1 (115) 

Expt 2 
None 40.7 f 3.4 (100) ND 
OAG (25 p&ml) 51.3 + 4.2 (100) 47.9 + 53 (118) 

a Significantly different from the control 0, < 0.05-0.01) 
b Significantly different from the respective values obtained in the 

absence of CAT (p < 0.05-0.01) 

In both experiments, cells (3 x 106/ml) were preincubated for 30 min 
with or without CAT followed by incubation for 2 h (expt 1) or 
45 min (expt 2) in the absence or presence of the agents, as indicated. 
Data are means + SE of three determinations. Similar results were 
obtained in another experiment. The numbers in parentheses are the 
percentages of the values compared to the control (no addition, no 

CAT), which was taken as 100%. ND, not determined 
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Mr 
x1o-3 
-94 

-67 

Fig. 1. Effect of PKC activators on protein phosphorylation in HL60 cells. Cells were labeled with “P, for a total period 
of 9 h without (a) or with 20 nM TPA (b), 100 nM TPA (c), 500 nM TPA (d), 100 nM mezerein (e) or 25 fig/ml OAG 
(f) present during the last 45 min of labeling period. About 1.5 x lo5 cpm acid-precipitable radioactivity (about 35 pg 
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protein) was loaded onto gels. Autoradiographs were exposed for 4 days as described in section 2. 
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Spermine or putrescine increased nearly 3-fold 
the CAMP levels in HL60 cells and this increase 
was effectively attenuated by CAT (table 2). TPA 
or OAG, in the presence or absence of CAT, in 
comparison, had no effect on the CAMP levels. 
The data from tables 1 and 2, when taken together, 
suggested that the potentiating effect of 
polyamines on the TPA-stimulated PC synthesis 
might be mediated by CAMP whose levels were in 
turn modulated by a catalase-sensitive (or 
HzOz-dependent) pathway. 

Since most, if not all, of the cellular effects of 
TPA seem to be mediated by PKC activation 
[21,22], we investigated the possible interactions of 
CAMP, polyamines and TPA on PC synthesis at 
the level of protein phosphorylation. Compared to 
the control (fig. la), 20 nM TPA (fig.lb) caused 
marked phosphorylation of several proteins in 
blocks I and II as well as that of protein 11. At a 
higher concentration (100 nM), TPA did not fur- 
ther increase phosphorylation of these proteins 
(fig.lc), but at 500 nM TPA further phosphoryla- 
tion of proteins 12 and 13 was noted (fig.ld). In 
contrast, TPA at all concentrations tested in- 
hibited phosphorylation of proteins A and B by 35 
and 60070, respectively (fig. 1, comparing a-d). The 
extents of inhibition reported in these and subse- 
quent experiments were determined by measuring 
actual radioactivity in the individual proteins ex- 
cised from the gels after the autoradiographs were 
developed. 

Other PKC activators, mezerein at 100 nM 
(fig. le) and OAG at 25 @g/ml (fig. If), stimulated 
or inhibited the above proteins in a manner quite 
similar to that observed for TPA, with the follow- 
ing notable exceptions: OAG appeared to be most 
active in stimulating phosphorylation of protein 14 
and inhibiting that of protein A (70%) and protein 
B (>90%). db CAMP (0.5 mM) did not stimulate 
phosphorylation of proteins in block I or any other 
proteins, but inhibited phosphorylation of proteins 
A and B by 30 and 90070, respectively (fig.2d). The 
effects of 8-Br CAMP (0.5 mM) were similar to but 
less pronounced than those of db CAMP (fig.2e). 
The CAMP-elevating prostaglandin EZ mimicked 
the effects of the CAMP analogs (not shown), fur- 
ther supporting the role of CAMP or A-PK in pro- 
tein dephosphorylation. R59022, without effects 
when present alone (not shown), potentiated the 
inhibitory effects of TPA on phosphorylation of 
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Fig.2. Comparison of the inhibitory effects of spermine, 
CAMP analogs and TPA on protein phosphorylation in 
HL60 cells. Cells were labeled with 32Pi for a total period 
of 9 h without (a) or with 0.5 mM spermine (b), 0.5 mM 
spermine + 50 pg/ml of CAT (c), 0.5 mM db CAMP (d) 
or 0.5 mM 8-Br CAMP (e) present during the last 2 h, or 
with 500 nM TPA + 25 PM R59022 (f) or 500 nM TPA 
alone (g) present during the last 45 min of the labeling 
period. CAT and R59022 were added 30 min before 
spermine or TPA. About 2 x 10’ cpm acid-precipitable 
radioactivity was loaded onto gels and autoradiographs 

were exposed for 4 days. 

proteins A and B (fig.2, comparing a, f and g), also 
suggesting a possible involvement of PKC in 
dephosphorylation of certain cellular proteins. 
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4. DISCUSSION 

This study showed the hitherto unrecognized in- 
teractions among polyamines, CAMP and PKC on 
both protein phosphorylation/dephosphorylation 
and PC synthesis in HL60 cells. The common 
denominator for the stimulated PC synthesis 
elicited by spermine is likely mediated through 
HzOz-dependent CAMP formation, because CAT 
markedly attenuated the spermine effects and fur- 
thermore, exogenous db cAMP effectively 
substituted for spermine. Although the mechanism 
by which Hz02 or other active oxygen species 
stimulated CAMP formation is stiil unclear, there 
are previous studies reporting HzOz-mediated sper- 
mine effects in other tissues or cell lines 123,241. 
Endogenous CAMP or exogenous db CAMP ac- 
tivates A-PK, which could promote dephos- 
phorylation of proteins A and B by phosphory- 
lating and activating certain phosphoprotein 
phosphatases. Alternatively, the regulatory 
subunit of A-PK can directly activate 
phosphatases, leading to dephospborylation. It has 
been reported that the regulatory subunit of the en- 
zyme can directly modulate certain phosphatases 
125,271. Our recent work (unpublished) on PC syn- 

spermine 

4 
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(+) i 
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or inhibition 

thesis in HL60 cells indicates that, similarly to 
other cell types [28--311, TPA alone stimulated the 
breakdown of PC which in turn supplies the syn- 
thetic pathway with the rate-limiting substrate 
diacylglycerol. TPA also stimulates the formation 
of CDP-choline [32] and in HL60 cells this 
pathway is potentiated by CAMP (unpublished). It 
appears, therefore, that only if enough 
diacylglycerol is available will the increased forma- 
tion of CDP-choline be reflected in increased PC 
synthesis. This is probably the reason why sper- 
mine and CAMP alone had a relatively small effect 
on PC synthesis. 

The possible interplays of TPA, spermine, CAT 
and db CAMP in HL60 cells are depicted below, 
Protein dephosphorylation and at least one step of 
PC synthesis were regulated by two independent 
but interrelated pathways involving A-PK or PKC. 
A synergistic or potentiating effect observed for 
the combination of spermine (or db CAMP) and 
TPA (or R59022) on PC synthesis (table 1) 
probably best support this hypothesis. Identifica- 
tion of the functionai properties of proteins A and 
B would be required to elucidate the complex 
cellular events evoked by polyamines and/or TPA. 

TPA 
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