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Abstract

The present study examines the effects of forskolin on U937 cell differentiation. We recently reported that dibutyryl cAMP (dbcAMP),
but not cAMP-elevating agents such as histamine, promotes U937 cell differentiation. cCAMP production elicited by stimulation of
histamine H, receptors showed a rapid, homologous desensitization, which might explain the dissimilar responses to histamine and
dbcAMP. Forskolin induced an increase in cAMP levels in a concentration-dependent manner (ECy, = 30 wM) for an extended period of
at least 24 h. Forskolin but not histamine (up to 100 ©M), also inhibited cell growth in a dose-dependent fashion (EC, = 22 uM). After
3 days of incubation, 75 uM forskolin induced U937 cell differentiation as judged by an increased rate of reduction of nitrobluetetra-
zolium (mean + S.E.M.: 21.3 + 6.6% in treated cells vs. 3.2 + 1.9% in the control group, P < 0.001) and an augmented chemotactic
response to complement 5a (C5a) (33.2 + 5.9% in forskolin-treated vs. 0.34 + 0.12% in control cells, P < 0.01). Furthermore, c-Myc
levels decreased following forskolin treatment, while the histamine H, receptor agonist dimaprit had no effect. We conclude that
forskalin induces U937 cell differentiation through a sustained rise in cCAMP levels. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyclic AMP is implicated in the growth regulation and
differentiation of normal and malignant cells (Cho-Chung
et a., 1991; Hartwell, 1994). This second messenger is
also involved in apoptotic cell death in lymphoid (McCon-
key et a., 1990) and myeloid cells (Duprez et al., 1993;
Vintermyr et a., 1993). In the human promyelocytic cell
line HL-60, cAMP-elevating agents, including histamine
and histamine H, receptor agonists, induce granulocyte
differentiation (Nonaka et al., 1992; Kaliniyak et al., 1985;
Chaplinski and Niedel, 1982).
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In the promonocytic cell line U937, dibutyryl cAMP
(dbcAMP) induces monocyte maturation (Gavison et al.,
1988; Shayo et a., 1997), whereas histamine, which in-
creases CAMP levels via histamine H, receptors with a
short desensitization half-time, fails to promote differentia-
tion (Davio et a., 19953, Shayo et a., 1997).

Forskolin, a direct adenylyl cyclase-stimulating agent,
has been reported to increase CAMP levels in U937 cells
and to augment the number of surface receptors for com-
plement 5a (C5a) in association with 1,25-dihydroxyvita
min D3 (Rubin et al., 1986). Recently we found that
forskolin alone induced U937 cell differentiation (Shayo et
al., 1997).

Based on these previous results, we supposed that the
rapid desensitization of the histamine H, receptor might
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explain the failure of the histamine H, receptor agonist to
cause differentiation of U937 cells.

The aim of the present work was to investigate the
kinetic profile of forskolin-induced cAMP production and
the characteristics of forskolin-induced cell differentiation.

2. Materials and methods
2.1. Chemicals

Forskolin and dbcAMP were purchased from Cal-
biochem (San Diego, CA, USA). Dimaprit, famotidine,
pyrilamine, histamine, nitrobluetetrazolium and recombi-
nant human C5a were obtained from Sigma (St. Louis,
MO, USA). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT)-based cell titer 96™ kit, pur-
chased from Promega (Madison, WI, USA), was used as
specified by the manufacturer. All other chemicals were of
analytical grade.

2.2. Cell culture

The U937 cdl line was provided by Dr. Rolande
Berthier INSERM, Grenoble, France). Cells were cultured
in suspension at 37°C in RPMI 1640 medium supple-
mented with 300 mg/| L-glutamine, 10% fetal calf serum
and 40 ng/ml gentamicin in a 5% CO, humidified incu-
bator. Cells were routinely passaged every 3—4 days and
seeded at a density of 0.5 X 10° cells/ml.

For differentiation experiments final drug concentra-
tions were 10 uM dimaprit, 75 uM forskolin and 500 wM
dbcAMP. Since kinetic studies showed renewed cell prolif-
eration after 48 h in forskolin-treated cultures, cells were
harvested at this time, washed and resuspended in culture
medium supplemented with fresh forskolin solution. After
3 days, viability (always > 90%) was assessed by using the
Trypan blue exclusion test, and the cells were used for the
differentiation assays.

2.3. Proliferation assay

The MTT test was performed as described elsewhere
(Hansen et al., 1989). Briefly, 10° to 5x 10° cells per
well in afinal volume of 100 wl were seeded in a 96-well
flat bottom tissue culture plate. Each experiment was
performed in quadruplicate. Blanks consisted of 100
wrl /well of culture medium. After 3—4 days of culture, 15
wul of MTT solution /well was added and the cultures were
incubated for 4 h. The reaction was terminated by the
addition of 100 wl of solubilization-stop solution/well and
overnight incubation. Optical density at 540 nm was
recorded in avertical ELISA Titertek Multiscan MCC /340
reader.

A linear relationship between optical density at 540 nm
and U937 cell numbers between 5 x 10* and 7 X 10°/m

in the MTT test has been established previously (data not
shown).

2.4. cAMP assay

Cells were stimulated for 9 min with different concen-
trations of forskolin or histamine H, agonist (dimaprit) in
Hanks' solution with 1 mM 3-isobutyl-1-methylxanthine
(IBMX). The reaction was terminated by centrifugation for
3 min at 3000 X g, followed by the addition of 1 ml
absolute ethanol. Supernatants were centrifuged for 10 min
at 3000 X g, and the ethanol phase was dried and resus-
pended in 50 mM Tris—HCI buffer. CAMP content was
determined by means of competition with [°HIcCAMP for
protein kinase A, as previoudy described (Davio et al.,
1995b). Pretreatment of cells (desensitization experiments)
with forskolin was performed in Hanks at 37°C in a 5%
CO, humidified atmosphere. Cells were exposed to 75
uM forskolin (maximal response) for periods ranging from
1 min to 24 h in the absence of IBMX. Theresfter, cells
were washed and resuspended in Hanks with 1 mM IBMX
at a cell density of 10° cells/ml and exposed for 9 min to
75 uM forskolin or 10 wM dimaprit, to determine whether
the adenylyl cyclase could still generate CAMP. In every
experiment, each point was assayed in triplicate.

2.5. Surface myeloid antigen study

Treatment and control cells were washed twice with
phosphate buffer saline (PBS) and incubated for 15 min at
37°C in RPMI 1640, supplemented with 5% human AB
serum to block Fc receptors. Indirect immunofluorescence
was performed by exposing 10° cells to a saturating
amount (2 wg) of murine monoclonal anti-cluster designa
tion 14 (anti-CD14) or anti-CD11b antibodies. Goat mono-
clonal anti-mouse fluorescein-conjugated antibodies were
used for fluorescent labelling. Irrelevant monoclonal
murine antibodies of the same isotype were used as nega-
tive controls. Incubations with antibodies were performed
for 30 min at 4°C, in a light-protected environment. Cells
were washed twice with PBS, resuspended and analyzed
on a FACStar plus flow cytometer (Beckton Dickinson,
San Jose, CA), using Lysys software. At least 5000 events
per tube were measured. Green fluorescence, and forward
and side scatter were recorded. Percentages of positive
cells and mean fluorescence intensity differences between
specific CD-immunolabelled cells and their negative con-
trols were established for both untreated and drug-cultured
cells.

2.6. Chemotaxis assay

The in vitro locomotion of both control and treated
U937 cdlls was assayed using the micropore filter tech-
nique. Briefly, 10° cellsin 0.1 ml of RPMI 1640 contain-
ing 10 mM HEPES and 0.5% human serum albumin were
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seeded onto the top compartment of chemotactic chambers
(Transwell 3415; Costar, Cambridge, MA) placed in a
24-well tissue culture plate (Corning, USA). The top and
bottom compartments were separated by a
polyvinylpyrrolidone-free polycarbonate filter with a pore
size of 5 um. The bottom compartment was filled with 0.6
ml of control medium with or without recombinant human
Cha. Chambers were incubated 1 to 3 h a 37°C in a 5%
CO, atmosphere. The assay was stopped when high migra-
tion rates were observed with an inverted light microscope
(between 1 to 3 h). Migrated cells were collected and
counted by flow cytometry (Cytoron; Ortho Diagnosis, NJ,
USA)

2.7. Nitrobluetetrazolium reduction

Treated and control cells were mixed with equal vol-
umes of 0.2% nitrobluetetrazolium and 200 nM of 48-
phorbol 12-myristate 13-acetate (PMA) in PBS. The mix-
ture was incubated for 1 h at 37°C and the proportion of
cells containing intracellular formazan deposits was deter-
mined on May Grunwald-Giemsa-stained cytospin dlide
preparations. A minimum of 300 cells per treatment were
assessed.

2.8. Western blots

Treated and control cells (3 X 10°) were lysed in 300
ul of 50 mM Tris—HCI pH 6.8, 2% sodium dodecyl
sulfate (SDS), 100 mM 2-mercaptoethanol, 10% glycerol
and 0.05% bromophenol blue, and sonicated to shear
DNA. Samples were then boiled for 5 min, and 20-ul
samples were electrophoresed in 12% SDS-polyacrylamide
gels and transferred to nitrocellulose paper. The residual
binding sites were blocked with 5% nonfat dried milk in
TBST (20 mM Tris—HCI pH 7.6, 137 mM NaCl and
0.05% Tween 20) and membranes were incubated with 1
ug/ml of anti-Myc rabbit sera (purchased from Santa
Cruz Biotechnology, CA, USA) in 3% nonfat dried milk in
TBST. All subsequent washes were performed in TBST.
Binding was visualized by using an anti-rabbit polyclonal
antibody linked to horseradish peroxidase and enhanced
with chemiluminescence reagents, according to the manu-
facturer’s instructions (Amersham Life Science, UK).

2.9. Satigtical analysis

Optical densities, cCAMP levels and natural logarithms
of the number of cells that had migrated were compared by
using a one-way analysis of variance (ANOVA). A Bon-
ferroni post-hoc test for multiple pairwise comparisons
was then performed if significant differences were de-
tected. An «=0.05 level of statistical significance was
adopted.

Mean fluorescence intensity differences between CD-
immunolabelled cells and their negative controls, and per-

centages of positive cells, were compared by using a
two-sample t-test. An a = 0.01 level was considered sta-
tistically significant.

In dose-response studies nonlinear regression analyses
were performed by using the GraphPad Prism 2.0 soft-
ware.

The proportions of nitrobluetetrazolium-reducing cells
were compared by using the y? test. To perform compar-
isons between some treatment groups, y? values were
calculated by splitting the degrees of freedom (Armitage
and Berry, 1992). « levels of 0.01 were adopted as being
statistically significant.

3. Reaults

3.1. Forskolin and dbcAMP inhibit U937 cell proliferation
in a dose-dependent fashion

Forskolin inhibited U937 cell-line proliferation in a
concentration-dependent fashion with an ECg, value of 22
uM (Fig. 1). A maximal response with 83.3% inhibition of
control growth was observed at concentrations greater than
50 uM. dbcAMP also induced a dose-dependent decrease
in proliferation, with an ECg, = 116 uM and a maximal
inhibition of 82% compared to control values at 1 mM
(Fig. 1.

3.2. Histamine agonists do not modify U937 cell prolifera-
tion

Cdl proliferation was evaluated in U937 cells treated

with 1 nM—-100 ©M histamine. No significant differences
between control and treated cells were observed (P =
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Fig. 1. Forskolin- and dbcAMP-induced inhibition of proliferation. U937
cells were seeded in tissue culture plates and incubated for 3 days with
different concentrations of forskolin (filled squares) or dbcAMP (open
squares). The MTT test was performed as described in Section 2. Relative
optical densities are the recorded optical densities expressed as propor-
tions of the mean control optica density. Results are expressed as
means+ S.E.M. of quadruplicate assays. Forskolin ICsy =22 uM (Clgg
=20.7-23.4 uM). dbcAMP ICgy =116 uM (Cl g5 = 102-131 M)
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0.1775 and P = 0.4027, one-way ANOVA). Similar re-
sults were obtained with specific histamine H, and H,
agonists, in a concentration range between 100 nM and 10
uM (data not shown). Nonspecific inhibition of cell prolif-
eration was produced by higher concentrations of both
histamine H, and H, receptor agonists, as demonstrated
by the failure of the specific antagonists pyrilamine and
famotidine to reverse this growth inhibition (data not
shown).

3.3. Forskolin induces a dose-dependent cAMP elevation
in the U937 cell-line

Forskolin induced an increase in cAMP levels in a
concentration-dependent fashion, with an EC, = 30.7 uM
and a maximal response of 45.3 pmol of CAMP/10° cells
(Fig. 2).

3.4. Forskolin-induced cAMP €elevation does not desensi-
tize for at least 24 h.

In order to investigate whether the CAMP response to
forskolin in this cell line is susceptible to desensitization,
cells were exposed to 75 uM forskolin (maximal response)
for periods ranging from 1 min to 24 h. Cells were
subsequently washed and exposed to forskolin for 9 min in
the presence of 1 mM IBMX, to determine whether the
system was still capable of generating CAMP. Further-
more, we examined the effects of pretreatment with
forskolin on the response to dimaprit (a histamine H,
receptor agonist).

As shown in Fig. 3, both dimaprit and forskolin induced
similar cAMP levels in non-pretreated cells (inset). A
decrease in CAMP production was observed after stimula
tion with the histamine H, receptor agonist in cells previ-
ously exposed to forskolin. Dimaprit could no longer
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Fig. 2. Concentration—response curves for cCAMP production. U937 cells
were incubated for 9 min with increasing concentrations of forskolin at
37°C in Hanks' medium supplemented with 1 mM IBMX, and cAMP
levels were determined. Data are the means+ S.E.M of triplicate assays.
Similar results were obtained in at least four independent experiments.
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Fig. 3. Kinetics of forskolin-induced cAMP elevation. U937 cells were
incubated for different lengths of time with 75 uM forskolin in Hanks
balanced solution. Cells were subsequently washed and incubated for 3
min in Hanks' medium supplemented with 1 mM IBMX, followed by
stimulation with 10 uM dimaprit (open circles) or 75 uM forskolin
(filled circles). Data are expressed as the percentage of cAMP production
in response to forskolin and dimaprit as a function of the basal level in
pretreated cells, or as pmol of cAMP/10° cells (inset). Data are the
means+ SE.M of triplicate assays. Similar results were obtained in at
least three independent experiments.

induce a response in cells pretreated 4 h with forskolin,
diciting a half-maximal desensitization of 120 + 13 min
(mean + SE.M., n=4). However, there were no changes
in CAMP production after incubation with forskolin for at
least 24 h.

3.5. Forskolin and dbcAMP increase the burst oxidative
capacity of U937 cells

A significant increase in the proportion of nitrobluete-
trazolium-reducing cells was observed following exposure
to docAMP (10.8 + 3.1%, mean + S.E.M.), especially af-
ter forskolin treatment (21.3 + 6.6%), in three successive
assays. Dimaprit did not modify the low basa rate of
nitrobluetetrazolium reduction by U937 cells (3.9 + 1%
and 3.2 + 1.9%, respectively) (Fig. 4).
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Fig. 4. Nitrobluetetrazolium reduction by U937 cells. Control and treated
cells were incubated for 1 h with 1%o nitrobluetetrazolium, cytocen-
trifuged and stained, as described in Section 2. Results are expressed as
means+ S.E.M. and were obtained from three independent experiments.
* P < 0.001 respect to control ( x? test).
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Fig. 5. (A) Recombinant human C5a concentration-dependent chemotac-
tic responses of forskolin-treated U937 cells. U937 cells were incubated
with 75 uM forskolin for 3 days before being washed and exposed to the
recombinant human C5a concentrations indicated. Chemotactic assays
were performed as stated in Section 2. After 48 h of culture a group of
cells was harvested, washed and resuspended in fresh culture medium
containing 75 uM forskolin (represented by the FF5 bar). Results are
expressed as means+ S.EM. *P <0.01 with respect to migration of
untreated cells and of forskolin-treated cells unexposed to recombinant
human C5a. (B) Treatment-dependent chemotactic response to recombi-
nant human C5a. Chemotactic assays were performed with control and
treated cells, with and without 5X10~° M recombinant human C5a.
Results are expressed as means+ S.E.M and were obtained from three
independent experiments. = P < 0.01, with respect to the other groups.

3.6. Forskolin induces a chemotactic, dose-dependent re-
sponse to rhC5a

U937 cells treated for 3 days with 75 uM forskolin
showed a significant chemotactic response to recombinant

Table 1

Treatment-induced changes in U937 cell expression of differentiation antigens

O 1 3 2448 h

c-myc

Fig. 6. Time-dependent effects of forskolin on Myc protein level. U937
cells were incubated with 75 wM forskolin for the indicated periods of
time before being harvested and lysed as described in Section 2. Samples
were electrophoresed in 12% SDS-polyacrylamide gels, transferred to
nitrocellulose, and immunoblotted with polyclona purified anti-Myc
rabbit serum.

human C5a in a range of 0.5 to 10 nM. Maximal cell
migration was detected at 5 nM recombinant human C5a
(Fig. 5A), and especidly when forskolin and culture
medium were replaced after 48 h of incubation.

Forskolin- and dbcAMP-treated cells showed a large
chemotactic response to 5 nM recombinant human C5a
(44.3+16.8% and 33.2 + 5.9%, respectively, mean +
S.E.M.). However, no significant differences were ob-
served between dimaprit-treated cells (1.18 + 0.15%) and
controls (0.34 + 0.12%) (Fig. 5B).

3.7. Modulation of surface myeloid antigen expression

dbcAMP induced a significant increase in the levels of
two myeloid markers of differentiation in U937 cells,
CD11b (e« subunit of the 8, integrin Mac-1) and CD14 (a
putative receptor lipopolysaccharide-binding protein com-
plex). Forskolin induced increases in the levels of both
antigens, but these increases did not reach statistical signif-
icance (Table 1).

3.8. Myc proteins levels in forskolin-treated U937 cells
Kinetic analysis of Myc protein content was carried out

on cells treated with forskolin. Myc protein levels de-
creased markedly after treatment with 75 uM forskolin

CD11b CD14
M.F.l. difference (mean + S.E.M.) % of positive cells (mean + S.D.) M.F.I. difference (mean + S.E.M.) % of positive cells (mean + S.D.)
Control 16.54 + 2.73 34.9 +5.05 061+124 6.3+ 3.35
H, Agonists 19.95 + 5.02 37.3+ 342 2.2+ 357 85+ 747
Forskolin 25.69 + 3.01 60.39 + 12.58 7.65+2.27° 18.43 + 13.03
docAMP  39.32 + 3.012 68.7 + 1.74° 14.71 + 3.98¢ 255+ 4.51°

Cells were treated 72 h with dimaprit, forskolin, or dbcAMP, immunolabelled and analyzed in a flow cytometer as described in Section 2. Results were

obtained from three to five independent experiments.

M.F.l. difference: difference between the mean fluorescence intensities of specific CD-immunolabelled cells and their corresponding negative controls.
3p < 0.002, °P < 0.001, °P < 0.04, “P < 0.006, °P < 0.02, with respect to control (two-sample t-test).
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(Fig. 6). Similar results were obtained previously after
treatment with dbcAMP (Shayo et al., 1997).

4, Discussion

Several chemicals induce monocyte differentiation in
the human monoblastic cell line U937: phorbol esters
(Nilsson et ., 1980), transretinoic acid (Olsson and Breit-
man, 1982), 1,25-dihydroxy vitamin D, (Olsson et a.,
1983; Rigby et a., 1984), and dbcAMP (Gavison et al.,
1988), but not cAMP-elevating agents such as histamine
(Shayo et d., 1997). There is as yet no satisfactory expla
nation as to why dbcAMP causes differentiation in these
cells while cAMP-elevating agents do not.

Dibutyryl cAMP is a membrane-permeable cCAMP ana-
logue that is resistant to phosphodiesterase hydrolysis
(Posternak et al., 1962). Protein kinase A activation is
thought to be the main cellular target for the multiple
pharmacological effects of dbcAMP. Although the db-
cAMP molecule has two butyrate residues and butyric acid
causes differentiation in the HL-60 cell line (Collins et al.,
1978; Fischkoff et al., 1985; Hutt-Taylor et al., 1988), the
same is not true for U937 cells, where only cell prolifera-
tion is inhibited (Laskin et al., 1990). The differentiating
effect of dbcAMP on the U937 cell line, thus, seems to
involve activation of protein kinase A. The natura diter-
pene, forskolin, binds and stimulates adenylyl cyclase by a
direct mechanism, increasing CAMP synthesis and thereby
activating protein kinase A (Seamon et al., 1981; Daly,
1984). Histamine also increases CAMP levels in this cell
line, through the histamine H, receptor—-G protein—
adenylyl cyclase pathway (Shayo et a., 1997). In the
present study, we found that forskolin, unlike histamine
and the histamine H, receptor agonist dimaprit, inhibited
U937 cell proliferation in a dose-dependent manner at the
same concentrations required to increase CAMP levels
(10-100 uM). Furthermore, forskolin, but not dimaprit, at
the concentration that elicited a maximal response aso
induced U937 cell differentiation, as shown by the in-
creased reduction of nitrobluetetrazolium, the chemotactic
response to C5a, and c-Myc down-regulation. In spite of
the similar cAMP levels induced by both drugs, forskolin
produced a sustained increase in cCAMP levels. Thus, in
this model, continuous activation of protein kinase A
induces changes in the expression of multiple genes. a
down-regulation of c-myc, expression of the oxidative
burst enzymatic machinery, and the appearance of func-
tional C5a receptors.

Desensitization is a phenomenon observed in aimost all
G protein-coupled receptors. It is characterized by attenua-
tion of the cellular response despite the presence of the
agonist. Histamine H, receptors in U937 cells show a fast
homologous desensitization, with a T, ,, of approximately
20 min (Shayo et al., 1997). The present work shows that
forskolin was unable to induce down-regulation of its own
stimulus but produced a heterologous desensitization to the

histamine H, response. Heterol ogous desensitization shows
a longer half-time than homologous desensitization, and
probably is mediated by a different pathway.

We hypothesize that short-lasting activation of protein
kinase A is, in our system, insufficient to induce an
antiproliferative and differentiating response, whereas a
long-lasting and stable activation of protein kinase A
induces U937 cell differentiation. Reinforcing this idea, we
showed that forskolin induced a sustained activation of
adenylyl cyclase with a subsequent decrease in c-Myc
levels and cell differentiation.

Agents that cause cell differentiation may generate dis-
similar maturation patterns, not only in leukemic cell lines
but also in normal myeloid precursors (Oberg et al., 1993;
Gavison et al., 1988; Nakamura et a., 1996; Hewison et
al., 1992). In U937 cells, for example, transretinoic acid
induces a strong inhibition of proliferation together with
increased expression of CD23 but not CD14, a significant
nitrobluetetrazolium reduction rate, a low phagocytic ca-
pacity, and no chemotactic response to C5a and N-
formyl-methionine—leucine—phenylalanine (fMLP) (Oberg
et al., 1993; Gavison et a., 1988). In contrast, 1,25-dihy-
droxyvitamin D, induces a moderate inhibition of cell
growth, CD14 but not CD23 expression, a high nitrob-
luetetrazolium reduction rate, and marked phagocytosis of
yeast (Olsson et al., 1983; Oberg et al., 1993; Testa et al.,
1993; Rigby et al., 1984). Phorbol esters completely block
cell proliferation, induce adhesion to plastic, phagocytosis,
and both CD14 and CD23 synthesis and expression (Oberg
et al., 1993; Nambu et al., 1989). Finaly, dbcAMP does
not induce adhesion to plastic but markedly inhibits cell
growth, induces Cb5a receptor expression (Rubin et d.,
1986), together with a chemotactic response to C5a and
fMLP (Gavison et a., 1988), reduction of nitrobluetetra-
zolium, and CD14 and CD11b expression.

Forskolin-induced cell differentiation showed similar
but not identical characteristics to dbcAMP-induced differ-
entiation, including a higher rate of nitrobluetetrazolium
reduction, lower levels of CD14 and CD11b expression,
and subtle differences in morphological appearance. These
discrepancies might be explained by an increased phospho-
diesterase activity following CAMP elevation, with subse-
guent attenuation of differentiation in the presence of
forskalin, the activation of other concurrent cell responses
(Posternak et al., 1962), or the coexistence of protein
kinase A isoforms selectively modulated by cAMP or
dbcAMP.

In conclusion, we found that forskolin increases cAMP
levels accompanied by a decrease in c-Myc protein levels
and subsequent cessation of cell proliferation concomitant
with cellular differentiation. This suggests that elevation of
CAMP levels exerts an important role in leukemic, and
perhaps also in normal, myeloid differentiation. Receptor
desensitization may be a relevant physiopathological event
in neoplastic biology to avoid progression of differentia-
tion.



A. Brodsky et al. / European Journal of Pharmacology 350 (1998) 121127 127

Acknowledgements

This work was partly supported by grants from the
University of Buenos Aires (FA005), Antorchas Founda
tion, and the National Research Council of Argentina
(CONICET).

References

Armitage, P., Berry, G., 1992. Advanced analysis of qualitative data. In:
Statistical Method in Medical Research. Doyma Editions, Barcelona,
pp. 433-476.

Chaplinski, T.J., Niedel, J.E., 1982. Cyclic nucleotide-induced maturation
of human promyelocytic leukemia cells. J. Clin. Invest. 70, 953—960.

Cho-Chung, Y.S, Clair, T., Tortora, G., Yokozaki, H., 1991. Role of
site-selective CAMP analogs in the control and reversal of malig-
nancy. Pharmacol. Ther. 50, 1-33.

Collins, S.J., Ruscetti, F.W., Gallagher, R.E., Gallo, R.C., 1978. Termina
differentiation of human promyelocytic leukemia cells induced by
dimethylsulfoxide and other polar compounds. Proc. Natl. Acad. Sci.
USA 75, 2458-2462.

Daly, JW., 1984. Forskalin, adenylate cyclase and cell physiology: an
overview. Adv. Cyclic Nucleotide Protein Phosphorylation Res. 17,
81-89.

Davio, C., Bddi, A., Shayo, C., Brodsky, A., Cricco, G., Bergoc, R,
Rivera, E., 1995a. H; and H, histamine receptors in histiocytic
lymphoma cell line U937. Inflamm. Res. 44 (S1), 72-73.

Davio, C., Cricco, G., Bergoc, R., Rivera, E., 1995b. H; and H,
histamine receptors in N-nitroso-N-methylurea (NMU)-induced carci-
nomas with atypical coupling to signa transducers. Biochem. Phar-
macol. 50, 91-96.

Duprez, E., Gjertsen, B.T., Bernard, O., Lanotte, M., Dgkesland, S.O.,
1993. Antigpoptotic effect of heterozygously expressed mutant RI
(Ala 336—Asp) subunit of CAMP kinase | in arat leukemic cell line.
J. Biol. Chem. 268, 8332—-8336.

Fischkoff, S.AA., Condon, M.E., 1985. Switch in differentiative response
to maturation inducers of human promyelocytic leukemia cells by
prior exposure to alkaline conditions. Cancer Res. 45, 2065—2072.

Gavison, R., Matzner, Y., Fibach, E., 1988. Differentia induction of
monocytic functions by dibutyryl cyclic AMP and retinoic acid in a
human monoblast cell line U937. Isr. J. Med. Sci. 24, 697—701.

Hansen, M.B., Nielsen, SE., Berg, K., 1989. Re-examination and further
development of a precise and rapid dye method for measuring cell
growth /cell kill. J. Immunol. Methods 119, 203—210.

Hartwell, L., 1994. cAMPing out. Science 371, 286—288.

Hewison, M., Brennan, A., Singh-Ranger, R., Walters, J.C., Katz, D.R,,
O'Riordan, J.L., 1992. The comparative role of 1,25-dihydroxy-
cholecaciferol and phorbol esters in the differentiation of the U937
cell line. Immunology 77, 304-311.

Hutt-Taylor, S.R., Harnish, D., Richardson, M., Ishizaka, T., Demburg,
JA., 1988. Sodium butyrate and a T lymphocyte cell line-derived
differentiation factor induce basophilic differentiation of the human
promyelocytic leukemia cell line HL-60. Blood 71, 209-215.

Kaliniyak, K.A., Sawutz, D.G., Lampkin, B.C., Johnson, C.L., Whitsett,
JA., 1985. Effects of dimaprit on growth and differentiation of
human promyelocytic cell line, HL-60. Life Sci. 36, 1909-1916.

Laskin, D.L., Beavis, A.J,, Sirak, A.A., O'Connell, SM., Laskin, JD.,

1990. Differentiation of U937 histiocytic lymphoma cells towards
mature neutrophilic granulocytes by dibutyryl cyclic adenosine-3,5-
monophosphate. Cancer Res. 50, 20—25.

McConkey, D.J,, Orrenius, S., Jondal, M., 1990. Agents that elevate
CcAMP stimulate DNA fragmentation in thymocytes. J. Immunol. 145,
1227-1233.

Nakamura, K., Takahashi, T., Sasaki, Y., Tsuyuoka, R., Okuno, Y.,
Kurino, M., Ohmori, K., Iho, S., Nakao, K., 1996. 1,25-dihydroxy-
vitamin D differentiates normal neutrophilic promyelocytes to mono-
cytes/macrophages in vitro. Blood 87, 2693—2701.

Nambu, M., Morita, M., Watanabe, H., Venoyama, Y., King, K.M.,
Takana, M., Iwai, Y., Kimata, H., Mayumi, M., Mikawa, H., 1989.
Regulation of Fcy receptor expression and phagocytosis of a human
monoblast cell line U937. J. Immunol. 143, 4158—4165.

Nilsson, K., Andersson, L.C., Gammberg, C.G., Forsbeck, K., 1980.
Induction of differentiation in vitro of human leukaemia and lym-
phoma cell lines. In: Serrou, B., Rosenfeld, C. (Eds.), International
Symposium on New Trends in Human Immunology and Cancer
Immunotherapy. Doin Editeurs, Paris, pp 271-282.

Nonaka, T., Mio, M., Doi, M., Tasaka, K., 1992. Histamine-induced
differentiation of HL-60 cells. The role of cCAMP and protein kinase
A. Biochem. Pharmacol. 44, 1115-1121.

éberg, F., Botling, J., Nilsson, K., 1993. Functional antagonism between
vitamin D5 and retinoic acid in the regulation of CD14 and CD23
expression during monocytic differentiation of U-937 cells. J. Im-
munol. 150, 3487—3495.

Olsson, I.L., Breitman, T.R., 1982. Induction of differentiation of the
human histiocytic lymphoma cell line U-937 by retinoic acid and
cyclic adenosine 3,5-monophosphate-inducing agents. Cancer Res. 4,
3924-3927.

Olsson, Y., Gullberg, U., Ivhed, I., Nilsson, K., 1983. Induction of
differentiation of the human histiocytic lymphoma cell line U-937 by
1,25-dihydroxycholecalciferol. Cancer Res. 43, 5862—5867.

Posternak, T.H., Sutherland, E.W., Henion, W.F., 1962. Derivatives of
cyclic 3,5-adenosine monophosphate. Biochim. Biophys. Acta 65,
558-560.

Rigby, W.F.C., Shen, L., Ball, E.D., Guyre, P.M., Fanger, M.W., 1984.
Differentiation of a human monocytic cell line by 1,25-dihydroxy-
vitamin D5 (calcitriol): a morphologic, phenotypic, and functional
analysis. Blood 64, 1110-1115.

Rubin, JE., Chenoweth, D.E., Catherwood, B.D., 1986. 1,25-dihydroxy-
vitamin D5 and adenosine 3,5-monophosphate synergistically pro-
mote differentiation of a monocytic cell line. Endocrinology 118,
2540-2545.

Seamon, K.B., Padgett, W., Daly, JW., 1981. Forskolin: unique diterpene
activator of adenylate cyclase in membranes and in intact cells. Proc.
Natl. Acad. Sci. USA 78, 3363—-3367.

Shayo, C., Davio, C., Brodsky, A., Mladovan, A.G., Lemos Legnazzi, B.,
Rivera, E., Baldi, A., 1997. Histamine modulates the expression of
c-fos through cyclic AMP production via H, receptor in the human
promonocytic cell line U-937. Mol. Pharmacol. 51, 983—990.

Testa, U., Masciulli, R., Tritarelli, E., Pustorino, R., Mariani, G., Mar-
tucci, R., Barbieri, T., Camagna, A., Valtieri, M., Peschle, C., 1993.
Transforming growth factor-B potentiates vitamin D-induced termi-
nal monocytic differentiation of human leukemic cell lines. J. Im-
munol. 150, 2418—2430.

Vintermyr, O., Gjertsen, B., Lanotte, M., Dgkeland, S., 1993. Microin-
jected catalytic subunit of cAMP dependent protein kinase induces
apoptosis in myeloid leukemia (IPC-81) cells. Exp. Cell. Res. 206,
157-163.



