
Biochem. J. (1993) 296, 67-77 (Printed in Great Britain)

Retinoic acid and cyclic AMP synergistically induce the expression of
liver/bone/kidney-type alkaline phosphatase gene in L929 fibroblastic cells
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In L929 mouse fibroblastic cells, liver/bone/kidney type alkaline
phosphatase (L/B/K-ALP) enzymic activity is induced by all-
trans-retinoic acid at concentrations between 10-6 and 1l-0 M.
At lower concentrations, retinoic acid is incapable of inducing
this enzymic activity per se, but increases cyclic AMP (cAMP)-
mediated induction. This effect is observed after incubation of
the retinoid with dibutyryl cAMP, 8-bromo cAMP or forskolin.
The synergism is dependent on the order of addition of retinoic
acid and the activator of the cAMP pathway. Contemporaneous
addition of the two agents, or addition ofcAMP prior to retinoic
acid (but not addition of retinoic acid before cAMP), is necessary
to produce this synergistic interaction. The synergism results in
increased steady-state levels of L/B/K-ALP mRNA and it is the
consequence of increased transcriptional activity of the gene. The
expression of the mouse L/B/K-ALP gene is regulated by the

INTRODUCTION

All-trans-retinoic acid (RA) is one of the most powerful
differentiating agents so far known. RA controls the
differentiation of various cell types, including promyelocytes [1],
keratinocytes [2] and embryonal stem cells [3-5]. This compound
exerts most of its pleiotropic effects through the transcriptional
activation or repression of responsive genes [6,7]. The regulation
of target genes is believed to be largely due to the mediation of
nuclear receptors (RARs) [8-11] that are capable of binding to
particular DNA sequences known as RA-responsive elements
(RAREs) [12,13]. Three classes of RARs, i.e. a, ,i and y, are
known and each of these classes is subdivided into multiple
members differing in their primary structure at the N-terminal
portion of the protein [11,14,15]. The RA-related receptors
(RXRs), belonging to the same superfamily of nuclear proteins
as RARs, have also been shown to play a role in the cellular
response to RA [16-19]. Furthermore, it is known that RA
interacts with other cellular targets whose functionai significance
is still obscure [20-25]. The intracellular effectors involved in the
activity of RA are potentially modulated by many other second-
messenger molecules. Of particular interest is the interaction
between the RA and the cAMP pathways. In fact, compounds
that increase intracellular levels of cAMP have been
demonstrated to synergize with the retinoid in terms of cellular
differentiation [26,27]. The molecular mechanisms underlying the
cross-talk between RA and cAMP are not yet known, especially
at the level of single responsive genes [28-32].

Alkaline phosphatases [orthophosphoric-monoester phospho-

presence of two leader exons, lA and 1B, resulting in the
synthesis of two alternatively spliced mRNAs that are different
only in part of their 5' untranslated region [Studer, Terao,
Gianni and Garattini (1991) Biochem. Biophys. Res. Commun.
179, 1352-1360]. PCR amplification and nuclear run-on
experiments performed using probes specific for each leader exon
demonstrate that treatment of these cells with retinoic acid,
forskolin or dibutyryl cAMP, and with the combination of the
retinoid and one of the cAMP-elevating agents, leads to the
accumulation of nascent and mature L/B/K-ALP mRNA con-
taining exon l B. The synergistic induction of the transcription of
the L/B/K-ALP gene is well correlated with quantitative and
qualitative changes of retinoic-acid-receptor mRNAs mediated
by cAMP.

hydrolase (alkaline optimum), E.C. 3.1.3.1] are enzymes that
hydrolyse phosphomonoester bonds contained in various
organic compounds. Their physiological function and their
natural substrates are not yet known, even though they seem to
play a role in the mineralization of the extracellular matrix in the
bone and they have been suggested to perform various functions
in other tissues [33-35]. The liver/bone/kidney-type alkaline
phosphatase (L/B/K-ALP) is the product of one [36-39] of the
ALP genes [40-45]. The mouse L/B/K-ALP gene is ubiquitous
in its expression, being present in the kidney, osteoblasts, placenta
and ovary at high levels and in many other tissues at low levels
[46]. The mouse [46-48] as well as the rat [49] and the human
[42,50] L/B/K-ALP genes contain two leader exons, IA and IB,
and produce two alternatively spliced mRNAs, differing only in
their 5' untranslated region. In the mouse, the transcript con-
taining exon lA is present in most tissues, whereas the mRNA
containing exon lB is detected only in the heart and in the
diaphragm [46]. In general, the expression of the two mRNAs is
mutually exclusive in the various tissues and cell lines so far
investigated. The factors involved in the tissue-specific expression,
as well as the possible endogenous and exogenous regulators of
the levels of the two transcripts, are not yet known.
The expression of L/B/K-ALP enzymic activity is under the

control of various stimuli [51-54]. In particular, the enzyme
is inducible by all-trans-retinoic acid (RA) in mouse
teratocarcinomas [53-56] as well as in other cell lines [57,58].
Nuclear run-on experiments have demonstrated that the control
of ALP gene expression by RA in F9 [53] and in P19 [56]
teratocarcinomas is mainly transcriptional. The induction is

Abbreviations used: L/B/K-ALP, liver/bone/kidney-type alkaline phosphatase; cAMP, cyclic AMP; RA, all-trans-retinoic acid; RARs, nuclear RA
receptors; RAREs, RA-responsive elements; RXRs, RA-related receptors; db-cAMP, dibutyryl cyclic AMP; 8Br-cAMP, 8-bromo cyclic AMP; CHX,
cycloheximide; Act-D, actinomycin D; SSC, saline/sodium citrate (see the text for composition); PKA, protein kinase; CREBP, cAMP-response-element-
binding proteins.
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blocked by co-treatment with dibutyryl cyclic AMP (db-cAMP)
[53]. Furthermore, in F9 cells, RA induces the expression of the
L/B/K-ALP transcript containing exon IA [46]. These latter
findings prompted us to study whether RA and its combination
with cAMP is modulating the expression of the message con-
taining exon lB as well. For this purpose, we selected the L929
fibroblastic cell line, since it is the only one so far tested that
expresses the ALP mRNA containing exon lB [46,48]. This cell
line does not express L/B/K-ALP mRNA and the corresponding
encoded protein under basal conditions, but the transcript is
dramatically induced both by stable cAMP analogues and
classical inducers of the cyclic nucleotide second-messenger
pathway [46,48,51].
Here we show that the L/B/K-ALP mRNA induced by RA

contains only exon lB. We also demonstrate a strong synergistic
interaction between RA and cAMP in the induction of L/B/K-
ALP gene expression. Both RA and the combination of RA and
cAMP act at the level of gene transcription and the synergism is
well correlated with qualitative and quantitative changes in the
expression of RAR mRNAs.

MATERIALS AND METHODS

Cell lines and reagents
L929 is a fibroblastic cell line and it was obtained from the
American Type Culture Collection (A.T.C.C.), Rockville, MD,
U.S.A. The cells were routinely passaged in RPMI 1640 con-
taining 10% (v/v) fetal-calf serum. Cells were seeded at a
concentration of 105 cells/ml in 25 or 75 cm2 Falcon culture
flasks (Becton Dickinson, Franklin Lakes, NJ, U.S.A.) and
grown for 24 h before appropriate treatments were performed.
Treatments were started when cells had reached confluency. The
number of cells and their viability were not altered by treatment
with db-cAMP, forskolin, 8-bromo cAMP (8Br-cAMP), RA or
the combination of the retinoid with the three other compounds
separately. F9 teratocarcinoma cells were seeded (105 cells/ml)
and grown in DMEM containing 10% (v/v) fetal-calf serum.
Cultures were free from mycoplasma as assessed using the
Hoechst 33258 fluorescent dye system (Farbwerke Hoechst AG,
Frankfurt, Germany). RA, db-cAMP, 8-Br-cAMP, forskolin,
cycloheximide (CHX) and actinomycin D (Act-D) were from
Sigma (St. Louis, MO, U.S.A.). Stock solutions of RA (10-2 M)
were prepared in dimethyl sulphoxide under dimmed light and
stored at -80 °C protected from light until use.

Measurement of ALP activity and Western-blot analysis
Cell monolayers were washed twice with 0.9% NaCl, harvested
using a rubber policeman and pelleted by centrifugation at 400 g
for 10 min. Cells were resuspended in homogenization buffer
(1 mM MgCI2/l mM CaCl2/20,uM ZnCl2/0.1 M NaCl/0.05 M
Tris/HCl, pH 7.4) and disrupted by sonication using a Branson
sonifier at its maximum setting for 2 x 2 s at 4 'C.
The homogenate was used for the ALP assay, which was

performed with p-nitrophenyl phosphate (Sigma) as substrate
according to the instructions of the manufacturer. ALP activity
was normalized for the content of protein in the sample. Proteins
were measured by the Bradford method [59] using BSA fraction
V (Sigma) as a standard. One unit of ALP activity is defined as
the amount of enzyme capable of transforming 1,mol of
substrate in 1 min at 37 'C. Enzyme assays were performed in
conditions of linearity relative to the substrate and to the
concentration of proteins.
For Western-blot analysis the homogenate was extracted with

phase containing ALP enzymic activity was separated by
centrifugation and immediately subjected to cold acetone (50 %,
v/v) precipitation. Treatment of L929 cells with the various
compounds used throughout the study did not influence the
recovery of ALP enzymic activity (approx. 85 %) from the
homogenate by this extraction procedure. The resulting protein
pellet was resuspended in an appropriate volume of
homogenization buffer and subjected to SDS/PAGE under
reducing conditions, after measurement of ALP enzymic activity
and determination of the protein content. Proteins were trans-
ferred to a nitrocellulose membrane (Schleicher and Schuell,
Dassel, Germany) as described by Towbin et al. [60] and subjected
to Western-blot analysis using a polyclonal antibody raised
against the N-terminal peptide of human L/B/K-ALP [39] and
1251-labelled protein G (Amersham International, Little Chalfont,
Bucks., U.K.) according to standard procedures [61]. The
specificity of the ALP antibody, as well as its cross-reactivity
with mouse L/B/K-ALP, have been described previously [39,53].

Northern-blot analysis and PCR amplfflcation
Total RNA was prepared from L929 fibroblastic and F9
teratocarcinoma cell lines according to a modification of the
guanidinium isothiocyanate/CsCl method [62] and used for
Northern-blot analysis and PCR amplification. For Northern-
blot analysis, RNA samples (10 jig) were fractionated on 1 %-
agarose gels containing 6% formaldehyde and blotted on to
synthetic nylon membranes (GeneScreen Plus; New England
Nuclear Corp., Boston, MA, U.S.A.). These membranes were

hybridized with a 2 kb EcoRI-Bglll fragment ofmouse placental
(L/B/K-type) ALP cDNA [39], mouse a-actin [63], human
histone H4 [64] and mouse RAR al, /)2 and yl c-DNAs [10].
The various probes were labelled to a specific radioactivity
of (1-2) x 109 c.p.m./,ug by using hexanucleotide primers and
[32P]dCTP [65]. Hybridization was performed at 60 °C overnight
in a solution containing 1 M NaCl, 1 % (w/v) SDS, 10% (w/v)
dextran sulphate (Sigma), 100,tg of salmon sperm DNA/ml
(Boehringer, Mannheim, Germany) and (1-2) x 106 c.p.m. of
labelled probe/ml. The membranes were washed twice with
2 x SSC/1 % SDS (1 x SSC = 0.15 M NaCl/0.015 M sodium
citrate, pH 7.0) for 1 h at 65 °C and with 0.1 x SSC for 30 min at
room temperature. The membranes were dried and exposed to
Kodak X-Omat X-ray films with two intensifying screens (du
Pont Cronex; du Pont de Nemours, Bad Homburg, Germany) at

70 °C.
PCR amplifications of the ALP transcripts were carried out

from total RNA after reverse transcription using the gene AMP
kit (Cetus/Perkin-Elmer, Norwalk, CT, U.S.A.) according to
the instructions of the manufacturer. The antisense downstream
oligonucleotide was common for the amplification of both exon

lA and lB transcripts and is contained in exon 2 (5'
TGTACCCTGAGATTCGT 3' complementary to nucleotides
164-180 of mouse placental ALP cDNA) [39], whereas sense

upstream oligonucleotides were specific for exon IA (5'
CGCCAGAGTACGCTCCCGCC 3'; nucleotides 1-20 of the
placental ALP cDNA) [40] and lB (5' GACATAGGGG
ACAGGGACCTGT 3'; nucleotides 92-113 of the mouse

L/B/K-ALP gene exon iB) [46] respectively. For ,J-actin
amplification, two oligonucleotides specific for the /)-actin
gene (5' CACCACACCTTCTACAA 3', nucleotides 181-197;
and 5' CGGTCAGGATCTTCATGA 3', complementary to
nucleotides 488-505 of the mouse fl-actin cDNA) [66] were used.
The samples were subjected to 30 and 25 cycles of amplification
(94 °C for 1 min, 50 °C for 2 min and 72 °C for 3 min) for ALP

n-butanol (25 %, v/v) at room temperature for 1 h. The aqueous exons IA and IB, and .6-actin respectively. Amplifications were
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carried out simultaneously on one-third of the same reverse-
transcription reaction. The assays were performed under
conditions of linearity in terms of RNA concentration and
during the logarithmic phase of the amplification by Taq
polymerase. After amplification, the samples were run on a
1.5 %-agarose gel. In the case of ,6-actin, amplified bands were
revealed after staining with ethidium bromide, whereas ALP
products were transferred on to nylon membranes and detected
with the use of 32P-labelled oligonucleotides specific for exon lA
(5' GTCTGTTCCGGCTCGCG 3'; complementary to
nucleotides 45-61 of placental ALP cDNA) [39] and exon lB [5'
TCGATCCAGATGCTGAA 3'; nucleotides 122-138 of the
mouse L/B/K-ALP gene exon IB) [46] according to Wood et al.
[67].

Nuclear transcription run-on assay
Nuclear transcription run-on assay was performed as described
by Eick and Bornkamm [68] with minor modifications. Briefly,
nuclei (approx. 5 x 106) were prepared by lysing L929 or F9 cells
in 4 ml of lysis buffer [0.5% (w/v) Nonidet P40/0.01 mM
NaCl/3 mM MgCl2/0.01 M Tris, pH 7.4]. After washing with
ice-cold lysis buffer, nuclei were resuspended in glycerol buffer
[40% (w/v) glycerol/5 mM MgCl2/0.1 mM EDTA/0.05 M Tris,
pH 8.0] and incubated at 30 °C for 30 min in run-on buffer
containing 5 mM Tris, pH 7.5, 2.5 mM MgCl2, 0.15 M KC1,
0.35 mM each of ATP, CTP and GTP (Pharmacia, Uppsala,
Sweden) and 200 uCi of [32P]UTP (> 800 Ci/mmol; Amersham
International). Labelled elongated RNAs (minimum
3 x 101 c.p.m./ml) were hybridized to 10 ug each of the cDNA
plasmids immobilized on nitrocellulose membranes after de-
naturation by heat and alkali treatments. Filters were pre-
hybridized in a solution containing 5 x SSC, 1 x Denhardt's, 1 %
SDS, 50 mM phosphate buffer, pH 6.5, and 100 jug of salmon
sperm DNA/ml at 65 °C for 4 h. Hybridization was carried out
in 0.3 M NaCl, 1 x Denhardt's, 0.2% SDS, 10 mM Tes, pH 7.4,
10 mM EDTA and 3 x 106 c.p.m. of 32P-labelled nuclear
RNA/ml for 2 days at 65 'C. Filters were washed for 30 min
twice at 37 'C in 2 x SSC/0.1 % SDS, once in 2 x SSC and twice
in 2 x SSC containing 10 mg/ml RNAase A (boiled for 2 min
before use). Filters were air-dried and exposed to a Kodak X-
Omat AR film using an intensifying screen. Plasmids used for the
experiments were pBluescript (Stratagene, La Jolla, CA, U.S.A.),
histone H4 cDNA [64] in pBR322, mouse a-actin cDNA [63] in
pBR322 and the two ALP genomic fragments containing exon
IA (EcoRI fragment containing 1.8 kb of 5' flanking region, the
entire exon lA and 1 kb of intronic sequences) and lB
(HincII-PstI fragment containing 0.7 kb of 5' flanking region,
the entire exon 1B and 0.4 kb of intronic sequences) respectively
in pBluescript [46,69].
Autoradiograms of both Northern-blot analysis and nuclear

run-on assays were quantified by laser-scanning densitometry
with a laser-beam densitometer (300 A computing densitometer
Fast Scan; Molecular Dynamics, Sunnyvale, CA, U.S.A.).

Intracellular cAMP levels and cAMP-dependent protein kinase
(PKA) actvity
L929 cells were incubated for 5 min, 1 and 24 h with medium
alone or medium containing forskolin, RA or the combination of
the two compounds. In the case of the determination of the levels
of intracellular cAMP, all treatments were performed in the
presence ofa mixture ofcompounds inhibiting phosphodiesterase,
isobutylmethylxanthine (Sigma) and Ro20-1724 (Hoffmann-La
Roche, Basel, Switzerland), at final concentrations of 0.2 and

cAMPwasextractedfromcellmonolayers(1 .4 x 106 cells/plate)
twice with 0.5 ml of ice-cold 70% (v/v) ethanol in water. The
two combined extracts were evaporated under vacuum and
resuspended in 100 jul ofdistilled water. Total intracellularcAMP
was measured with a specific radioimmunoassay (Amersham
International) according to the instructions of the manufacturer.
Assays were run in duplicate on 10#jl1 of the extract. For PKA
assays, 4 x 106 cells were sonicated in 500 jul of extraction buffer
[50 mM Tris/HCl (pH 7.5)/50mM 2-mercaptoethanol/1 mM
phenylmethanesulphonyl fluoride/2 mM EGTA]. The super-
natant obtained after a 150000 g centrifugation was used as
the source of PKA. PKA activity was measured as previously
described [70]. Briefly, the reaction mixture [35 mM Tris/HCl
(pH 7.5)/10mM MgCl2/50 ,uM ATP (containing 106 c.p.m. of
32P[ATP] labelled in the y-position) and 160,ug/ml of histone
type 2A; final volume 250 u1] was preincubated at 30 °C for
5 min before the addition of 50 ul of the cytosol fraction. The
incubation was terminated after 5 min by the addition of 1 ml of
20% trichloroacetic acid. The precipitates were passed through
0.45 jum-pore-size nitrocellulose filters (Millipore, Vimodrone,
Italy) and the associated radioactivity was measured in a
Beckman liquid-scintillation counter. Results are expressed as
the difference of the incorporated radioactivity in the presence
and in the absence of cAMP exogenously added to the reaction
mixture (10 juM final concn.). Under these experimental
conditions the stimulation of phosphotransferase activity in the
presence of cAMP is about 7-fold for control samples. A unit of
PKA enzymic activity is defined as 1 pmol of phosphate in-
corporated into histone 2A/min per mg of protein.

Statistical analysis
Statistical significance of the experimental data was evaluated by
one-way analysis of variance and post hoc comparison by
Duncan's test [71,72] or by two-way analysis of variance and post
hoc comparison according to Tukey's test in the case of the
results shown in Figure 1 (below) [71,73].

RESULTS

Effects of cAMP and RA on ALP enzymic activity
Figure 1(a) shows that incubation of L929 cells for 72 h with
various concentrations of RA results in a dose-dependent in-
duction ofALP enzymic activity. ALP activity is barely detectable
under basal conditions. Induction by RA is evident at 10-6 M
and is maximal at 10-5 M, whereas the retinoid at concentrations
between 10-10 and 10-7 does not lead to levels of ALP activity
significantly higher than those in control cells. db-cAMP at
S x 10-3 M induces ALP activity, as expected [48]. When L929
cells are concomitantly incubated with the two compounds, a
strong synergistic effect is observed. RA at concentrations
between 10-10 and 10-6 M, in the presence ofdb-cAMP, gives rise
to a 2-5-fold increase in ALP activity relative to db-cAMP alone.
The synergism is not statistically significant at concentrations of
10-5 M because ofthe strong inducing effect ofRA alone on ALP
activity. As shown in Figure 1(b), db-cAMP induces ALP enzymic
activity in a dose-dependent manner and it is maximally active at
5 x 10-3 M. If cells are incubated with various concentrations of
cAMP in the presence ofRA at 10-8 M, a synergistic interaction
between the two compounds is again observed. The lowest
concentration at which db-cAMP is capable of producing syn-
ergism with RA is 1.5 x 10-3 M, and the synergistic effect ranges
from 2- to 5-fold. The synergism observed with the combination
ofRA and db-cAMP is not an artifact due to the butyrate moiety

0.02 mM respectively.
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Figure 1 SynergilstIc effect between RA and db-cAMP in the induction of
ALP enzymic activity In L929 cells

(a) ALP activity was measured in cell homogenates obtained from L929 cells cultured with the
indicated concentration of RA either in the presence (@) or in the absence (O) of 5 x 10-3 M
db-cAMP for 72 h. The open circle on the lower right side of the Figure indicates the amount
of ALP enzvmic activity determined after 72 h of treatment with db-cAMP alone. Each
experimental value is the mean + S.D. for three separate culture dishes. (b) ALP activity was
measured in cell homogenates obtained from L929 cells grown with the indicated amount of
db-cAMP either in the presence (0) or in the absence (EJ) of 10-8 M RA for 72 h. Each
experimental value is the mean + S.D. for three culture dishes. **, Significantly higher relative
to db-cAMP alone (P < 0.01 according to Duncan's test). Notice that, for (a), except for the
data obtained in the presence of i0-5 M RA, the values for the combination of db-cAMP and
RA are also significantly higher relative to the sum of the values of db-cAMP and RA separately.
The F of interaction was highly significant for all the experimental points between 10-6 and
10-10 M RA after two-way analysis of variance (P < 0.01 according to Tukey's test).

treatment of L929 cells with another stable analogue of the cyclic
nucleotide, 8Br-cAMP, and with a direct inducer of adenylate
cyclase, forskolin (Table 1). At the concentrations used, 8Br-
cAMP is a stronger inducer ofALP activity than forskolin or db-
cAMP. In the experiment shown, the synergistic effect (approx.
4-fold) between forskolin and RA is more marked than that
between db-cAMP or 8Br-cAMP and RA. However, in separate
experiments the level of induction varies and it is independent of
the stimulus used to increase the intracellular levels of the cyclic
nucleotide. Inhibition of the catabolism ofcAMP does not alter
the synergism between cAMP and RA. In fact, in the presence of
phosphodiesterase inhibitors (a combination of 0.2 mM
isobutylmethylxanthine and 0.02 mM Ro-1724), theALP activity
in the cells treated with forskolin alone is 272+ 18 munits/mg of
protein, whereas the combination of forskolin and RA increases
the ALP specific activity to 925 + 21 munits/mg protein. These
results are not significantly different from those obtained
in the absence of the phosphodiesterase inhibitors (32 + 51

Table 1 SynrgistIe efet of db-cAMP, forskolln and 8Br-cAMP In
combination with RA on ALP enzymic activity
L929 cells were treated for 72 h with the indicated compounds. ALP enzymic activity was
measured in cell homogenates. Each experimental value is the mean + S.D. for three separate
culture dishes. RA was present at 10-8 M, db-cAMP at 5 x 10-3 M, 8Br-cAMP at 1 x 10-3 M
and forskolin at 1 x 10-4 M.

ALP activity
Treatment (munits/mg of protein)

Control
RA
db-cAMP
db-cAMP+ RA
Forskolin
Forskolin + RA
8Br-cAMP
8Br-cAMP + RA

< 10*
15+1
118+18
205 +44t
225 + 50

1013 +87T
473 +10
1213±+155§

* Below the limit of detection of the enzymic assay.
t, T, § Significantly higher relative to db-cAMP (t). to forskolin ($) or to 8Br-cAMP (§)

alone respectively (P < 0.01 according to the Duncan's test).
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Figure 2 Tlime course of the synergism between db-cAMP and RA in the
inducdon of ALP enzymic activity

L929 cells were treated with medium alone (O]), medium containing 10-8 M RA (0),
5 x 10-3 M db-cAMP (0) and 10-8 M RA+ 5 x 10-3 M db-cAMP (0) respectively for the
indicated amount of time. At the end of each treatment, cells were collected, homogenized and
ALP enzymic activity was measured. Each experimental value is the mean+ S.D. for three
separate culture dishes. **, Significantly higher relative to db-cAMP alone (P < 0.01 according
to Duncan's test).

after forskolin, and 720 + 68 munits/mg of protein after
forskolin + RA treatment respectively). Similar results are

obtained ifforskolin is replaced by db-cAMP (results not shown).
The kinetics of the induction of ALP enzymic activity by db-

cAMP and db-cAMP+RA are almost parallel and relatively
slow (Figure 2). After treatment with db-cAMP, an increased
level of enzymic activity is observed after 16 h and tends to level
offafter 3 days. The synergistic effect between the two compounds
is again significant after 16 h, but it is maximal after 3 days.
Similar kinetics of induction are observed with forskolin, 8Br-
cAMP and the combinations of one of the two compounds with
RA (results not shown).
The order of addition of db-cAMP and RA to the culture

medium is important for the synergistic interaction between the
two compounds. As expected, Table 2 shows that the synergism

** **

- p .
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Table 2 Influence of the order of addiflon of the compounds on the
synergism between dbcAMP and RA
L929 cells were grown in the absence or in the presence of 1 0-8 M RA, 5 x 10-3 M db-cAMP,
and the combination of the two, for 36 h. Cells were washed with fresh medium and further
incubated for 36 h as indicated. The solidus under 'Treatment' represents the removal of the
medium after the first 36 h of incubation. For example, db-cAMP/RA means that the cells were
grown in the presence of 5 x 10-3 M db-cAM-P for the first 36 h, washed and incubated for
another 36 h in the presence of 10-8 M RA. Control cultures were grown for 72 h in medium
alone (medium). At the end of each treatment, cells were collected, homogenized and ALP
enzymic activity was measured. Each experimental value is the mean ± S.D. for three separate
culture dishes.

ALP activity
Treatment (munits/mg of protein)

Medium
Medium/RA
RA/medium
db-cAMP/medium
Medium/db-cAMP
Medium/db-cAMP+ RA
RA/db-cAMP
db-cAMP/RA

< 10*
< 10*
< 10*
101 +1
35±1

102 +4t
34+1

158±6
* Below the limit of detection of the enzymic assay.
t, t Significantly higher relative to medium/db-cAMP and RA/db-cAMP (t) or felative

to db-cAMP/medium, medium/db-cAMP, RA/db-cAMP and medium/db-cAMP+RA (t)
(P < 0.01 according to Duncan's test).

+

O 0 . .0 < c
LL LL - 0 CC ) he M
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Figure 3 Effects of db-cAMP, forskolin (Forsk) and RA on the levels of ALP
protein
The same amount of protein (100 p.g) extracted from L929 cells in the absence of any treatment
(control) or after treatment for 72 h with the indicated compounds was loaded in each lane and
subjected to Western-blot analysis using an antibody specific for the U/B/K-type ALP and 1251-
labelled protein G. As a positive control for the experiment, a protein extract derived from C57/Bl
mouse kidney (equivalent to 0.5 unit of ALP activity) was used, and it is shown on the right.
The positions of molecular-mass (M) markers are indicated on the right (trypsin inhibitor,
21 kDa; ovalbu*min, 45 kDa; BSA, 66 kDa; phosphorylase . 92 kDa; ,6-galactosidase, 116 kD:a;
myosin, 200 kDa).

is evident if RA and db-cAMP are simultaneously added to the
medium and left in contact with the cells for 36 h (the ratio of the
values for the columns marked as medium/db-cAMP + RA and
medium/db-cAMP is 2.9). If cells are left in contact with RA for
36 h prior to washing, addition of fresh medium containing db-
cAMP and further incubation for 36 h, the synergistic effect
between the two compounds is abolished (the ratio of thevalues
indicated by RA/,b-cAMP and medium/db-cAMP is 1.0).
Conversely, when db-cAMP is added before RA, the synergistic
effect is maintained, albeit reduced in its level (the ratio of the
values indicated as db-cAMP/RA and db-cAMP/medium is

1.6). The absolute amount of ALP enzymic activity is higher in
the experimental groups where db-cAMP is added at the be-
ginning of the experiment relative to those where the cyclic
nucleotide is added in the last 36 h of incubation (compare db-
cAMP/medium and medium/db-cAMP, db-cAMP/RA and
medium/db-cAMP+ RA respectively). This can be explained by
the fact that the cAMP analogue is accumulating in the intra-
cellular compartment, resulting in stimulation of the cells and
consequent induction of ALP activity for a total of 72 h.
The induction ofALP enzymic activity by RA in combination

with db-cAMP or forskolin is due to an increased level ofL/B/K-
ALP protein. As shown in Figure 3, the amount of the ALP
protein was measured by Western-blot analysis. The intensity of
the immunoreactive band correlates with enzymic activity. In
fact, in basal conditions as well as after treatment with 10-8 M
RA alone, no immunoreactive band is observed. After db-cAMP
or forskolin treatment, a specific band with an apparent molecular
weight of 75 kDa is evident. In the presence of RA, this band is
increased 4-fold after db-cAMP and 3-fold after forskolin
treatment respectively.

Effects of cAMP and RA on L/B/K-ALP mRNA accumulatlon
As shown in Figure 4, the L/B/K-ALP mRNA is undetectable
in basal conditions. The transcript is induced after 6 h of
treatment with db-cAMP and increases up to 72 h. Treatment
with db-cAMP+ RA leads to an approximately 3-fold induction
of the mRNA relative to db-cAMP alone, starting from 24 h.
Similar results are obtained ifdb-cAMP is replaced by forskolin
(only data at 24 h are shown).
The effects of CHX, a protein-synthesis inhibitor, on the

accumulation of L/B/K-ALP transcript were examined, and
they are shown in Figure 5. In the presence of db-cAMP,
treatment of L929 cell with CHX for 16 h leads to a marked
decrease in the induction of the mRNA. In contrast, the protein-
synthesis inhibitor superinduces the expression of the message
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Figure 4 L/B/K-ALP mRNA Induction by db-cAMP and RA

Total RNA (10,tg for each lane) was extracted for Northern-blot analysis from L929 cells
incubated in the presence of db-cAMP (5 x 10-3 M), RA+ db-cAMP (1 0-8 M and 5 x 10-3 M
respectively), forskolin (Forsk; 10-4 M) and forskolin + RA (10-4 M and 10-8 M respectively)
for the indicated amount of time. RA alone did not induce the ALP transcript at any time point,
and this result is not shown. Control RNA was extracted after incubation of the cells for 72 h
in medium alone. The position of the size markers (28 S and 18 S rRNAs) is indicated. A picture
of the ethidium bromide staining of the RNA is shown at the bottom and demonstrates that
approximately equal amounts of RNA were added in each lane.
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Figure 5 Effects of CHX on the Induction of ALP mRNA by db-cAMP and
RA

L929 cells were cultured in the presence of the indicated compounds for 48 h. In these
experimental conditions CHX (10 ,ug/ml) is not significantly toxic, as tested by the Trypan Blue-
exclusion test, while it is inhibiting protein synthesis over 80%. Total RNA was extracted and
used for Northern-blot analysis (10 #g/lane). A picture of the ethidium bromide staining of the
RNA is shown at the bottom and demonstrates that approximately equal amounts of RNA were

added in each lane.

db-cAMP + RA db-cAMP

Time (h) 16 8 4 2 0 16 8 4 2 0

ALP

H4

Actin

..

Figure 6 Effects of db-cAMP and the combinafton of db-cAMP and RA on
the stability of ALP mRNA

Cells were cultured in the presence of db-cAMP (db-cAMP, 5 x 10-3 M) or db-cAMP and RA
(5 x 1 0-3 and 1 x 10-8 M respectively). After 72 h, fresh medium, containing 5 jug of Act-
D/ml, was added. Total RNA was extracted at the indicated times after actinomycin D addition,
and 10 gg was used to perform the Northern-blot analysis. The same filter was sequentially
hybridized with ALP, histone H4 and a-actin cDNAs.

both under basal conditions (the superinduction is evident only
after longer exposure of the autoradiography; results not shown)
and after treatment with 10-8 M RA. As a result of these two
opposing effects, the levels of the L/B/K-ALP transcript appear
almost unchanged after treatment with the combination of db-
cAMP and RA relative to those observed with db-cAMP alone.
In fact, if the intensity of the L/B/K-ALP mRNA signal after
treatment with db-cAMP is taken as 100%, the results of the
densitometric analysis of the autoradiography are: RA+CHX,
104 %; db-cAMP+CHX, 22 %; RA+ db-cAMP, 322 %;
RA+db-cAMP+CHX, 210%; CHX, 24%. This experiment
was independently repeated a second time with similar results.

If the cells are contemporaneously treated with db-cAMP or
the combination of db-cAMP and RA in the presence of Act-D
(5 ,ug/ml), an RNA synthesis inhibitor, for 16 h, no L/B/K-ALP
transcript is observed (results not shown). This indicates that the
cyclic nucleotide, alone as well as in combination with RA, is
inducing the expression of the mRNA through a transcriptional
mechanism.

In studies aimed at determining the half-life of the L/B/K-
ALP transcript, cells were treated with Act-D after maximal
induction of the message was obtained with db-cAMP or with
the combination of the cyclic nucleotide and RA. The mRNA is
extremely long-lived (the half-life of the message cannot be
calculated accurately because the toxicity of Act-D prevents
treatments longer than 16 h) in the presence of both db-cAMP
and db-cAMP + RA (Figure 6). The presence of the retinoid does
not alter the decay curve of the transcript. Act-D treatment
causes a reproducible increase in the levels of the transcript at 8
and 16 h. The decay curves of a short-lived (histone H-4) and of
a long-lived message (o-actin) in the same experimental
conditions are shown for comparison.

cAMP and RA are modulating the levels of the L/B/K-ALP
transcript containing exon lB through a transcriptional
mechanism
The presence of two leader exons in the mouse L/B/K-ALP gene
[46,47], giving rise to two transcripts differing in their 5'
untranslated region, prompted us to investigate whether RA is
up-regulating the expression of the same mRNA as cAMP in
L929 cells. For this purpose, PCR amplification of the cDNA
after reverse transcription of the message (RT/PCR) was
performed using two couples of oligonucleotides specific for the
L/B/K-ALP message containing exons IA and lB. The data
shown in Figure 7(a), albeit semi-quantitative, demonstrate that
the mRNA containing exon IA is readily detectable in F9 cells,
as expected [46]. The mRNA containing exon lB is the only one
expressed in L929 cells after treatment with db-cAMP, RA or the
combination of the two compounds. After treatment with 10-8 M
RA, it is noteworthy that the high sensitivity of RT/PCR allows
the detection of the L/B/K-ALP transcript, which is not
detectable by Northern-blot analysis.
To demonstrate that cAMP and RA are interacting at the

transcriptional level (as suggested by the inhibition of this cross-
talk by Act-D) and to determine the transcriptional activity of
the L/B/K-ALP gene in L929 cells, nuclear run-on assays were
performed (Figure 7b). The experiments were conducted after 4,
16 and 72 h of treatment with forskolin, RA or the combination
of the two compounds. The plasmids used as probes were two
L/B/K-ALP genomic clones specific for leader exons lA and lB
respectively. At all time points, and under all the experimental
conditions, exon IA is not transcribed in the nucleus. This is not
due to technical problems, for a strong signal is observed in F9
teratocarcinoma cells, which are known to express only the
mRNA containing leader exon lA [46]. Exon lB is not
transcribed in L929 nuclei after incubation with medium alone or
with medium containing 10-8 M RA, at 4 and 72 h, whereas it
shows a weak, but significant, signal at 16 h. A much stronger
signal corresponding to the transcription of exon lB is readily
observed after treatment of L929 cells with 10-6 M RA for 16 h
(M. Gianni, M. Terao and E. Garattini, unpublished work).
Exon lB is not transcribed after treatment with forskolin for 4 h,
but it shows a strong hybridization signal at 16 and 72 h. When
RA is present, the signal induced by forskolin is stimulated 4-
fold at 16 and 2-fold at 72 h. The transcriptional activity of the
genes coding for a-actin and histone H4 were also measured for
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Figure 7 Expression of exons 1A and 1B in L929 cells after treatment with RA, db-cAMP or the combinafton of the two compounds

(a) Total RNA (1 ,g) from L929 cells treated with the indicated compounds for 72 h was reverse-transcribed, and the resulting cDNA mixture was divided into three equal portions and PCR-
amplified using oligonucleotide couples specific for ALP exons 1A and 11B, and for fi-actin cDNA respectively. The products of the amplification were run on a 1.5%-agarose gel and directly
photographed after ethidium bromide staining (/3-actin; shown on the bottom) or blotted on nylon membranes (ALP exons 1 A and 1 B) and hybridized to 32P-labelled synthetic nucleotides specific
for each exon. The oligonucleotides employed for the hybridization were distinct and internal to the couple of oligonucleotides used for the amplification step. The expected size of the amplified
products is 180, 186 and 324 bp for UB/K-ALP exon 1A, exon 1 B and /3-actin respectively. The position of the molecular-mass (M) markers are indicated on the right-hand side. (b) Nuclear run-
on assay was performed at the indicated times after incubation of L929 cells in the presence of the indicated compounds. As a positive control for the expression of nascent pre-mRNA containing
ALP exon 1A, a run-on experiment was conducted on nuclei isolated from F9 teratocarcinoma cells incubated with 1 x 1o-6 M retinoic acid for 48 h (F9). The probes used in the experiments
are indicated. Plasmid pBluescript (pBS) was used as a control for non-specific hybridization. ALP 1A, pBS containing a genomic insert encompassing exon 1A of the ALP gene; ALP 11B, pBS
containing a genomic insert encompassing exon 1B of the ALP gene; H4, pBR322 containing histone H4 cDNA; Actin, pBR322 containing mouse a-actin cDNA.

comparison. As expected on the basis of Northern-blot analysis
(see Figure 5), the transcriptional rate of these two genes is high
in basal conditions and it is not affected by any treatment.

RA does not Influence the Intracellular levels of cAMP and PKA
To assess the effect ofRA on the amount of intracellular cAMP,
L929 cells were treated in the presence of phosphodiesterase
inhibitors for 5 min, 1 and 24 h with medium alone, medium
containing RA, forskolin or the combination of the two
compounds. As shown in Table 3, the levels of the cyclic
nucleotide are significantly increased by forskolin at all the three
time points. Maximal stimulation is observed at 24 h, dem-
onstrating that forskolin is producing a long-lasting activation of
adenylate cyclase that leads to progressive accumulation of
cAMP. RA does not modulate the levels of intracellular cAMP
either in the absence or in the presence of forskolin.
The levels of PKA were also determined after treatment with

RA, forskolin or the combination of the two compounds at
5 min, 1 and 24 h. In Table 3, PKA activity is expressed as the
difference between phosphotransferase activity before and after
addition of 10 uM cAMP to the assay mixtures. PKA is decreased
relative to control levels after treatment with forskolin for 1 and
24 h. This is not unexpected [30], and it results from increased

basal levels of the phosphotransferase activity in the absence of
cAMP exogenously added to the reaction mixture. RA is not
altering the amounts of PKA either in the absence or in the
presence of forskolin. Taken together, these data indicate that
RA treatment is not affecting the two most upstream components
of the cAMP second-messenger cascade.

Increased Intracellular cAMP Induces the expression of the
mRNAs coding for RAR oc, fp and y isoforms
Figure 8 demonstrates that L929 cells express the three classes of
the RAR mRNAs in basal conditions. In particular, two sep-
arable bands specifically hybridizing with the RARa cDNA and
one band each, hybridizing with RAR , and y cDNAs are
evident. Their levels do not change if cells are kept in normal
growth medium up to 72 h. Treatment of L929 cells with db-
cAMP increases the levels of the two R,AR a mRNAs at 6 and
24 h. At 48 and 72 h of treatment, the amounts of RARa
mRNAs are decreased to those observed under basal conditions.
The co-treatment of L929 cells with db-cAMP and RA does not
substantially alter the amounts of the two RAR a transcripts
relative to db-cAMP alone. Starting from 6 h of treatment, db-
cAMP induces the expression of novel and more-rapidly-mi-
grating molecular forms of the RAR ,8 mRNAs. After db-cAMP
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Figure 8 Effect of db-cAMP, RA and the combination of the two compounds on the steady-state levels of RAR or, fl and y mRNAs

Total RNA was extracted from L929 cells treated as indicated. The same RNA preparation (10 /u.g for each) was used to perform Northern-blot analysis. The three membranes were hybridized
with probes specific for RAR a, and y, respectively. The ethidium bromide staining of each gel is shown on the right side and demonstrates that an equal amount of RNA was added in each
lane. C, control.

treatment, the induced mRNAs are incompletely separated and
consistently result in a smeared hybridization signal. New and
separable band(s) hybridizing to RAR y cDNA are observed
after treatment with the cAMP analogue. The induction of both
RAR ,B and y mRNAs is long lasting and it is observed up to
72 h. The combination of RA and db-cAMP only minimally
influences the levels of RAR ft and y transcripts relative to db-
cAMP alone. Collectively taken, these results demonstrate that
the increase in intracellular cAMP levels alters the expression of
RAR mRNAs both qualitatively and quantitatively.

DISCUSSION
The mouse [46,47,69], human [42,50] and rat L/B/K-ALP [49]
genes have a very similar structural organization and contain
two leader exons, lA and I B, separated by a long first intron. We
have suggested that the tissue-specific expression of the two
alternatively spliced mRNAs containing exon IA and lB re-
spectively is controlled by the activity of two distinct promoters
[46], similar to what is observed for other genes with more than
one leader exon [74,75]. In the mouse L/B/K-ALP gene, the 5'
flanking region of exon lA has strong promoter activity in
various cellular contexts ([69]; M. Gianni, M. Terao and
E. Garattini, unpublished work), whereas promoter activity in
the 5' flanking region of exon lB has not yet been demonstrated.

In mouse F9 teratocarcinoma cells we have previously shown
that RA induces L/B/K-ALP protein by increasing the amount
of the relative mRNA containing exon lA through augmentation
of the transcriptional activity of the gene [46,69]. This effect is
probably the consequence of an activation of the putative
promoter placed in front of leader exon lA. However, sequences
that are structurally [69] or functionally (M. Gianni, M. Terao

and E. Garattini, unpublished work) similar to an RARE do not
seem to be present in the 5' flanking region of this exon. This is
in contrast with what has been reported for the human L/B/K-
ALP gene [76], where a RARE (albeit atypical) has been
described.

In L929 cells, we observed that RA is capable of inducing the
expression of the L/B/K-ALP transcript containing exon lB
through a transcriptional mechanism. However, a sequence
structurally or functionally similar to a typical RARE is not
present in the 5' flanking region of this exon ([46]; M. Gianni,
M. Terao and E. Garattini, unpublished work). This finding has
important implications for the regulation of the L/B/K-ALP
gene by RA, since it demonstrates that the transcription of both
leader exons is responsive to RA. We suggest that the cellular
context is playing an important role in determining which exon
is transcribed as a consequence of the treatment with the retinoid.
It is tempting to speculate that the chromatin environment
around exon IA or lB in different cell types is dictating the
accessibility of the transcription factors involved in the basal as
well as in the induced expression of the L/B/K-ALP gene.
The major point of the present study is represented by the

observation of a strong synergism between cAMP and RA in the
induction of the expression of the L/B/K-ALP gene in L929
fibroblastic cells. This is different from what we observed in F9
teratocarcinoma cells, where cAMP antagonizes the induction of
L/B/K-ALP activity by RA [53]. The synergism is at the level of
the transcriptional activity of the gene and results in the
up-regulation of the transcript containing exon lB.
The onset of this synergistic effect is slow, requiring more than

16 h to be apparent at the level of enzymic activity. This finding
is similar to what was observed for two other gene products,
tissue transglutaminase [27] and the urokinase-type tissue plas-
minogen activator [30], whose expression is synergistically
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Table 3 Efct of forskolin, RA and the combination of the two compounds on the Intracellular levels of cAMP and cAMP-dependent PKA
To measure intracellular levels of cAMP, L929 cells, which were grown to confluency in 12 cm2 culture dishes, were treated with forskolin (100 1rsM), RA (10-8 M) or the combination of the two
compounds in the presence of the phosphodiesterase inhibitors isobutylmethylxanthine (0.2 mM) and Ro 20-1724 (0.02 mM) for the indicated amount of time. Coritrol cultures were grown in the
presence of phosphodiesterase inhibitors alone. To measure cAMP-dependent PKA, L929 cells were grown to confluency in 25 cm2 culture flasks and treated as above in the absence of
phosphodiesterase inhibitors. PKA is measured as the difference in the incorporation of radiolabelled 32P into histone 2A in the presence and in the absence of exogenously added cAMP
(10 ,uM). Each value is the mean + S.D. for three separate cultures. Statistical significance: * significantly lower relative to control (P< 0.01 according to Duncan's test); significantly lower
relative to control (P < 0.05 according to Duncan's test).

cAMP (pmol/1 x 106 cells) PKA activity (units/mg of protein)

Treatment Time ... 5min 1 h 24 h 5 min 1 h 24 h

Control
RA
Forskolin
Forskolin + RA

0.9±0.2
0.9 + 0.1
12.0±0.6*
13.4+1.2*

0.8 +0.1
0.8 ± 0.1

17.4 +0.9*
16.6±0.3*

2.0 + 0.6
2.3± 0.1
30.0±0.6*
29.1 ±0.9*

163 +15
172+15
154+16
136+19

171 +11
159+5
143 ±19**
143±11**

177 ± 27
171 +26
127 ± 13**
134 +6**

augmented by cAMP and RA in a cervical adenocarcinoma cell
line and in macrophages respectively. The slow induction of the
expression of the L/B/K-ALP gene suggests that the synthesis of
intermediary transcriptional factors is required. Transcriptional
factors belonging to the family of Hox gene products, whose
synthesis is known to be increased by cAMP and RA in F9
;teratocarcinoma cells [77,78], might be implicated in the up-
tegulation of L/B/K-ALP mRNA in L929 fibroblasts. If inter-
mediary transcriptional factors are indeed synthesized before
the induction of the expression ofthe L/B/K-ALP gene, protein-
synthesis inhibitors should block the response. However, protein-
synthesis inhibition has complex outcomes on the induction of
L/B/K-ALP transcript in L929 cells. In basal conditions or after
treatment with RA, CHX decreases the levels of one or more
short-lived proteins involved either in the transcriptional re-
pression of the L/BK-ALP gene or in the catabolism of the
L/B/K-ALP mRNA. After treatment with cAMP elevating
agents, CHX blocks the synthesis of protein factors involved in
the induction of gene expression. Thus the net effect of CHX on
L/B/K-ALP mRNA after induction with cAMP and RA is
practically null and it is the result of two opposing interactions
that tend to counterbalance each other.
Some of the factors potentially involved in the synergistic

interaction between RA and cAMP have been studied.
Theoretically, RA could render cells more susceptible to the
effects of cAMP or, by contrast, cAMP could sensitize them to
the action of retinoids. Regarding the first possibility, if RA is
sensitizing L929 cells to cAMP, this does not involve the priming
effect suggested in other cellular models [30]. Indeed, the in-
cubation of cells with the retinoid prior to the addition ofcAMP
leads to a complete loss of the synergism between the two
compounds. Furthermore, our data clearly demonstrate that RA
does not affect the first two steps in the cascade of events
triggered by cAMP. The retinoid alters neither the intracellular
levels ofcAMP nor those ofPKA. It has been observed that RA
is inducing the activity of protein kinase C [20]. Indeed, protein
kinase C may be involved in the cross-talk between RA and
cAMP second-messenger pathways through the phosphorylation
and activation of relevant substrates involved in the cascade of
events triggered by protein kinase A. Experiments performed
with tetradecanoyl phorbol acetate, a direct activator of protein
kinase C, in the presence of db-cAMP, do not support this
hypothesis (M. Gianni, M. Terao and E. Garattini, unpublished
work). At present we cannot rule out the possibility that RA
stimulates the synthesis or reduces the turnover ofprotein factors
such as CREBPs (cAMP-response-element-binding proteins)
[79,80] that act as substrates for the phosphorylation of PKA.
RA might also modify the CREBPs or other protein factors post-

translationally, rendering them more susceptible to the activation
of cAMP. It is known that RA induces the retinoylation of
several proteins [24,81-83]; however, this kind of post-trans-
lational modification has never been proved to have any
functional consequence.
Taken together, the evidence presented here suggests that

cAMP is sensitizing the cells to the action of RA. Firstly,
synergism between db-cAMP and RA is observed when L929
cells are concomitantly treated with the two compounds or when
cells are treated with the cyclic nucleotide before the addition of
the retinoid. Secondly, cAMP induces the mRNA accumulation
of the two transcripts coding for the RAR a isoforms already
present under basal conditions in L929. Thirdly, mRNA isoforms
of the RAR ft and y that are not expressed in L929 cells under
basal conditions appear as a result of treatments elevating
intracellular cAMP. The kinetics of these effects on RAR
transcripts are consistent with the induction ofL/B/K-ALP and
could entirely explain the observed synergistic interaction be-
tween cAMP and RA. It would be of considerable interest to
know whether the RAR ,8 and y mRNA forms induced by cAMP
represent novel or already described molecular species. In the
case of the RAR y transcripts expressed in L929 cells, the
electrophoretic pattern is consistent with constitutive expression
ofthe y2 form and cAMP-induced expression of the yI form [84].
However, it remains to be demonstrated that these quantitative
and qualitative changes in the RAR mRNAs is associated with
translation of the transcripts into active proteins. Until this point
is experimentally verified, other possibilities should be considered
to explain the synergism between retinoids and cAMP. Mouse
RARs type a, f and y contain several amino acid sequences that
might be phosphorylated by cAMP-dependent PKA [11,14,15].
Moreover, phosphorylation of the various forms of RAR has
been proved in cell culture [85]. Up-regulation of the level of
phosphorylation might render RARs more responsive to RA
and thus increase the transcription of responsive genes. It is also
possible that cAMP is inducing the expression or causing post-
translational modifications of RXRs, which are known to
stimulate the transactivation ability of RARs in co-transfection
experiments with appropriate reporter genes [12,17-19]. Finally
the interaction between cAMP and RA might be at the level of
binding and activation of the regulatory elements on the L/B/K-
ALP gene. The analysis of such an interaction calls for the
determination of the sequences important for the regulation of
the L/B/K-ALP gene by cAMP and RA respectively.

Experiments are in progress to define responsive elements to
RA and cAMP outside the 5' flanking regions of exons IA and
lB. Moreover, we are currently investigating whether selective
stimulation of the a, f and y type RARs or RXRs by specific
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agonists [86,87] or by 9-cis-retinoic acid [88,89] respectively are
also capable of reproducing the synergism with cAMP.
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