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ABSTRACT

Dibutyryl cyclic adenosine 3':5'-monophosphate (Bt2cAMP) and ÃŸ-

alÃ¬-transretinole acid (KV) have been shown separately, and in some
cases in combination, to modulate the growth, differentiation, and cAMP-
dependent protein kinase (PK-A) activity of various tumor cells. The
effects of BtjcAMP and RA on a cholinergic clone (S20) of C1300 mouse
neuroblastoma cells were explored in the present study. Treatment of
these cells with 1 HIMBt2cAMP for 3 or more days resulted in 93%
inhibition of cell proliferation in monolayer cultures and in 98% inhibition
of colony formation in semisolid medium (0.5% agarose). In contrast,
treatment of the cells with 1 or 10 Â¿IMRA had no inhibitory effects on
cell proliferation in monolayer cultures but enhanced colony formation in
agarose by up to 130%. The growth of cells treated with a combination
of Bt2cAMP and RA was inhibited, although less so than with Bu AM I'
alone. Cells treated with Btji-AM I' alone or Bt2cAMP and RA extended
long, neurite-like, cellular processes indicative of differentiation, whereas
only a few untreated or RA-treated cells produced such extensions. The
amount of [3H|cAMP-binding protein increased gradually up to 2-fold
during a 3-day treatment with Bt2cAMP; in contrast it decreased by
nearly 2-fold during RA treatment. These changes occurred in the level
of the type I regulatory subunit (RI) of PK-A as determined by photoaf-
finity labeling with 8-azidoadenosine cyclic 3':5'-[32P]monophosphate.

The increase in RI following Bt2cAMP treatment was corroborated by
DEAE-cellulose chromatography. This analysis also demonstrated that
type I PK-A is the predominant kinase in the untreated S20 cells and
that RI exists as a free subunit in Bt2cAMP-treated cells. The activity of
PK-A decreased by about 20% following treatment with either Bt2cAMP
or RA and by 45% following treatment with a combination of both agents.
These results suggest that the distinct effects of Bt2cAMP and RA on
the anchorage-independent growth of S20 cells may be related to their
opposite effects on the level of RI.

INTRODUCTION

cAMP3 has been implicated in the regulation of the growth
and differentiation of various normal and malignant cells (1-
4). In the specific case of mouse neuroblastoma cells it has been
shown that Bt2cAMP induces morphological and biochemical
differentiation in vitro (5-9). The mechanism by which cAMP
modulates these fundamental cellular processes is not fully
understood. However, it has been proposed that most, if not
all, of the effects of cAMP are mediated by PK-A of which
there are two forms, type I and type II, in many mammalian
tissues (10-12). The enzymes are complexes containing two
catalytic subunits and two regulatory subunits each. The cala
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lytic subunits of type I and type II PK-A are identical, but the
regulatory subunits are different (13-17). Prashad et al. (18-
21) have shown that Bt2cAMP induces cAMP-binding protein
in mouse neuroblastoma cells and suggested that this binding
protein might be a biochemical marker of neuroblastoma dif
ferentiation (22).

Retinoids have also been shown to modulate the growth and
differentiation of a variety of untransformed, transformed, and
tumor cells in vitro (23-25). Among the cells that are affected
by retinoids are several murine (26-29) and human neuroblas
toma cells (30, 31 ). Retinoic acid inhibited the growth of these
cells and stimulated their morphological differentiation.

Several lines of evidence indicate that in some cells a rela
tionship exists among RA, cAMP, and protein kinases. In
several cell types, including embryonal carcinoma (32-34),
myeloid leukemia (35-37), and macrophages (38) Bt2cAMP or
agents that increase intracellular cAMP levels enhanced and
potentiated the effects of retinoic acid, although Bt2cAMP alone
was inactive. Furthermore, RA increased the activity of cAMP-
dependent protein kinases in melanoma (39-41), embryonal
carcinoma (42, 43), and promyelocytic leukemia cells (44),
without increasing the intracellular cAMP level.

The present study was undertaken to explore the relation
ships between the effects of Bt2cAMP and RA on the growth,
differentiation, and protein kinase activity, in a cholinergic
clone (S20) of mouse neuroblastoma cells.

MATERIALS AND METHODS

Cell Culture. The cholinergic clone S20 of C1300 mouse neuroblas
toma (45, 46) was used. The cells were grown in Dulbecco's modified
Eagle's medium containing 10% fetal bovine serum at 37Â°Cin a

humidified incubator with an atmosphere of 6% CO2:94% air.
Treatment with Bt2cAMP and RA. Bt2cAMP (Sigma Chemical Co.,

St. Louis, MO) was dissolved in Dulbecco's modified Eagle's medium

and kept as a stock solution of 100 IHM.RA (BASF Aktiengesellschaft;
Ludwighafen, Federal Republic of Germany) was dissolved in DMSO
and kept at â€”70Â°Cas a stock solution of 10 mM concentration.

Bt2cAMP was added to regular growth medium to a final concentration
of 1 mM, and RA was added to a final concentration of either 1 or 10
UM. The control cultures received the appropriate amounts of the
solvent DMSO (either 0.01% or 0.1%, respectively). At these concen
trations DMSO itself had no effect on the neuroblastoma cells.

Assays for Inhibition of Cell Proliferation and Colony Formation. To
analyze the effects of Bt2cAMP and RA on the growth of the S20
neuroblastoma cells in monolayer cultures (anchorage-dependent
growth) the cells were seeded in regular growth medium in 35-mm
diameter tissue culture dishes and incubated at 37"C for either 5 or 24

h for cell attachment. The medium was removed by aspiration and
replaced with a fresh medium supplemented with 1 mM Bt2cAMP or 1
or 10 UMRA or both compounds. The cells were incubated at 37Â°Cfor

72 h and then the media were replaced with similar fresh media. After
6 days the cells were detached by treatment with 0.25% trypsin in 2
mM EDTA for 5 to 10 min so as to obtain single-cell suspensions; the
cells were counted using an electronic particle counter (Model ZBI,
Coulter Electronics). Samples were also tested for viability by exclusion
of 0.1 % Trypan blue using a hemacytometer.
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To analyze the effects of Bt2cAMP and RA on the ability of the S20
cells to form colonies in semisolid medium (anchorage-independent
growth) the cells were suspended in 0.5% low-temperature gelling
agarose (Sea Plaque, FMC Corp., Rockland, ME) dissolved in regular
growth medium or in medium supplemented with 1 HIMBt2cAMP or
I or 10 fiM RA. Samples of 1 ml of the cell suspension in agarose were
placed on top of a precast layer of semisolid l % agarose in regular
medium in 35-mm dishes. The cell-containing layer was allowed to gel
for 10 min at 4Â°Cand then the dishes were transferred to a 37Â°C

incubator. After 72 h the cultures were refed by placing 1 ml of regular
growth medium with or without the appropriate agents on top of the
cell-containing agarose layer. This medium was replaced with similar
fresh medium after an additional 72 h. After 7 days of growth the
colonies were counted under the x40 magnification of an inverted
phase microscope.

Preparation of Cell Extracts. Untreated or treated cells were detached
by scraping with a rubber policeman and homogenized in a buffer
(buffer A) consisting of 50 mM Tris-HCl, pH 7.5, 0.25 M sucrose, 3
mM MgCl2, 4 mM 2-mercaptoethanol, 50 mM benzamidine HC1, and 1
mM phenylmethylsulfonylfluoride for assays of cAMP binding and
protein kinase activity and for photoaffinity labeling. Samples were
homogenized with a Dounce homogenizer. The homogenates were
centrifuged at 12,000 x g for 10 min and the supernatant, containing
the soluble proteins, was collected and designated cytoplasmic extract.
Protein concentration was determined by the method of Lowry et al.
(47), using bovine serum albumin as a standard.

Assay for Protein Kinase. PK-A activity in the cytoplasmic extracts
was determined by the method of Prashad et al. (9). Twenty micrograms
of cell extract protein were mixed with a buffer consisting of 50 mM
sodium acetate, pH 6.5, 10 mM MgSO4, 10 mM dithiothreitol, 10 nM
|7-32P]ATP (2000 cpm/pmol; ICN, Irvine, CA), and 1 mg/ml of histone

H2B (Worthington Biochemical Corp.) in a final volume of 100 Â¡A.
Assays were conducted in the absence and presence of 10 JIM cAMP
(Sigma Chemical Co., St. Louis, MO). Reaction mixtures were incu
bated at 30Â°Cfor 10 min, and then each mixture was spotted on

phosphocellulose paper (P81, Whatman) and processed as previously
described (48). In some assays the histone was replaced by kemptide
(Sigma Chemical Co.) which was added at 4 Â¿ig/assay(100 /JM).There
was no significant difference between results obtained with histone and
with kemptide.

Assay for cAMP Binding. cAMP-binding activity (indicative of the
amount of the regulatory subunit of PK-A) was measured in the
cytoplasmic extracts by the method of diluÃan(49). Twenty-five Mgof
cell extract protein were mixed with a buffer consisting of 50 mM
sodium acetate, pH 4.0, 1 mM dithiothreitol, and 50 nM [3H]cAMP

(20,000 cpm/pmol; New England Nuclear, Boston, MA) in a final
volume of 200 /il. Reaction mixtures were incubated on ice for 1 h,
diluted with 3 ml of 20 mM potassium phosphate, pH 6.0, filtered
through n.45 /un Millipore filters, and washed with 10 ml of phosphate
buffer. The radioactivity remaining on the filters was then measured.
The assay was linear between 10 and 100 tig of cell extract protein per
assay. The background was less than 400 cpm and the experimental
points were between 5,000 and 75,000 cpm.

DEAE-Cellulose Chromatography. Cells were scraped into buffer B
consisting of 10 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 1 mM EDTA, 1
mM 2-mercaptoethanol, and 10 mM benzamidine-HCl and homoge
nized. The homogenate was centrifuged at 12,000 x g for 10 min and
the supernatant was applied onto a DEAE-cellulose (DE52, Whatman)
column. The material was first eluted with buffer B and then with a
KC1 gradient in buffer B. Fractions were assayed for binding of [3H]-

cAMP and for PK-A activity as described above. Conductivity of the
fractions was measured with a Barnstead purity conductance meter.

Photoaffinity Labeling of Regulatory Subunits. 8-N3[32P]cAMP was

bound covalently to RI and RII by a modification of the method of
Walter et al. (50) as described by Prashad et al. (19). Cell extract
samples containing 50 fig protein were added into a buffer consisting
of 50 mM sodium acetate, pH 4.0, 1 mM dithiothreitol, 4 mM EDTA,
and 20 nM (2 //Ci) of 8-N3[32P]cAMP in a final volume of 100 n\ and

placed in wells of a microtiter plate. The reaction mixture was incubated
at 4Â°Cfor 1 h and then photoactivated by exposure to a short wave

length UV lamp (Xmâ€ž,254 nm) for 5 min at 4*C. The reaction was

stopped by the addition of SDS-PAGE sample buffer and samples of
the reaction mixtures were subjected to SDS-PAGE on a 10% polyac-
rylamido slab gel as described by Laemmli (51). The gels were stained
with Coomassie brilliant blue, destained, dried, and placed on Kodak
XR2 film. The autoradiograms were scanned by a densitometric scanner
(Beckman Dl K gel scanning spectrophotometer) for comparison of
the amounts of regulatory subunits.

QuantitÃ¤ten of the Catalytic Subunit of PK-A. Cells were seeded at 1
x IO6cells/dish in 10-cm diameter dishes and after several hours, when

the cells have attached, the medium was supplemented with 0.01%
DMSO, 1 mM BtzcAMP, 1 >Â¡MRA or both compounds. The cultures
were refed after 48 h and detached after an additional 24 h by scraping
with a rubber policeman into 1 ml of buffer A per dish. The cells were
then homogenized and the 12,000 x g supernatant fraction was mixed
with a concentrated SDS-PAGE sample buffer. Samples containing
100 /ig protein were subjected to SDS-PAGE in 10% polyacrylamide
slab gels. The proteins within the gel were transferred electrophoreti-
cally onto a nitrocellulose filter sheet. The catalytic subunit of PK-A
was detected by incubating the filter with an affinity purified antibody
(a gift of Dr. M. P. Murtaugh) prepared in a goat immunized with
purified bovine heart catalytic subunit (52) followed by incubation with
12sI-Protein A (Amersham, Arlington Heights, IL) and autoradiography

as described elsewhere (53). The relative amounts of the catalytic
subunits were determined by scanning of the autoradiograms and
calculating the area under the peaks.

RESULTS

Effects of Bt2cAMP and RA on Cell Morphology and Growth.
S20 neuroblastoma cells extended short neurite-like processes
(up to twice the cell diameter) when grown in regular growth
medium. These processes were apparent mainly in areas where
cell density was low (Fig. \A). A very similar behavior was
observed in cells grown in the presence of 1 pM RA (Fig. 1C).
In contrast, cells grown in the presence of 1 mM Bt2cAMP
extended numerous, much longer cellular processes (Fig. IB).
Many of these processes were branched and some were thicker
than those elaborated by untreated or RA-treated cells. Cells
treated with both Bt2cAMP and RA were clustered in aggregates
and the cells in the periphery of such aggregates extended long
processes (Fig. ID), as did cells treated with Bt2cAMP alone.
The stimulation of this morphologic differentiation by
Bt2cAMP was observed as soon as 48 h of treatment. Cells
treated with Bt2cAMP alone or combined with RA also ap
peared to have a larger diameter and to be more spread on the
substratum. Their tendency to be detached by trypsinization
was much lower than that of control cells or cells exposed to
RA alone (data not shown). Observations of control and treated
cultures (Fig. 1) and quantitative analyses of cell numbers in
such cultures (Table 1) clearly indicated that Bt2cAMP treat
ment resulted in a marked inhibition of cell proliferation in
monolayer cultures whereas RA had only a small effect. The
growth inhibitory effect of Bt2cAMP became apparent after 3
to 4 days (data not shown). There were no floating cells or
debris in Bt2cAMP-treated cultures and cell viability was greater
than 95% indicating that Bt2cAMP was cytostatic and not
cytotoxic. When the cells were grown in the presence of both
Bt2cAMP and RA their growth was also inhibited but less so
than by Bt2cAMP alone (Table 1).

Analyses of the effects of the two agents on the anchorage-
independent growth of S20 cells revealed that Bt2cAMP almost
completely suppressed colony formation in agarose, whereas
RA treatment stimulated colony formation significantly at 1
/IM (Fig. 2 and Table 1). Observations of cultures 24 h after
seeding cells in agarose in the presence of RA revealed no
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BtjcAMP AND RA EFFECTS ON NEUROBLASTOMA CELLS

Fig. I. Photomicrographs of S20 neuro-
blastoma cells grown for 6 days in:. I. regular
growth medium; B, medium supplemented
with 1 min BtacAMP; or C, medium supple
mented with 1 MMRA; or I), medium supple
mented with a combination of Ht.i AMI" (I

HIM)and RA (I MM)(phase contrast, x 90).

â€¢â€¢
iâ„¢ t. . * * â€¢*â€¢!*" _Â» A .

increase in the proportion of cell clumps as compared with
untreated cultures. The size distribution of colonies observed
under the microscope after 7 days of growth was similar in
untreated and in RA-treated cultures. These findings indicate
that RA treatment increases the proportion of cells capable of
forming colonies rather than enhance cell adhesion to form cell
clusters that can be counted as colonies. Interestingly, the
growth inhibitory effect of Bt2cAMP superceded the stimula
tory effect of RA however, cells exposed to both compounds
together were able to form small colonies (Fig. 2D and Table
1) and their number was significantly higher than in cultures
exposed only to Bt2cAMP.

Effects of Bt2cAMP and RA on cAMP-dependent Protein
Kinase and cAMP-binding Proteins. Treatment of the S20 neu
roblastoma cells with either Bt2cAMP or RA decreased the PK-
A activity measured in the presence of cAMP by about 20%
whereas treatment with both compounds combined decreased
the activity by 45% (Fig. 3). However, because the intracellular
level of cAMP is increased in Bt2cAMP treated cells (9), PK-A
activity, measured in the absence of exogenous cAMP in the

assay, was nearly 4-fold higher in cells treated with Bt2cAMP
and about 2.5-fold higher in cells treated with both RA and
Bt2cAMP than in untreated cells or in cells treated with RA
only (Fig. 3).

There are two classes of soluble cAMP-dependent protein
kinases in mammalian tissues, and they are designated type I
and type II (12). The two forms of the enzyme possess identical
catalytic subunits with a molecular weight of 40,000 and are
distinguished by having different types of regulatory subunits,
a type I (RI) or a type II (RII) subunit with M, 48,000 and
55,000, respectively (13, 14, 50). The activation of PK-A by
cAMP is initiated by the binding of cAMP to the regulatory
subunits of the holoenzyme which leads to the release of active
catalytic subunits from the complex. To evaluate the amounts
of the catalytic subunit in cells treated with Bt2cAMP or RA
we used immunoblotting techniques. These revealed that the
amount of the catalytic subunit decreased by 10, 30, and 20%
in cells treated with Bt2cAMP, RA, or a combination of both
agents. The lack of a linear correlation between the decrease
caused by these agents in PK-A activity and in the amount of
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Table I Effects ofBt3cAMP and retinole acid on the abilities ofS20
neuroblastoma cells to proliferate in monolayer cultures and to form colonies in

semisolid medium

TreatmentControl

Bl2cAMP(lmM)K
\ 1 III I.MlRA(1

MM)
Bt2cAMP(I mM)+K

\(lll,;MlBt2cAMP(l

mw) +
RA (1 MM)lO-'xNo.

of cells

in monolayer
culture"79.8

Â±4.7
5.7 Â±0.2

69.3 Â±7.5
71.1 Â±8.4
10.8 Â±1.017.2

Â±0.5%of

control100

7
87
89
1322No.

of colonies
in semisolid
medium*745

Â±106
19Â±1

852 Â±21
983 Â±35C

51Â±2*'107

Â±5* '%of

control100

2
114132714

* Cells were seeded at 5 x IO3cells/dish in 35-mm diameter dishes and after

24 h the cultures were refed with fresh regular medium (control), or medium
supplemented with BtjcAMP, RA, or both. The cultures were refed after 72 h
and detached and counted after 6 days of growth. Cell viability was >95%. The
results are the mean â€¢SE of duplicate counts of triplicate cultures of a single
experiment. Similar results were obtained in three independent experiments with
cultures treated on different occasions.

'Cells were Â«suspended at 2 x 103/ml in 0.5% agarose dissolved in regular
medium (control) or in medium supplemented with Hi c.\\lI'. RA, or both, and
1-ml aliquots of the suspensions were placed on top of a precast layer of 1%
agarose in 35-mm dishes. The cultures were refed after 72 h and the number of
colonies formed by the cells was counted after 7 days. These results are the mean
Â±SE of duplicate counts of each of triplicate cultures of a single experiment.
Similar results were obtained in three independent experiments.

1Significant (/' < 0.001) compared with control based on Student's unpaired t

test.
d These colonies were very small (<20 cells/colony; see Fig. 20).
' Significant (P < 0.001 ) compared with Bt2cAMP-treated cultures.

the catalytic subunit might represent differences between levels
of enzymatically active protein and immunoreactive protein. In
any event, both types of analysis indicated a decrease in enzy
matic activity following treatment with either Bt2cAMP or RA.

Next we analyzed the effect of these agents on the binding of
[3H]cAMP to cell extracts. Fig. 4A demonstrates that cAMP
binding increased in control cultures during a 3-day growth
while the cells were proliferating exponentially. The cause for
this is not known. Treatment with Bt2cAMP and with RA
exerted opposite effects on cAMP binding. Whereas Bt2cAMP
caused an increase of up to 200% in binding, treatment with
RA caused a decrease to 50% of the binding in control cells
(Fig. 4/Ã•).The binding of cAMP in cells treated for 3 days with
the combination of Bt2cAMP and RA was higher than in the
RA-treated or the untreated cells but lower than in cells treated
with Bt2cAMP alone (Fig. 4). The addition of RA at concentra
tions of up to 10 MM,directly into extracts of either untreated
control cells or Bt2cAMP-treated cells before the [3H]cAMP

binding assay caused no reduction. This observation suggests
that RA has to be present for over 24 h in intact cells to exert
its effects. The increase in cAMP-binding protein in cells
treated with Bt2cAMP was not merely a result of growth inhi
bition because a similar inhibition of cell proliferation by treat
ment with 100 ÃŸMdexamethasone or by lowering the serum
concentration to 1%, was not accompanied by any significant
changes in RI levels (data not shown).

To determine whether the effect of Bt2cAMP was on RI or
on RII, cytoplasmic proteins extracted from untreated or
treated cells were incubated with 8-N3[32P]cAMP and the reg
ulatory subunits were photoaffinity labeled, separated by SDS-
PAGE, and identified by autoradiography (Fig. 5). The major
labeled protein in extracts of untreated cells, as well as in
extracts of cells treated with either Bt2cAMP or RA, migrated
in the gels as RI (Fig. 3, A, C, and E). A minor cAMP-binding
protein comprising about 7% of the RI level was observed on
the gels at a position where RII should migrate. Bt2cAMP
treatment increased the level of RII by about 30% whereas RA
treatment had no significant effect on this cAMP-binding pro

tein (Fig. 5). That the binding of 8-N3[32P]cAMP was specific

was indicated by the ability of excess cAMP to block the labeling
of RI and RII (Fig. 5, B, D, and F). Compared with controls,
the amount of RI in Bt2cAMP-treated cells increased nearly 2-
fold whereas it decreased by 2-fold in RA-treated cells. The
time course of these opposite effects of Bt2cAMP and RA that
is presented in Fig. 4B, demonstrates that although the level of
RI in untreated cells increases for up to 3 days of growth, the
levels of RI in Bt2cAMP-treated cells are higher and in RA-
treated cells lower than in the untreated cells. There is a
remarkable similarity between the effects of Bt2cAMP and RA
on the cAMP-binding as measured by [3H]cAMP-binding and
by photoaffinity labeling with 8-N3[32P]cAMP (compare A and

B in Fig. 4).
Since Bt2cAMP treatment increases the intracellular cAMP

level and leads to direct activation of PK-A by release of free
catalytic subunit we chromatographed extracts of untreated and
of Bt2cAMP-treated cells over DEAE-cellulose to separate and
assay, with and without exogenous cAMP, for free catalytic
subunit and for the type I and type II enzymes. As shown in
Fig. 6 (top) type I PK-A is the major enzyme in control cells
where it is present at a level 15 times higher than the type II
enzyme. Likewise, the major cAMP-binding protein is RI. Both
the PK-A type I and RI were eluted with 0.08 M KC1. About
30% of the total PK-A activity in the extract of control cells
did not bind to the DEAE-cellulose column and was eluted
before the salt gradient was applied (Fig. 6). In contrast, chro-
matography of extracts from Bt2cAMP-treated cells resulted in
a different elution pattern (Fig. 6, bottom). All the protein
kinase activity was washed with the buffer before application of
the salt gradient. This activity is probably associated with the
free catalytic subunit because it was similar in the absence and
in the presence of exogenous cAMP. No further PK-A activity
was eluted by the salt gradient. The total PK-A activity mea
sured in the fractions of control cells in the presence of cAMP
was 3365 pmol 32P label as compared to 3255 pmol 32P label
in Bt2cAMP-treated cell extract fractions. Thus, only a small
decrease in the catalytic subunit was observed in Bt2cAMP-
treated cells as indicated also by the immunoblotting results
described above. The salt gradient eluted free RI from extracts
of Bt2cAMP-treated cells and the amount of this protein, esti
mated by binding of [3H]cAMP, was more than twice the

amount found in the corresponding fractions eluted from ex
tracts of control cells in accordance with the results obtained
with unfractionated cell extracts (Fig. 4).

DISCUSSION

The major finding reported here is that Bt2cAMP and RA
exert opposite effects on the anchorage-independent growth
and on the level of the cAMP-binding protein RI of S20
neuroblastoma cells. Bt2cAMP inhibited both anchorage-de
pendent and anchorage-independent growth of the S20 cells,
and increased the level of RI, whereas RA had no effect on their
anchorage-dependent growth, stimulated anchorage-independ
ent growth, and decreased the RI level. In addition, Bt2cAMP
stimulated the morphological differentiation of these neuro
blastoma cells, whereas RA had no significant effect. Cells
treated with both Bt2cAMP and RA together were growth
inhibited and had a higher cAMP-binding capacity than un
treated cells, although less than in cells treated with Bt2cAMP
alone, suggesting that RA only partially reduced the effects of
Bt2cAMP.

The growth inhibitory effects of high cellular cAMP concen-
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BtzCAMP AND RA EFFECTS ON NEUROBLASTOMA CELLS

Fig. 2. Photomicrographs of S20 neuro
blastoma cells and colonies in semisolid me
dium. The cells were grown for 7 days in 0.5%
agarose in:. I. regular growth medium: B, me
dium supplemented with 1 mM BtjcAMP; C,
medium supplemented with 1 (/M RA; or D,
medium supplemented with a combination of
BtjcAMP (I mw) and RA (I ^M) (phase con
trast x 100).

trations, achieved by treatment of cells with analogues of cAMP
(e.g., Bt2cAMP) or phosphodiesterase inhibitors, have been
observed in various cells (2, 3, 29). Previous studies with other
mouse neuroblastoma cells (5) have demonstrated that
Bt2cAMP can inhibit proliferation and induce morphological
and biochemical differentiation. However, the present report is
the first to show that Bt2cAMP can suppress the ability of
mouse neuroblastoma cells to form colonies in soft agarose
which is often used as a criterion for cell transformation because
this property is exhibited almost exclusively by transformed
and tumorigenic cells (54). Its suppression by Bt2cAMP might
be another indication for enhanced differentiation, which is
accompanied by decreased expression of properties associated
with the transformed phenotype. Bt2cAMP also decreased the
expression of N-roj and N-/w>r protooncogenes in S20 cells.4

Retinoic acid has been shown to inhibit the anchorage-de
pendent growth and the anchorage-independent growth of sev
eral human neuroblastoma cell lines (30, 31). In some of these
cells RA also induced morphological differentiation (30, 31)

4 N. Prashad, manuscript in preparation.

and suppressed the expression of the N-myc oncogene (55).
Earlier studies described the ability of RA to inhibit the prolif
eration of mouse neuroblastoma cells of line C1300 (27) and
clone N18 (26, 28) and NB2a (29). In contrast, our studies
demonstrated that RA not only failed to inhibit the anchorage-
dependent proliferation of clone S20 of C1300 neuroblastoma
cells but enhanced their ability to form colonies in agarose.
Such findings are not unprecedented since we have previously
found that clones and variants of B16 melanoma cells exhibit
differential responsiveness to the growth inhibitory effects of
RA (56). Among six human melanoma cell lines two were
inhibited by RA, three were unaffected, and one was stimulated
(57). However, none of these cell lines was stimulated to form
colonies in agarose (58). A combination of epidermal growth
factor and RA has been shown to enhance the ability of normal
rat kidney (NRK) cell line 536-SA6 to form colonies in soft
agar, but RA alone had no effect on the anchorage-independent
growth of these cells (59). It is possible that RA potentiates the
action of an endogenous transforming growth factor in the S20
cells and that this factor enhances colony formation in agarose.
Other growth stimulatory effects of retinoids have been ob
served in several cell types (60).
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Fig. 3. Effect of BtjcAMP and RA on cAMP-dependent protein kinase in S20
neuroblastoma cells. Cells were seeded at 3 x 10' cells/dish in 10-cm diameter
dishes and after several hours, when the cells were attached to the substratum,
the medium was supplemented with Bt2cAMP (1 HIMI, RA (1 JIM),or both. The
cultures were refed after 48 h and cells detached after an additional 24-h incuba
tion. The cells were extracted and the amount of total soluble protein and the
activity of protein kinase in the absence (â€”cAMP)or presence (+CAMP) of 10 Â¿IM
cAMP were determined as described in "Materials and Methods." The results

are the mean Â±SE of three independent experiments, each performed in dupli
cates.

1234 "1 23 4
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Fig. 4. Effects of BtjcAMP and RA on cAMP-binding proteins in S20 neu
roblastoma cells. Cells were seeded at 3 x Id" cells/dish in 10-cm diameter dishes

and after several hours, when the cells were attached, the medium was supple
mented with BtjcAMP (1 min), RA (1 <IM),or both. Cells were extracted after 1,
2, 3, or 4 days of growth and the cytoplasmic proteins were assayed by binding
of ['HJcAMP (A) or by photoaffinity labeling with 8-N3["P]cAMP (B) as de
scribed in "Materials and Methods." The relative amounts of RI were determined
by densitometric scanning of autoradiograms of gels in which the photoaffinity-
labeled extracts were separated. The results represent the mean Â±SE of three
independent experiments for [3H)cAMP binding and two for the photoaffinity

labeling Each experiment was performed in duplicate. Cytoplasmic extracts
prepared from cells treated on different occasions were used for each experiment.

The concurrent exposure of cells to RA and Bt2cAMP has
enhanced the effect of RA on the differentiation of F-9 murine
embryonal carcinoma cells (32) and U-937 human histiocytic
lymphoma cells (35). Furthermore, the myeloid leukemic cell
lines HL-60 and U-937, which are not responsive to agents
known to increase intracellular cAMP levels (e.g., prostaglandin
E2and cholera toxin), were rendered responsive by pretreatment
with a low dose of RA, a dose that by itself was not sufficient
to induce differentiation (36). Thus, RA must have primed the
cells to respond to an increase in cAMP levels. A similar
conclusion was drawn from results of studies with F-9 em
bryonal carcinoma cells (28, 32). However, the induction of
transglutaminase in HL-60 cells and in murine peritoneal mac
rophages required the simultaneous presence of both RA and
Bt2cAMP; it was proposed that the primary effect of Bt2cAMP
was to increase the sensitivity of the cells to RA (37, 38). Our
studies with mouse neuroblastoma cells indicate that RA and
Bt2cAMP exert opposite effects on anchorage-independent

A B C
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Fig. 5. Effects of Bt2cAMP and RA on the level of the regulatory subunit of
cAMP-dependent protein kinase in S20 neuroblastoma cells. The cells were grown
in regular medium (A and B), or in medium supplemented with 1 HIMBt2cAMP
(C and D), or with l Â»IMRA (E and F) for 3 days. The cells were then extracted
and their cytoplasmic proteins (SO pg) were photoaffinity labeled with K N,['~l'|

cAMP in the absence (A, C, and E) or presence (B, D, and F) of excess cAMP.
The proteins were then subjected to SDS-PAGE and the cAMP-binding proteins
were identified by autoradiography of the gels. Numbers at left, electrophoretic
migration of standard protein markers of molecular weight including: phospho-
rylase b (.\1, 94.000); bovine serum albumin (M, 68,000); ovalbumin (A/, 43,000),
and soybean trypsin inhibitor (Ai, 22.500). RI and RII, M, 48,000 and 55,000,
respectively, represent the regulatory subunits of protein kinases types I and II.

growth and that the inhibitory effects of Bt2cAMP are reduced
in the presence of RA. An analogous result was reported re
cently for neonatal mouse keratinocytes in which 8 bromo
cAMP stimulated cell proliferation, but a retinoid inhibited cell
proliferation and inhibited the stimulatory effects of the cAMP
analogue (61).

The mechanism by which Bt2cAMP suppresses growth and
promotes differentiation of the S20 neuroblastoma cells is not
known. It has been shown that exogenously added Bt2cAMP
increases the intracellular cAMP level in neuroblastoma cells
(9, 18) and induces the synthesis of cAMP-binding proteins
(18-21, 62-65). Most effects of cAMP are thought to be
mediated by cAMP-dependent protein kinases (66). Changes in
the level and ratio of PK.-A type I and type II have been related

to cell proliferation, differentiation, and malignancy (15, 22,
39, 40, 42-44, 67, 68). However, the treatment of S20 neuro

blastoma cells with Bt2cAMP, which resulted in enhanced dif
ferentiation, did not increase PK-A activity as measured in the

presence of cAMP. The increase in protein kinase activity in
Bt2cAMP-treated cells as measured in the absence of cAMP in
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Fig. 6. DEAE-cellulose chromatography of extracts of control and Bt2cAMP-
treated cells. S20 neuroblastoma cells were grown for 3 days in the absence or in
the presence of 1 min BtjcAMP. The cells were then scraped into buffer B and
extracted. The 12,000 x g supernatant, containing 20 mg protein, was applied
onto a DE52 column (1 x 10 cm). The column was washed with buffer B (25 ml)
and then with 200 ml of a KCI gradient (0-0.3 M in buffer B). Fractions containing
2.2 ml each were collected and every third fraction was analyzed for [3H]cAMP-
binding and PK-A activity in the presence and absence of 10 UMcAMP. Arrows,
the beginning of the salt gradient; RI2C2 and RI12C2, location were PK-A type I
and II are eluted from this column, respectively.

the assay is probably the result of a Bt2cAMP-induced increase
in cellular cAMP as described before (9, 18).

Treatment of mouse melanoma cells with RA inhibited cell
proliferation and enhanced PK-A activity (39). The effect of
RA was limited to PK-A type I since an increase in the amount
of the cytosolic RI regulatory subunit was observed in the
treated cells (40). RA treatment of F9 mouse embryonal carci
noma cells induced their differentiation into parietal endoderm
cells and increased the amounts of cytosolic RI and RII regu
latory subunits and PK-A activity (42, 43). The increases in
these cAMP-binding proteins and PK-A activity were induced
shortly after exposure to RA, and it has been proposed that
these could enhance the responsiveness of RA-treated cells to
cyclic nucleotides. RA treatment of human HL-60 promyelo-
cytic leukemia cells also induced differentiation and enhanced
PK-A activity (44). In these cells there was a specific increase
in cytosolic RI and in the type I isozyme of PK-A (44). 8-
Bromo cAMP (1 HIM) could also induce these cells to differ
entiate, but a 1000-fold higher concentration of this cAMP
analogue was required compared with RA (44). In contrast with
these results, RA neither induced differentiation of the S20
neuroblastoma cells nor changed the activity of PK-A. The only
effects of RA were stimulation of anchorage-independent
growth and decrease in the amount of the RI cAMP-binding
protein. Interestingly, a recent report described a decrease in
cytosolic kinase activity and in the RI subunit following RA
treatment of PCC4(RA)-1 cells which are mutant embryonal
carcinoma cells resistant to differentiation induction by RA
(69).

Although Bt2cAMP slightly decreased PK-A activity and the
level of the catalytic subunit in the S20 neuroblastoma cells, it
increased the level of the RI cAMP-binding protein. Similar
results have been observed previously with the S20 cells (18-
21) as well as with another clone (N18) of Cl 300 neuroblastoma
(63, 64), and with neuroblastoma-glioma cell hybrids (64, 65).
In all these cells there was no increase in PK-A activity, sug
gesting that the regulation of the expression of the regulatory
subunits may be independent of the expression of the catalytic
subunit. The mechanism by which Bt2cAMP increases RI

expression in the S20 cells probably involves an increase in
translatable mRNA for RI (20) and an increase in the stability
of the RI-cAMP complex (21). Conversely, RA might decrease
RI expression by altering the transcription or the translation of
the mRNA for RI. Since the growth of these cells was inhibited
by Bt2cAMP and their differentiation was stimulated, it has
been proposed that the free RI cAMP-binding protein may play
a role in the regulation of these cellular processes (18-21, 64).
In prokaryotes, the cAMP-receptor protein complex binds to
DNA and modifies gene transcription (70). It is intriguing to
speculate that a similar mechanism might operate in eukaryotic
cells. In this context it is interesting to note that Bt2cAMP
treatment of the S20 neuroblastoma cells increased nuclear
cAMP-binding protein and cAMP-binding to chromatin (19).
Another possible mechanism by which free cAMP-binding pro
tein could regulate gene expression is by maintaining a higher
level of cAMP by forming a cAMP-binding protein complex,
thus protecting cAMP from phosphodiesterase (71). cAMP has
been implicated in the regulation of the phosphorylation of
certain nuclear nonhistone proteins and in the regulation of
gene transcription (72); therefore, its protection from degrada
tion might increase the efficacy of its nuclear function.

Since BtjcAMP and RA exert opposite effects on anchorage-
independent cell growth and on the level of RI there seems to
be an inverse relationship between the level of RI and the
expression of the transformed phenotype of the S20 neuroblas
toma cells.
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