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ABSTRACT

To determine what effect retinole acid might have in modulating cyclic
AMP-mediated events at the nucleus of teratocarcinoma cells, we have
investigated the effect of retinoic acid treatment of F9 and PC13 cells on
cyclic AMP-dependent protein kinase activity and the amounts of the RI
and RII cyclic AMP binding proteins present in the nuclear fraction.
Exposure of F9 cells to retinoic acid (0.1 pivi) induces differentiation to
parietal endoderm, while retinoic acid treatment (3 UM) of PC13 cells
induces differentiation to visceral endoderm. In both cell types retinoic
acid treatment causes a rapid (within 4 h) and pronounced (by 2-fold)
decrease in nuclear cyclic AMP-dependent protein kinase activity. Con
versely, as measured by cyclic [8-az/di>-32P]AMP photoaffinity labeling

a similar rapid and pronounced decrease in the RI and RII regulatory
subunits is observed at the nucleus. This decrease in nuclear cyclic AMP-
dependent protein kinases in at least two cell types may be an early event
of retinoid action important in the initiation of differentiation.

INTRODUCTION

Retinoids are important biological compounds which have
been shown to modulate the growth and differentiation of
numerous cell types (1). Exposure of teratocarcinoma cells to
retinoic acid induces growth inhibition within several days, loss
of tumorigenicity, and differentiation to new cell types.

Several lines of evidence indicate a possible relationship
between retinoic acid, cyclic AMP, and cAMP-PK3 activities in
some cells. Retinoid-induced differentiation of teratocarcinoma
cells (2) and myeloid leukemic cells (3) is greatly enhanced by
the addition of cAMP analogues. Furthermore, retinoic acid
treatment has been shown to increase cAMP-PK activities in
embryonal carcinoma (4, 5), melanoma (6, 7), promyelocytic
leukemia cells (8), and in rat mammary tumors (9). Furthermore
a recent publication by Fontana et al. ( 10) provide a relationship
between the induction of leukemic cell differentiation by various
retinoids and modulation of cAMP-PK.

In this study we deal with two different lines of teratocarci
noma cells. Exposure of F9 cells to retinoic acid induces a
differentiation to a parietal-endoderm-Iike cell type (11), while
retinoid treatment of PC 13 cells induces differentiation to
visceral endoderm (12). Previously, we have reported that reti
noic acid treatment of F9 cells causes an increase in both
cytosolic and plasma membrane-associated cAMP-PK activity
(4, 5). On the other hand, exposure of PC 13 cells induces a
decrease in kinase activity at the membrane (5). Two major
forms of cAMP-PK have been identified and are referred to as
types I and II. The two forms of the kinase differ in the nature
of their regulatory cyclic AMP binding protein subunits (RI
and RII), since their catalytic subunits appear to be identical.
The amounts of the RI and RII regulatory subunits of cAMP-
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PK also increase with retinoid treatment of F9 cells in both the
soluble and plasma membrane fractions, while quantitation in
PC 13 cells showed a decrease in RI but an increase in RII in
both the cytosol and membrane fractions. The retinoid-induced
changes in plasma membrane-associated cAMP-PK activities
described above occur within 10 to 18 h of treatment (4, 5).
Here we present evidence that retinoic acid treatment of F9 and
of PC 13 cells causes an even more rapid (within 4 h) and
pronounced (by a factor of 2) decrease in the RI and RII
regulatory subunits and in cAMP-PK activity at the nucleus.
This decrease in nuclear cAMP-PK activity may be an early
event of retinoid action to mediate eventual cellular differentia
tion.

MATERIALS AND METHODS

Materials. Dulbecco's modified Eagle's medium and fetal bovine

serum were obtained from INTERMED (BP 39; Strasbourg, France),
all-fra/ts-retinoic acid from Eastman, hexylene glycol from Fluka,
kemptide from Sigma, [-y-^PJATP from Amersham, and cyclic [S-oz/Wo-
32P]AMP from ICN.

Cell Cultures. F9 and PC 13 cell lines, originally derived from the
mouse teratocarcinoma 6050, were, respectively, given by A. M. Jetten
(National Institute of Environmental Health Services, Research Tri
angle Park, NC) and A. Rizzino (NIH, Bethesda, MD). Both cell lines
were maintained in Dulbecco's modified Eagle's medium in the pres

ence of 8% fetal bovine serum, except that PCI3 cells were maintained
on gelatin-coated dishes. In the assays four dishes of subconfluent F9
and PC13 cells were treated with 0.1 and 3 Â»/\iall-fra/u-retinoic acid,
respectively, for 2 h to 3 days.

Preparation of Purified Nuclei. The cells were harvested and nuclei
isolated essentially as described by Wray and Stubblefield (13). The
cells (~8 x IO6cells/dish) were washed 2 times with phosphate-buffered
saline, removed from the dish by detaching in phosphate-buffered
saline, and collected by centrifugation at 150 x g for 3 min. The cells
were suspended in ice-cold nuclei buffer [50 IHMpiperazine-Ar,Ar'-bis(2-

ethanesulfonic acid)monosodium monohydrate, pH 6.5, 1 mM Cad...
59.4 mg/ml hexylene glycol, 20 Mg/ml leupeptin] and allowed to equil
ibrate for 5 min at 4"( ' prior to homogenization with a Dounce

homogenizer. The broken cell preparation was immediately centrifuged
at 1000 x g for 3 min to pellet the nuclei, and the crude nuclei were
resuspended in 3 drops of nuclei suspension buffer (50 mM Tris-HCl,
pH 7.5, 0.3 M sucrose, 4 mM MgCl2, 25 mM KC1, 0.1 mM EDTA, 1
mM mercaptoethanol, 20 //n'nil leupeptin). This nuclear suspension

was purified by centrifugation for 30 min at 30,000 x g through nuclei
purification buffer (identical to the nuclei suspension buffer except for
the presence of 2 M sucrose) followed by 2 washes in nuclei suspension
buffer, and the purified nuclei were resuspended in nuclei suspension
buffer. This preparation appears as isolated nuclei with associated
matrix proteins in electron micrographs. A nuclear extract also was
prepared by incubating purified nuclei in 1 M Ml. 5 mM MOPS, pH
7.0, 20 fig/ml leupeptin for 90 min at 4Â°C,followed by centrifugation

at 100,000 x g for 45 min. The purified nuclei were assayed for protein
kinase activity or used in the cyclic [8-ar/'<fo-32P]AMPbinding assay to

measure the RI and RII regulatory subunits present in the preparation.
Protein Kinase Assay. Phosphotransferase activity was assayed with

kemptide (a specific phosphate acceptor) as described by Roskoski (14).
Five /ig of nuclear protein were used to catalyze the transfer of 32Pfrom
ATP (5000 pmol, 5x10* cpm) to 4 ug of kemptide in the presence of
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50 mM MOPS, pH 7.0, 250 /ig/ml bovine serum albumin, 10 mM
MH<Ã•:.with and without 1 n\i cyclic AMP in a total volume of 50 p\.
A blank value of endogenous phosphorylation determined with a reac
tion mixture without kemptide was subtracted from the total level of
1'P incorporation. As shown by the electrophoretic prints, this endog

enous phosphorylation was identical whether the kemptide was present
or absent from the reaction medium. In intact nuclei the kemptide
phosphorylation activity measured in the absence of cAMP is very low
(1 to 5% of the activity measured in the presence of cAMP), confirming
the high specificity of kemptide for cAMP-PK-dependent phosphoryl
ation. Therefore cyclic AMP-dependent protein kinase activity was
calculated by subtracting from the level of activity measured in the
presence of kemptide the amount of activity measured in the absence
of kemptide. Protein concentrations were determined by fluorometric
assay using bovine serum albumin as standard (15).

Cyclic |8-azÂ«to-32P|AMPBinding to HI and RII Regulatory Subunits.

One hundred MKof proteins from purified nuclei were labeled with 1
Â¿ÃMcyclic [&-azido-"P]\MP in the absence and presence of unlabeled

100 nM cyclic AMP for each time point, by the procedure of Walter et
al. (16) and as previously described (5). These conditions allow a
quantitative binding of cyclic [8-az(Wo-:>2P]AMPto the RI and RII
regulatory subunits of cAMP-PK (16), 1 mol of cyclic [%-azido-32P]-

AMP binding to 1 mol of RI (17) or RII (18). The 100 ^ of labeled
nuclear proteins were transferred onto a gradient polyacrylamide slab
gel, and electrophoresis and autoradiography were performed (5). The
amounts of cyclic [8-azÂ«/o-32P]AMPbound to the RI and RII regulatory

subunits were quantitated either by determination of radioactivity in
bands sliced from the gel (4) or by microdensitometric scanning of the
autoradiograph (5).

RESULTS

Retinole acid treatment of F9 and PC 13 cells caused a rapid
change in cAMP-PK activity located at the nucleus. As shown
in Fig. 1, a significant decrease in cAMP-PK activity associated
with highly purified intact nuclei was noted within 2 h and
reached a maximal decrease at 4 h after the addition of retinoic
acid to F9 cells; at that time only half of the activity still
remained. With PC 13 cells, exposure to retinoid caused a more
progressive loss in nuclear-associated cAMP-PK activity. Sim
ilar results were noted with the assay of cAMP-PK activity
present in salt extractions of intact nuclei purified from both
cell types at the times indicated after addition of retinoic acid
(Fig. 1).

Measurement of cAMP-PK activity (pmol 32P incorporated

per min per 10 cells) present in the cytosolic, membrane, and
nuclear fractions of F9 cells revealed a nonsignificant decrease
in total activity at 4 h (Table 1). At this early time point both
cytosolic activity and membrane-associated activity showed a
slight increase, while there was a significant decrease in activity
at the nucleus. By 18 h after exposure to retinoid cytosolic
cAMP-PK activity was significantly enhanced, accounting for
the 15% increase in total cAMP-PK activity within the cell
population at that time. These results suggest a possible redis
tribution of cAMP-PK from the nucleus to the cytosol and
membrane at early times after retinoid treatment. This is further
indicated by experiments which show that the presence of the
protein synthesis inhibitor cycloheximide does not block the
early retinoic acid-induced increase in membrane-associated
cAMP-PK activity.4 At later time periods (18 h) there also
appears to be enhanced production of cAMP-PK localized in

the cytosol.
To further characterize the effects of retinoic acid treatment

of these embryonal carcinoma cells on cAMP-PK present at
the nucleus, the specific binding of cyclic [8-az/</o-32P]AMP to
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Fig. 1. Time course of the effect of retinoic acid treatment of F9 and PC13
cells on cyclicAMP-dependentprotein kinase activitypresent in intact purified
nuclei (â€¢)and in nuclear extract (O). F9 (lupi and PC13 (bottom) embryonal
carcinomacellsweretreated with0.1 and 3 /JMall-/ranj-retinoicacid,respectively,
for the time indicated,and the cellswereharvestedand nucleiisolatedas described
in "Materials and Methods." A nuclear extract was prepared as described.
Phosphotransferase activity was assayed in the presence of cyclic AMP with
kemptide as phosphate acceptor. CyclicAMP-dependentprotein kinase activity
was calculatedby subtracting the amount of activity measured in the absenceof
kemptidefrom the levelof activitymeasuredin the presenceof kemptide.Points,
meanof triplicatedeterminations;bars, SE. Each measurementhas been repeated
3 to 7 times.

Table 1 Effectof retinoicacid treatmentofF9 cellson total cyclicAMP-
dependentproteinkinase activitypresentin the cytosolic,membrane,and nuclear

subcellularfractions
F9 cells (~30 x IO6)were treated with 0.1 MMretinoic acid for the time

indicated. Cells then were harvested and homogenized,and crude nuclei were
removedby centrifuging the homogenateat 800 x g for 10 min. The 800 X g
supernatant wascentrifugedat 10,000x g for 10 min to obtain the cytosolicand
membranefractions.Nucleiwerepurified,and cAMP-PKactivitywasdetermined.
The results presented are from two experiments of triplicate samples and areexpressed as pmol of 'â€¢'!'incorporated per min per total cytosolic, membrane,
and nuclear fraction from IO7cells.

Time of
retinoid

treatment(h)04

18Cyclic

AMP-dependentprotein kinaseactivity
(pmol 32Pincorporated/min/107cells)Cytosolic2340

Â±59Â°
2475 Â±109
3041 Â±77Membrane111

Â±4
143Â±15
197Â±3Nuclear936

Â±47
502 Â±46
592 Â±37Total3387

3120
3830

4Unpublishedresults.

' Mean Â±SD.

the RI and RII regulatory subunits of type I and type II cAMP-
PK was determined. The autoradiographs presented in Fig. 2
show two bands of specific cyclic [8-aziWo-32P]AMP binding

proteins present in nuclei purified from F9 and PCI3 cells at
various times after exposure to retinoic acid. The major M,
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Fig. 2. Autoradiographic analysis of the time course of the effect of retinoic
acid treatment of F9 and PCI 3 cells on the amount of cyclic [8-<zziÂ«fo-"P)AMP
specifically bound to the RI and RII regulatory subunits of cyclic AMP-dependent
protein kinases present in the nuclear fraction. In Lanes I to 5, cells were,
respectively, not treated, treated for 4 h, 12 h, 18 h, or 72 h, with retinoic acid
and nuclei isolated. One hundred pg of nuclear proteins were labeled with 1 MM
cyclic [8-az/</Â»-MP]AMPin the absence (-) and presence (+) of unlabeled 100 Â¡Ã•M
cyclic AMP as described in "Materials and Methods." Gradient polyacrylamide
slab-gel electrophoresis and autoradiography were performed. The RI and RII
regulatory subunits appear as specific M, 49,000 and 56,000 bands, respectively.

49,000 band corresponds to RI, while the second band of M,
56,000 corresponds to the RI regulatory subunits (16). Retinoic
acid treatment of both F9 and PC 13 cells induced an important
decrease in both RI and RII within 4 h, and the levels remained
low through 72 h of incubation of cells with retinoic acid.

Measurement of the levels of RI and RII present in nuclei at
various times after retinoid addition was carried out by quan-
titation of the amount of cyclic [8-az/do-32P]AMP bound, as
described in "Materials and Methods" (Fig. 3). In agreement

with the cAMP-PK activity measurements, the amounts of
nuclear RI and RII are decreased within 4 h of retinoic acid
treatment of F9 cells to half of the amounts initially observed.
With PC 13 cells retinoic acid caused about a 'A loss in RI and

RII at the nucleus within 4 h, and the level of RI continued a
progressive decrease through 18 to 72 h of exposure to retinoid.
The loss in both RI and RII corresponds to the decrease in
cAMP-PK activity in the nucleus, indicating that the holoen-
zyme types are lost from the nucleus.

DISCUSSION

The primary events in retinoid-induced differentiation still
remain unknown. The availability of teratocarcinoma cell lines
in which features of retinoic acid-induced differentiation vary,
has provided an opportunity to further delineate and investigate
the initial events in this process. Various studies suggest that
changes in nuclear cAMP-PK may be important in regulating
cell growth and differentiation. Elias and Stewart (19) have
reported a marked increase in cAMP-PK associated with the
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Fig. 3. Time course of the effect of retinoic acid treatment of F9 and PC 13
cells on the amount of cyclic [8-azÂ«/o-32P]AMPspecifically bound to the RI (â€¢)
and RII (O) regulatory subunits of cyclic AMP-dependent protein kinases present
in the nuclear fraction. Cells were treated with retinoic acid and nuclei purified,
nuclear proteins were labeled with cyclic [8-az/</o-32P]AMP, and autoradiographic

analysis performed as in the experiment shown in Fig. 2. The amounts of cyclic
[8-aziY/o-"P]AMP bound to the RI and RII regulatory subunits were quantitated

by determination of radioactivity in bands sliced from the gel. Each experimenthas been repeated 3 to 5 times, and the quantitated values agreed within 15'.'.

nuclear fraction of HI 60 cells induced to differentiate with
dimethyl sulfoxide or 12-O-tetradecanoylphorbol-13-acetate,
but not with retinoic acid. Cyclic AMP has been implicated to
regulate the translocation of the type II cAMP-PK to the
nucleus (20, 21), and other studies suggest that increases in
cAMP-PK activity and Rl and RII regulatory subunits at the
nucleus may be involved in stimulating DNA synthesis (22-
24). Evidence also has been presented that the RII regulatory
subunit might act as a topoisomerase (25).

The results obtained in the present study provide the first
demonstration of changes in nuclear cAMP-PK mediated by
retinoic acid. Conceivably, the retinoic acid-induced decrease
in cAMP-PK at the nucleus may lead to eventual inhibition of
DNA synthesis and initiate events in F9 and PC 13 cell differ
entiation. This is supported by the results which show that
inhibition of DNA synthesis does lead to the induction of F9
cell differentiation (26, 27).

This retinoid-induced change in cAMP-PK at the nucleus
may be involved in regulating the transcription of specific
mRNAs. Phosphorylation of chromatin components by the
catalytic subunit of cAMP-PK (28, 29) or the interaction of the
RI and RII regulatory subunits with chromatin (30) is possible
as a mechanism for the modulation of gene expression. Omori
and Chytil (31) have reported changes in the levels of polyaden-
ylate-containing RNA (both activation as well as suppression)
and changes in the pattern of in vitro translation. Similar results
have been reported with retinoic acid treatment of embryonal
carcinoma cells (32). In related studies, in HI, 60 cells and
murine peritoneal macrophages, cyclic AMP has been shown
to greatly potentiate retinoid-induced gene expression of tissue
transglutaminase (33, 34).

The present results indicate that the rapid decrease in cAMP-
PK activity and in the levels of RI and RII at the nucleus is an
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early event of retinole acid treatment of teratocarcinoma cells,
rather than a result of differentiation to the endoderma! cell
types. It is interesting to note that F9 and PC 13 cells, which
differentiate into parietal and visceral endoderm, respectively,
both exhibit a similar loss in nuclear cAMP-PK activity. How
ever, more studies on different cells should be conducted before
attempting to address the following assumption, that it is
possible that the rapid effect of retinoic acid on cAMP-PK
activities at the nucleus may be important in the initiation of
differentiation and that later events decide the direction of this
differentiation process. This is in keeping with recent studies
which suggest that differentiation toward visceral and parietal
endoderm follows an early common pathway (35).
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