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Abstract Previously, we have reported a decrease in the binding of a cAMP analog to the regulatory subunits of
cAMP-dependent protein kinase (CAMP-PK), as well as a decrease in cAMP-PK activities, in psoriatic cells. Retinoic acid
(RA) treatment of these cells can induce an increase in cAMP-PK toward normal levels. To better define the effect of
retinoic acid on the cCAMP-PK system in psoriatic fibroblasts, Western blot analysis using an Rlla specific antibody and in
vivo phosphorylation experiments were carried out to determine possible changes in the RIl regulatory subunit. Our
results indicate a decrease in the binding of the cAMP analog 8-azido-[32P]-cAMP with no change in the level of RIl
protein in psoriatic fibroblasts. In addition, by two-dimensional gel electrophoresis we observed the presence of a
phosphorylated form of Rll unique to psoriatic cells which is suppressed by RA treatment. This study suggests an altered
posttranslational modification of the cAMP-PKII in psoriatic fibroblasts which can be reversed by exposure of these cells

toRA.  ©1995 Wiley-Liss, Inc.
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Psoriatic lesions offer a model to study benign
cell hyperproliferation with abnormal cell differ-
entiation. The predominant role of the dermis in
the appearance of the epidermal manifestation
of the disease suggests a key role for fibroblasts
in the pathogeny of the disease [Saiag et al.,
1985].

Cyclic AMP (cAMP) has been implicated as a
modulator of cellular growth and differentiation
in a variety of cell types. With a few exceptions,
most of the biological effects of cAMP are medi-
ated through activation of the cAMP-dependent
protein kinases (cAMP-PK), which in mamma-
lian cells consists of several types of holoen-
zymes derived from four different genes encod-

Abbreviations used: cAMP-PK, cAMP-dependent protein ki-
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PK; PAGE, polyacrylamide gel electrophoresis.
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ing for regulatory subunits (R) designated Rla,
RIB, Rlla, and RIIB [Scott et al., 1987; Jahnsen
et al., 1986; Lee et al., 1983; Clegg et al., 1988]
and three slightly differing o, 3, and v forms of
the catalytic (C) subunits [Uhler et al., 1986;
Showers and Maurer, 1986; Beebe et al., 1989].
The type II regulatory subunit (RII) has been
shown to undergo autophosphorylation at ser-
ine? of the primary sequence. RII has also been
shown to be phosphorylated in vitro by glycogen
synthase kinase 3 and in vivo by casein kinase
II, but at different sites [Carmichael et al., 1982;
Hemmings et al., 1982]. More recently, Keryer
et al. [1991] have shown that the RII regulatory
subunit is also phosphorylated in vivo by the
p34<42 mitotic kinase in HeLa cells.

We previously demonstrated that the prolifera-
tion of psoriatic fibroblasts in culture is not
modulated by cAMP [Evain-Brion et al., 1985],
which apparently is related to a deficiency of
cAMP-PK in these cells [Evain-Brion et al,
1986]. cAMP-dependent protein kinase activity
is decreased in psoriatic fibroblasts, and expo-
sure of these cells to retinoie acid induces an
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increase in cAMP-PK activity to levels found in
normal human fibroblasts [Raynaud et al., 1987,
1989]. In addition, recent studies have demon-
strated that a synthetic retinoid (acitretin) used
in the treatment of this disease acts very rapidly
(within minutes) to elevate 8-azido-[32P]-cAMP
binding in erythrocytes isolated from psoriatic
patients [Raynaud et al., 1993].

Different reports indicate a specific role for
the two types of cAMP-PK in the regulation of
cellular functions. Specific cellular localization
[Nigg et al., 1985; De Camilli et al., 1986] and
association of type II holoenzyme with the p34¢dc?
kinase [Tournier et al., 1991] suggests a key role
for this kinase in the regulation of the cell cycle.
Due to the hyperproliferation of psoriatic fibro-
blasts in monolayer culture and the predomi-
nant decrease in type II cAMP-PK activity
[Evain-Brion et al., 1986], it is of interest to
define the type of abnormality observed in the
cAMP-PKII in psoriatic cells and the effect of
retinoic acid on this enzyme.

MATERIALS AND METHODS
Materials

Dulbecco modified Eagle medium (DMEM)
and glutamine were from ICN Biomedicals
(Costa Mesa, CA), fetal calf serum from Se-
romed (Munich, Germany), molecular weight
standards from Bio-Rad, cAMP and protease
inhibitors from Sigma. All other chemicals used
were of analytical grade and purchased from
Sigma, Merck (Darmstadt, Germany) or Bio-
Rad (Richmond, CA).

Fibroblast Culture

Human fibroblasts were isolated from normal
and untreated adult psoriatic patients (lesional
or unlesional skin) by enzymatic digestion of
small pieces (4 mm diameter) of punch biopsies
from subjects as previously described [Evain-
Brion et al., 1986]. Cells were grown on 100 mm
culture dishes in a 5% CO; humidified atmo-
sphere at 37°C in culture medium (DMEM, 10%
fetal calf serum, penicillin [50 U/ml] and strep-
tomyecin [50 png/ml]) which was changed every 3
days. The cells reached confluency within seven
days. Subconfluent, growing populations of cells
(108 cells/dish) were used in the experiments
described.

Photoaffinity Labeling With 8-azido-[32P]-cAMP

RI and RII were photoaffinity labeled as previ-
ously described [Walter et al., 1977] in a reac-

tion mixture (80 ul) of 10 mM Mes, pH 6.2/10
mM MgCl2/1.0 uM 8-azido-[32P]-cAMP (50 Ci/
mmol) containing 100 pg of cytosolic protein.
Ten micromoles cAMP was included in some
samples for the determination of nonspecific
labeling. Mixtures were incubated for 60 min in
the dark at 4°C and then irradiated for 10 min
with a UV lamp. The samples were then heated
at 100°C for 2 min in Laemmli sample buffer.
The samples were analyzed by SDS-PAGE on a
10% gel according to Laemmli [1970]. The gels
were dried and autoradiographed at —~80°C us-
ing Cronex 4 Dupont medical X-ray film.

Antibodies

The polyclonal antibody against rat heart RIIa
was prepared as reported previously [De Camilli
et al., 1986].

Immunoblotting

Human fibroblasts were incubated for 48 h in
the presence and absence of 1 uM RA. Aliquots
(150 pg protein) of cytosol prepared from nor-
mal and psoriatic fibroblasts were heated at
100°C for 2 min in electrophoresis sample buffer,
and SDS-PAGE analysis of each sample was
performed on a 10% gel. Proteins were trans-
ferred to a immobilon PVDF transfer mem-
brane (Millipore) using a semi dry blotting sys-
tem (Bio-Rad). The blots were probed with the
Rlla antibody and specific bands detected with
125]-protein A (Amersham) as previously de-
scribed [Tournier et al., 1991].

In Vivo Phosphorylation and
Immunoprecipitation

Cells plated onto a 60 mm cell culture dish
were incubated in serum- and phosphate-free
medium for 13 h with 200 pCi/ml of 32Pi (10
mCi/ml Amersham) at 37°C. The following pro-
cedures were then performed at 0—4°C. After
incubation, cells were washed three times with
ice-cold PBS containing 10 mM NaF and then
harvested by scraping into lysis buffer A (50 mM
Tris-HCI, pH 7.5/150 mM NaCl/1% Triton
X-100/0.1% SDS/1 mM sodium vanadate/10 mM
NaF, and aprotinin, leupeptin, antipain, soy-
bean trypsin inhibitor, benzamidine [each 20
wg/mll). The cell extract was then centrifugated
at 13,000g for 20 min and protein concentra-
tions were determined in the supernatant by
fluorometric assay using bovine serum albumin
as the standard [Bohlen et al., 1973]. The deter-
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gent solubilized fibroblast extract (500 pg of
protein) was immunoprecipitated with RIla an-
tibody as previously described [Tournier et al.,
1991]. For two-dimensional gel electrophoresis,
samples were solubilized in isoelectric focusing
lysis buffer. Two-dimensional electrophoresis
was performed as previously described [Tournier
et al.,, 1991] with a 10% acrylamide gel in the
second dimension. The gels were dried and auto-
radiographed at —-80°C using Cronex 4 Dupont
medical X-ray film.

In Vivo 35§ Methionine Labeling and
Immunoprecipitation

Cells plated onto a 100 mm cell culture dish
were incubated in serum- and methionine-free
medium for 18 h with 100 u.Ci/ml of 35 methio-
nine (1,054 mCi/ml Amersham) at 37°C. The
procedures for cell lysis, immunoprecipitation of
Rlla, (100 pg of protein) and two dimensional
gel electrophoresis were performed at 0-4°C as
described in the above paragraph.

Densitometric Scanning of Autoradiographs

Densitometric scanning of autoradiographs
was obtained from a nonsaturated autoradio-
graphs of Western blot and 8-azido-[32P]-cAMP
binding experiments. The experiments were car-
ried out for all normal and psoriatic subjects at
the same time and each gel contained the same
internal control. The results are expressed as
relative units of optical density.

RESULTS

The cAMP-dependent protein kinase regula-
tory subunits present in cytosols prepared from
normal and psoriatic human fibroblasts were
specifically labeled with 8-azido-[32P]-cAMP. In
Figure 1A, normal human fibroblasts were pho-
toaffinity labeled in the presence or absence
(lanes a and b, respectively) of 10 pM unlabeled
cAMP to demonstrate specifically labeled bands.
A decrease in the ability of the regulatory sub-
units RI and RII to bind the 8-azido-[32P]-cAMP
was observed in psoriatic fibroblasts (Fig. 1A,
lane d) compared to normal fibroblasts (Fig. 1A,
lane b). This decrease in the ability of the regula-
tory subunits of cAMP-PK to bind the cAMP
analog was more pronounced with the type 11
regulatory subunit. Retinoic acid treatment (1
uwM RA for 48 h) increases the binding of 8-azido-
[32P]-cAMP to the regulatory subunits RI and
RII in psoriatic fibroblasts (Fig. 1A, lane e) but
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Fig. 1. Immunoblot analysis of 8-azido-[32P]-cAMP binding to
RlI subunit of PKA protein from cytosols of normal and psoriatic
human fibroblasts. A: Cytosols of human fibroblasts were spe-
cifically labeled with 8-azido-[32P]-cAMP as described in materi-
als and methods and samples were analysed on a 10% SDS-
PAGE gel prior to autoradiography. Identical samples of 100 pg
of fibroblast cytosol proteins from normal (NI) (lanes a~c) and
psoriatic (Pso) (lanes d,e) subjects treated with (lanes c,e) or
without (lanes a,b,d) of 1 uM RA for 48 h were photoaffinity
labeled in the absence (lanes b—e) and presence (lane a) of 10
uM unlabeled cAMP to demonstrate specifically labeled bands.
A 12 h film exposure is shown. B: Cytosols (150 pg protein)
prepared from normal (NI) (lanes a,b) and psoriatic (Pso) (lanes
c,d) fibroblasts treated with (lanes b,d) or without (lanes a,c) of
1 wM RA for 48 h were subjected to SDS-PAGE on a 10% gel and
then transferred to an Immobilon PVDF membrane. The mem-
brane was incubated with anti-RIl a antiserum and immunoblot
analysis was carried out as described in materials and methods.

had no effect on the binding of 8-azido[3?2P]cAMP
to RI and RII of normal fibroblasts (Fig. 1A, lane
).

To determine if the decrease in binding of
8-azido-[32P]-cAMP to the RII regulatory sub-
unit might result from a decrease in the amount
of RII protein in psoriatic fibroblasts compared
to normal fibroblasts, Western blot analysis was
carried out using anti-RII specific antibody. No
significant difference was detected in the amount
of the RII regulatory subunit present in cytosols
prepared from normal (Fig. 1B, lane a) and
psoriatic (Fig. 1B, lane c¢) subjects. Further,
retinoic acid treatment of normal (Fig. 1B, lane
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b) and psoriatic (Fig. 1B, lane d) fibroblasts did
not modify the amount of RII protein. The
amount of RII subunit protein (Western blot
analysis) and the amount of 8-azido-[32P]-cAMP
binding on RII present in fibroblast cultures
established from skin biopsies of 8 normal sub-
jects and 9 psoriatic patients (9 primary cultures
from involved psoriatic plaques and 5 primary
cultures from uninvolved skin of the same pa-
tients) were quantitated. As shown in Figure 2A
and as previously described [Raynaud, 1987],
guantitation by densitometric scanning of auto-
radiographs showed a significant decrease in the
8-azido-[32P])-cAMP binding to RII between nor-
mal and psoriatic fibroblasts (P < 0.001) as well
as a significant increase in the 8-azido-[32P]-
cAMP binding to RII in psoriatic fibroblasts
after retinoic acid treatment (P < 0.001). All
results are expressed as the mean + SEM of
relative units: NL (0) = 4.26 + 0.65; NL (RA) =
3.95 = 0.85; Pso.IN (O) = 1.47 + 1.08; Pso.IN
(RA) = 4.34 = 0.80; Pso.UNI (O) = 1.47 + 0.80;
Pso.UNI (RA) = 4.21 = 1.16. In contrast, as
shown in Figure 2B, quantitation by densitomet-
ric scanning of autoradiographs showed no sig-
nificant differences between the amount of RII
regulatory subunit protein present in normal
and psoriatic fibroblasts incubated in the pres-
ence and absence of retinoic acid. All results are
expressed as the mean + SEM of relative units:
NL (0) = 5.39 = 0.97; NL (RA) = 6.45 = 1.25;
Pso.IN (0) = 4.92 = 0.63; Pso.IN (RA) = 4.62 +
0.65 SEM; Pso.UNT (0) = 5.82 + 0.60; Pso.UNI
(RA) = 4.28 = 0.75. These results indicate that
the decrease observed in the labeling of the RII
regulatory subunit by the 8-azido-[32P]-cAMP
in psoriatic fibroblasts as compared to normal is
related to an alteration in the ability of the
regulatory subunit to bind the cAMP analog
rather than to a change in the level of RII
protein. Retinoic acid treatment was able to
restore normal binding of the cAMP analog in
psoriatic fibroblasts. To confirm this result, nor-
mal and psoriatic cells were labeled in vivo with
35S methionine followed by immunoprecipita-
tion using an antibody specific for the Rlla
subunit. As shown in Figure 3, after analysis of
the 358 labeled immunoprecipitates by two di-
mensional SDS-PAGE, we observed a similar
expression of two isoforms of RII in normal and
psoriatic fibroblasts (spot 1: Mr = 54, pI = 5.0,
spot 2 Mr = 56, pI = 5.0).

Furthermore, in order to rule out a possible
abnormally expressed RIIB isoenzyme in psori-

atic fibroblast, we performed specific immuno-
blotting using an anti-RIIB antibody. Results
with this antibody showed no difference in ex-
pression of the RIIB protein between normal
and psoriatic fibroblasts (data not shown).

To further examine the possibility of an al-
tered post-translational modification of the type
IT regulatory subunit in psoriatic fibroblasts, we
carried out in vivo labeling of human fibroblasts
with 32P orthophosphate, followed by immuno-
precipitation with an antibody specific for the
RIla subunit. As shown in Figure 4, after analy-
sis of the 32P-labelled immunoprecipitates by
two-dimensional SDS-PAGE, we observed one
phosphorylated form of RII in normal fibro-
blasts (spot 1: Fig. 4a, Mr = 54kDa; pl = 5.1)
and two phosphorylated forms of RII in psori-
atic fibroblasts prepared from uninvolved (4c)
and involved (4e) skin (spot 1: Mr = 54 kDa,
pl = 5.1; spot 2: Mr = 56kDa, pl = 5). These
spots were not detected in psoriatic or normal
material immunoprecipitated by a preimmune
serum (Fig. 4g). These results clearly indicate
an alteration in the post-translational modifica-
tion of the RII subunit in psoriatic fibroblasts.
The second phosphorylated form (spot 2) of RII
present in psoriatic fibroblasts completely disap-
peared following retinoic acid treatment of unin-
volved (Fig. 4d) and involved (Fig. 4f) psoriatic
fibroblasts. In contrast, the spot 1 phosphory-
lated form of RII found in both normal and
psoriatic fibroblasts is not significantly modified
by retinoic acid treatment of these cells (Fig.
4b,d,f). These results demonstrate that the phos-
phorylated form(s) of RII can be modulated by
RA treatment in psoriatic fibroblasts.

DISCUSSION

In this study we show that the decreased
amount of 8-azido-[3?P]-cAMP labeling observed
with the type II regulatory subunit of PKA
present in psoriatic fibroblasts is related to a
decreased ability of this regulatory subunit to
bind the cAMP analog and not to a decrease in
the amount of RII protein present in the psori-
atic cell. This modification of cAMP binding to
the RII subunit in psoriatic fibroblasts appears
to correlate with an altered phosphorylated form
of RII noted in these cells.

The type II regulatory subunit can be phos-
phorylated either by the catalytic subunit of the
cAMP-PK or by other protein kinases [Carmi-
chael et al., 1982]. The presence of phosphate in
the autophosphorylation site of the type II regu-
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Fig. 2. Quantitation of RIl protein levels and 8-azido-[32P]-
cAMP binding to RIl present in cytosols from normal and
psoriatic fibroblasts. Cultured fibroblasts were established from
skin biopsies obtained from normal (NL: 8 subjects) and psori-
atic (Pso.IN: 9 subjects for involved skin [IN]; Pso. UNI: 5
subjects for uninvolved skin [UNI]) subjects as described. A:
Cytosol proteins (150 pg) from normal (NL) and psoriatic
fibroblasts (Pso.IN and Pso.UNI) treated with (RA) or without
(0) retinoic acid were specifically labeled with 8-azido-[32P]-
cAMP as described in Materials and Methods and samples were
analysed on a 10% SDS-PAGE gel prior to autoradiography. The
amount of 8-azido-[32P]-cAMP binding to RIl was quantitated by
densitometric scanning of the autoradiographs. Results are
expressed as relative units of optical density. A statistical com-
parison was done using Student’s t-test. A significant decrease
was observed in fibroblasts from psoriatic subjects compared to
normal (P < 0.001) as well as a significant increase in psoriatic
fibroblasts after treatment by retinoic acid (NL[O]: 8 subjects,
mean 4.26 relative units = 0.65 SEM; NL [RA]: 6 subjects,
mean 3.95 relative units 0.85 SEM; Pso.IN.[0]: 9 patients, mean
1.47 relative units = 1.08 SEM; Pso.IN.[RA]: 8 patients, mean

4.34 relative units = 0.80 SEM; Pso.UNL.[0]: 5 patients, mean
1.47 relative units + 0.80 SEM; Pso.UNL.[RA]: 5 patients, mean
4.21 relative units = 1.16 SEM). B: Cytosols (150 pg) from
normal (NL) and psoriatic fibroblasts {Pso.IN and Pso.UNI)
incubated in the presence (RA) or absence (0) of T mM RA for
48 h were subjected to SDS-PAGE on a 10% gel and then
transferred to an immobilon PVDF membrane. The membrane
was incubated with anti-Rlla antiserum and immunoblot analy-
sis was carried out. The amount of Rl protein was quantitated
by densitometric scanning of the autoradiographs of the immu-
noblots. Results are expressed as relative units of optical den-
sity. Statistical comparison was done using Student’s t-test. No
significant differences were observed between normal and pso-
riatic subjects with or without retinoic acid treatment (NL[0]: 8
subjects, mean 5.39 relative units = 0.97 SEM; NL[RAl:
6 subjects, mean 6.45 relative units £ 1.25 SEM; Pso.IN.[0]: 9
patients, mean 4.92 relative units + 0.63 SEM; Pso.IN[RA]:
8 patients, mean 4.62 relative units + 0.65 SEM; Pso.UNL[0]: 5
patients, mean 5.82 relative units + 0.60 SEM; Pso.UNL[RA]:
5 patients, mean 4.28 relative units x 0.75 SEM).
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Fig. 3. Immunoprecipitation of [3S] labeled RIl regulatory subunit from extracts prepared from normal
and psoriatic human fibroblasts. The cells were metabolically labeled with #5S-methionine, the labeled
cells were lysed, and RII protein was immunoprecipitated as described in Materials and Methods. The
immunoprecipitates were solubilised in SDS sample buffer and separated by two dimensional gel
electrophoresis. The 35S labeled Rl proteins were detected by autoradiography.

latory subunit increases the dissociation con-
stant for the regulatory and catalytic subunit
complex and slows the rate of reassociation. A
possible role for the phosphorylation of RII by
casein kinase II or by glycogen synthase kinase 3
has not been established. However, Keryer et al.
(1991, 1993] have shown that phosphorylation
of the cAMP-PKII by p34¢? results in a de-
crease in cAMP-binding to the RII regulatory
subunit.

Therefore, it was of interest to determine
possible differences in the phosphorylation
state(s) of RII present in normal and psoriatic
fibroblasts. We found two phosphorylated forms
of RII (spot 1 and spot 2) in psoriatic fibroblasts
and only one (spot 1) in normal fibroblasts. The
form specifically observed in psoriatic fibro-
blasts (spot 2) differed both in its apparent mo-
lecular weight and isoelectric point from the
spot 1 form of RII found in both normal and
psoriatic fibroblasts. This spot 2 phosphorylated
form might correspond to a further modified
state of RIla which results in a decrease in
8-azido-cAMP binding.

The molecular mechanisms responsible for
the effects of retinoic acid and its synthetic
derivatives have not been fully elucidated. An
important insight has been provided by the dis-
covery of three retinoic acid receptors (RARs), a,
B, v, and the RXR receptors [Petkovich et al.,
1987; Giguere et al., 1987; Mangelsdorf et al.,
1990; Leid et al., 1992). The RARs are believed
to function in a manner analogous to other
members of the steroid/thyroid hormone recep-

tor family, with which they have a high degree of
sequence similarity. Retinoic acid receptor o is
expressed predominantly in human dermal fibro-
blasts [Redfern and Todd, 1992]. However, the
mechanism of action of retinoic acid to modulate
c¢AMP-dependent protein kinase remains to be
elucidated. We previously demonstrated that
retinoic acid treatment of psoriatic cells induced
an elevation in cAMP-PK activity [Raynaud et
al., 1987, 1989]. This could be related either to
an increase in cAMP-PK levels or to a modifica-
tion of the enzyme to influence cAMP binding
and phosphotransferase activity. In this study
we show that retinoic acid treatment increases
the ability of the type II regulatory subunit to
bind 8-azido[3?2P]cAMP without modifying the
amount of RII protein. This indicates that reti-
noic acid is able to modify the type II cAMP-
dependent protein kinase at a post-translational
level. Conceivably, this might be due to a cova-
lent modification by retinoylation (retinoic acid
acylation), which has been shown to occur in a
variety of eukaryotic cell lines [Renstrom and
DeLuca, 1989]. Indeed, we recently demon-
strated that as in HL60 cells [Takahashi et al.,
1991], RII is retinoylated in human fibroblasts
and that this retinoylation is increased in psori-
atic fibroblasts (unpublished data). However, as
shown in this study, retinoic acid also is able to
induce the modification of type II cAMP-depen-
dent protein kinase at another post-transla-
tional level by altering a phosphorylated form of
the RII regulatory subunit present in psoriatic
fibroblasts. In conclusion, there appears to be an
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Fig. 4. In vivo phosphorylation of the RIl regulatory subunit
present in normal and psoriatic human fibroblasts. In vivo
labeling of human fibroblasts with 32Pi was followed by immu-
noprecipitation with specified antibody and analysis of the
immunoprecipitates by SDS-PAGE and autoradiography. a,b:
Normal human fibroblasts incubated in the presence (b) or
absence (a) of T uM retinoic acid, before in vivo labeling with
32pj were immunoprecipitated with the anti-RIi « antibody. ¢,d:
Uninvolved psoriatic fibroblasts incubated in the presence (d)
or absence (c) of 1 pM retinoic acid before in vivo labeling with
32pj were immunoprecipitated with the anti-RIl « antibody. e,f:
Involved psoriatic fibroblasts incubated in the presence (f) or
absence (e) of retinoic acid, before in vivo labeling with 32Pj
were immunoprecipitated with the anti-RIl a antibody. g: Nor-
mal and psoriatic fibroblasts were immunoprecipitated with a
pre-immune serum after in vivo labeling with 32Pi.

altered form of RII present in psoriatic cells
characterized by a decrease in the ability to bind
8-azido-[32P]cAMP and by modification of RII to
a form detected as spot 2 by two-dimensional gel
electrophoresis. These alterations noted in the
RII present in psoriatic fibroblasts are reversed
by retinoic acid treatment of the cells.
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