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The protein expression and the enzyme activity of
he catalytic subunit (C) of the cAMP-dependent pro-
ein kinases were studied in porcine thyroid cell pri-
ary cultures stimulated with two doses of TSH (0.1
U/ml and 1 mU/ml) for 1 to 3 days. In TSH-stimulated

ells the desensitization of the catalytic subunit activ-
ty was accompanied by a simultaneous and parallel
ecrease of its immunoreactivity. The loss of catalytic
ubunit was rapid and reached its maximum after 1
ay of culture. It is similar in the two subcellular com-
artments: cytosol and particulate extracts. Contrary
o the observed loss of the C subunit protein molecules
n TSH-stimulated cells, the expression of the Cb sub-
nit mRNA in these cells was increased fivefold com-
ared to controls, while no significant change was ob-
erved on the Ca subunit mRNA. These results suggest
hat TSH controls the Cb subunits of PKA at two lev-
ls: at the transcriptional level it increases Cb mRNA
xpression, and at the translational or posttransla-
ional level TSH decreases the amount and the activity
f the Cb protein molecules. © 1999 Academic Press

Key Words: Cb subunit; cAMP-dependent protein ki-
ase; mRNA; thyroid cell cultures (porcine); TSH, thy-
oid stimulating hormone; TSH control of thyroid
cell) gene expression.

In thyroid cell cultures, TSH controls both the
AMP-dependent (PKA) and the Ca21 PL-dependent
PKC) protein kinases that are mediators of the two
rincipal regulatory cascades involved in the TSH reg-
lation of multiple thyroid functions (1–4). The cata-

ytic activity of cAMP-dependent protein kinases is
esensitized in both porcine (1) and dog (2) cultures
fter exposure of cells to different doses of TSH. Among

1 To whom correspondence should be addressed at U450 INSERM,
9, rue Wilhem, 75016 Paris, France. Fax: (33) 01 40 50 01 95.
-mail: bomri@infobiogen.fr.
15
he two isoforms of cAMP-dependent protein kinases,
he PKA I was desensitized preferentially in both por-
ine and dog cultures. The regulatory subunits (RI and
II) of PKA are also under TSH control which regu-

ates rather the cAMP binding to regulatory subunits
han their respective expressions. A greater number of
AMP-binding sites were occupied in TSH-treated cells
han in controls. Pools of free RI subunits is in excess
ompared with C subunits (4).
The desensitization of the catalytic activity, observed

n stimulated thyroid cell cultures, but also in some
ther cell systems when stimulated with their specific
egulators (5–7), can be due to the inactivation, upon
issociation of the catalytic activity by specific inhibi-
ors and/or proteases (8). It can be accompanied or not
y a simultaneous decrease of protein expression of C
ubunits.
Two main isoforms of PKA (PKA I and PKA II) are

nown since 1975 (9) but the complexity of PKA regu-
ation was still enhanced by the discovery of multiple
soforms for both the R- and C-subunits. As many as
our R-subunit isoforms (RIa, RIb, RIIa, RIIb) and
hree C-subunit isoforms (Ca, Cb, Cg) have been iden-
ified in mammals as distinct gene products (10–12).
he gene regulation of the catalytic subunit isoforms
y TSH is not well established.
Here we studied the kinetics of desensitization of the

KA activity in porcine thyroid cell cultures exposed to
SH for three days. The decrease of the enzyme activ-

ty was compared and correlated with the immunore-
ctivity of catalytic subunit protein molecules evalu-
ted by western blots. We also studied the C-subunit
soforms mRNA expression in cell cultures of control
nd TSH treated cells.

ATERIALS AND METHODS

Cell cultures. Thyroid cells were isolated from porcine glands by
iscontinuous trypsinization as previously described (1). Freshly
solated cells were suspended at a concentration of 2 3 106 cells/ml in
0006-291X/99 $30.00
Copyright © 1999 by Academic Press
All rights of reproduction in any form reserved.



Eagle’s minimum essential medium (MEM) purchased from
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erieux, Lyon, pH 7.4, containing 10% foetal calf serum, 200 U/ml
enicillin and 0.05 mg/ml streptomycin sulfate. They were cultured
n petri dishes at 37°C under 5% CO2. TSH (0.1 mU/ml or 1.0 mU/ml)
as added from the beginning of the culture period. Bovine TSH 30

U/mg (NIADDK, bTSH II) and ovine TSH 7.5 IU/mg (NIAMDD,
TSH9) were gifts from NIH (Bethesda, MD). Cultured cells were
entrifuged at 250 3 g for 5 min and the pellet was rinsed 3 times
ith 20 ml isotonic Earle-Hepes-buffered saline (pH 7.2). Pellets
ere frozen for 24 h in dry ice before measuring the protein kinase
ctivity.

Preparation of cytosolic and particulate fractions. Pellets corre-
ponding to 1.4 3 108 cells were homogenized in 4 ml of 20 mM
ris/HCl buffer, pH 7.5, containing 10 mM EGTA, 2 mM EDTA, 250
M sucrose. Protease inhibitors (4 mg/ml leupeptin and 4 mM PMSF)
ere added to the homogenization buffer. Homogenates were centri-

uged for 60 min at 105,000 3 g and the supernatants which repre-
ented cytosolic fractions were used to measure the PKA activity.
he pellets were resuspended in a half volume of homogenization
uffer containing 0.2% (w:v) Triton X 100 and kept at 4°C for one
our with intermittent stirring. The suspensions were then diluted
ith homogenization buffer to adjust the concentration of the deter-
ent to 0.1% and for 1 h at 105,000 3 g. The supernatants of this
entrifugation were defined as particulate extracts.

Protein kinase determination. The cAMP-dependant protein ki-
ase activity was measured in 40 ml aliquots of cytosol incubated in
final volume of 400 ml of phosphate buffer, pH 7.4, as previously

escribed (13).
The PKA activity was measured in the presence of 5 mM cAMP

Sigma). Basal activity was measured in the absence of cAMP, but in
he presence of the PKA specific peptide inhibitor (Sigma). 0.1 mM
g-32P]ATP (specific activity of 150–200 cpm/pmol) (Amersham, UK)
as added to start the reaction. Incubations were carried out at 30°C

or 2 min, spotted onto 2.1 cm diameter filter paper discs (Whatman),
nd immediately dropped into 10% trichloroacetic acid solution con-
aining 0.1 mM ATP as carrier. Filter paper discs were treated as
reviously described (13) and the 32P incorporated into proteins were
etermined by liquid scintillation.

Western blot analysis. Aliquots of subcellular extracts were di-
uted in 2 volumes of sample buffer (50 mM Tris/HCl, pH 8.8, 2.5%
DS, 20% glycerol, 10% 2-mercaptoethanol and 0.01% bromophenol
lue), boiled for 5 min at 100°C, and separated by SDS PAGE.
roteins were then transferred to nitrocellulose sheets (14) and

ncubated with primary antibody, a gift from Pr. G. Schwoch (Uni-
ersity of Gottingen), at the indicated dilutions overnight at 4°C,
ollowed by 1 h incubation at room temperature with anti-rabbit IgG
ntibody conjugated to horseradish peroxidase. The reaction was
evealed using the ECL detection kit (Amersham).

RT-PCR. Poly(A)1 mRNA was isolated from thyroid cell cultures
nd a random primed single strand cDNA was synthesized by re-
erse transcriptase and amplified as described in Omri et al. (15)
sing oligonucleotide primers from mouse sequence: 59GAACCCT-
CCCCGAGTAATGC39 and 59CGGTGACTCGTCATGATGCGGT39
ere used to amplify the catalytic subunit b, and 59AGACCCCTC-
CACGAATACAGC39 and 59CTCTCACCCTTGGTGATGCGGAA39
ere used to amplify the catalytic subunit a (TM 5 60°C).
We obtained a PCR product with the expected size of 122 bp:

rimers were synthesized by GENSET. Amplifications were per-
ormed with 30 cycles in a Perkin-Elmer/Cetus DNA thermal cycler
sing a cycle of denaturation for 1 min at 94°C, annealing for 1 min
t 60°C and extension at 72°C for 1 min. PCR products were sepa-
ated electrophoretically in 1.3% agarose gel and transferred to
ylon membrane using the alkaline transfer method (16). [32P]dATP-

abeled oligonucleotide used as probes to detect the correct PCR
roducts were 59TTTGGAAGAGTCATGTTGGTG39 and 59TTTGGG-
GAGTGATGCTGGTG39 for the catalytic subunits b and a, respec-

ively. A GAPDH probe was used as control for uniform RNA content.
16
Expression of results. Protein kinase activities are expressed as
mol of 32P incorporated into histones per equivalent of 100 mg DNA,
er min of incubation. DNA content was measured in aliquots of
omogenates as described by Groyer and Robel (17). Results are
xpressed as percent of the total activity relatively to the control cell
ctivity. All results are expressed as mean 6 SEM of the indicated
umber of experiments.

ESULTS

Immunoreactivity of catalytic subunits of PKA.
estern blot analysis revealed only one major band of

1 kDa, in both cytosol and particulate extracts, and
ccasionally traces of one smaller band which was
ound only in cytosols (Fig. 1). In the two subcellular
ompartments from TSH treated cells, the immunore-
ctivity of the catalytic subunit was decreased in sim-
lar manner for both TSH doses studied. The faint band
ound in the cytosol was apparently not modified in
timulated cells (Fig. 1). The loss of C subunit immu-
oreactivity was quantified by scanning the films and
as compared with the loss of the enzyme activity
easured in parallel assays. The decrease of C subunit

nzyme activity and its immunoreactivity were of the
ame magnitude although slightly smaller in cells ex-
osed to 0.1 mU/ml TSH than in cells exposed to 1
U/ml TSH, 40% and 50% respectively. For each dose

f TSH, they were identical in the two cellular com-
artments: cytosol and particulate extract (Fig. 2).
Time course of PKA activity and C subunit protein

xpression were studied during exposure of cultured
ells to TSH for three days (Fig. 2). As in previous
xperiments, in TSH stimulated cells, the C-subunit
oss observed by enzymatic activity and immunoreac-
ivity experiments were simultaneous and parallel in
he two subcellular compartments. A maximum is al-
eady reached after one day culture and maintained at
he same level throughout the culture period.

FIG. 1. Immunoblots of PKA catalytic subunit in cytosols and
articulate extracts in control (C) and TSH-stimulated cells (TSH,
.1 and 1 mU/ml) cultured for 2 days. Samples of cytosol (20 mg DNA
quivalent) and particulate extracts (40 mg DNA equivalent) were
nalysed as described under Materials and Methods. Nitrocellulose
heets were incubated with anti-PKA C-subunit antibody used at
:4000 dilution overnight at 4°C. The second antibody was used at
:30,000 dilution for 1 h at room temperature.
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RT-PCR. The amplification of the specific 59 region
f the Ca and Cb isoforms was realized by reverse
ranscription-PCR from poly(A)1 mRNA prepared from
orcine thyroid cell cultures. In cell cultures, the ex-
ected fragment of 122 bp was obtained with PKA C
soform amplification. This 122 bp fragment hybridized
ith the specific probe described in material and meth-
ds (Fig. 3). Experiments were performed, in parallel,
ith cultured thyroid cells exposed to TSH for three
ays. Our results show that TSH treatment does not
ffect the amount of Ca isoform RNA but increases the
ranscription of the Cb isoform mRNA by five fold as
uantified by scanning (Fig. 3).

ISCUSSION

The complexity of PKA regulation is enhanced by the
resence of multiple isoforms for both the R- and
-subunits. As many as four R-subunit isoforms (RIa,
Ib, RIIa and RIIb) (11) and three C-subunit isoforms

Ca, Cb, and Cg) have been identified in mammals as
istinct gene products (12). In addition, two putative
lternative spliced products of the Cb gene have been
dentified (18). Allowing all possible combinations of R-
nd C- subunits, at least 12 PKA holoenzymes could be
ormed; some of them have been identified and sepa-
ated in tissues and transfected mammalian cells (12).

Concerning the catalytic subunits, it is considered in
eneral that Ca-isoforms are constitutively expressed
n all tissues while the other two isotypes (Cb and Cg)
re expressed in a tissue specific manner. The catalytic
ubunit Cg is expressed only in testis (12).
The present results and those reported previously (1)

learly show that the global catalytic activity of PKAs
s down regulated in parallel in the two subcellular

FIG. 2. Graphic presentation of enzymatic activity (open bars, A)
nd protein amounts (hatched bars, I) of the PKA catalytic subunits in
ytosols and particulate extracts from cells stimulated with TSH (0.1
U/ml and 1.0 U/ml) for 2 days. Enzyme activity was evaluated by

irect measurements in aliquots of cytosols (20 mg DNA equivalent) and
articulate extracts (40 mg DNA equivalent). Protein amounts were
uantified by scanning immunoblots prepared as in Fig. 1. Results are
xpressed as percentages of controls (black bar). Each point represents
he mean 6 SEM of 6 independent experiments.
17
ompartments (cytosol and particulate extract), in cells
ultured in the presence of TSH. A similar desensiti-
ation was also described in several other cell systems.
fter a brief increase of intracellular cAMP, the desen-
itization is reversible (5), while after a sustained in-
rease in the cAMP it is irreversible (down-regulated)
6, 7). Results of radioimmunological assays, reported
ere, clearly indicate that desensitization in our cell
ystem is due to the loss of enzyme molecules as it was
escribed in some other cell systems (6, 8). Since we
bserved a parallel decrease of the PKA catalytic ac-
ivity in the both cellular compartments, we can ex-
lude a nuclear translocation as described by Dremier
nd al in dog thyroid cells (19). On the other hand it is
nown that with respect to holoenzyme, the free cata-
ytic subunits in stimulated cells are more sensitive
o the proteolytic degradation (8) by the specific
-subunit protease (20), which thus accelerates their

urnover (21) and that is consistent with the decrease
f protein expression of C subunits observed in our
esults.
Contrary to the decrease of the number of catalytic

ubunit protein molecules, the parallel study on the
atalytic subunit mRNA shows that only the expres-
ion of Cb isoform is enhanced by five fold in TSH-
timulated cells compared to controls. Similar phenom-
non was reported in a neoplastic B Cell Line (Reh) in
hich forskolin or cAMP decreased catalytic activity
nd increased the Ca mRNA level (22). These authors
aised a question whether increased mRNA level may
e secondary to the decrease in Ca protein, and sug-
ested an autoregulatory mechanism at the gene level
hich could serve to maintain the level of Ca within

ertain limits.
In thyroid glands, TSH exerts similarly a double

ontrol of the thyroglobulin expression at both the
ranscriptional and post-translational level. In TSH
timulated thyroids, the expression of thyroglobulin
RNA is increased (23). At the same time the degra-

ation and the turnover of the neosynthetized thyro-
lobulin is accelerated, which leads to its almost com-
lete depletion in chronically stimulated glands (24).

FIG. 3. Southern hybridization of RT-PCR products. The frag-
ent of 122 bp corresponding to Ca (left) or Cb (right) sequences is

etected in control and in TSH-stimulated thyroid cells cultures.
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In conclusion, our results reported here suggest that
SH controls the Cb subunits of PKA at two levels: at

he transcriptional level it increases its mRNA expres-
ion and/or at the translational or post-translational
evel TSH decreases the amount and the activity of the
b protein molecules.
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