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ABSTRACT

Expression of mutated versions of the p53 gene deranged the differen
tiation program of thyroid cells and resulted in deregulated growth.
Specifically, p53 mutants in several residues of the DNA-binding region
induced thyrotropin (TSH) -independent growth and inhibition of the
expression of thyroid-specific genes. The loss of the differentiated pheno-

type invariably correlated with the blockage of the expression of the genes
coding for the thyroid transcriptional factors PAX-8 and TTF2. Con

versely, thyroid cells transfected with a p53 gene mutated at codon 392,
located outside the DNA-binding region, stimulated the expression of
differentiation genes in the absence of the TSH, and induced TSH-inde-

pendent growth. cAMP intracellular levels were higher in thyroid cells
transfected with tÃ¬iep53gene mutated at the 392 site than in the untrans-

fected thyroid cells, but lower in the cells transfected with the other
mutated p53 genes. Fra-1 and c-jun were induced by p53, resulting In
increased AP-1 levels. The results of this study suggest that p53 exerts

effects on cAMP transduction pathway in thyroid cells, which are exquis
itely sensitive to cAMP.

INTRODUCTION

Cancer is a disorder of growth and specifically of cell cycle con
trols. Cancer cells accumulate mutations at a high rate and controlling
molecules are frequently inactivated during the genesis of a wide
variety of human tumors. For example, in p53-defective cells, the

controlling system issues orders to proliferate when the cellular con
ditions would normally dictate otherwise.

Loss or mutation of wild-type p53 alÃelesis a common event in the

development of a wide spectrum of human tumors and frequently
occurs in the late stages of tumor progression (1-3). There is also

evidence that a mutation in the p53 gene is an important step toward
a tumoral undifferentiated phenotype in thyroid cancerogenesis (4-

10). Mostp53 mutations have been found in the central DNA binding
region (exons 5-8). Indeed only 10-25% of all mutations occurs

outside this region (11).
The p53 tumor suppressor gene encodes a nuclear phosphoprotein

that plays a role in the negative control of cellular proliferation
(12-15). Activation of p53 blocks progression through the cell cycle
at the G,-S boundary and induces apoptosis (16-19). These two

activities have been shown to be mediated via the transcriptional
induction of a cell cycle regulator, p21/CIPl/WAFl (20, 21) and the
box gene (22) respectively.
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p53 is phosphorylated in vivo at multiple sites both at the amino-
and COOH-terminal4 regions and in vitro by several protein kinases.

However, the role of phosphorylation is unclear. p53 is a physiolog
ical substrate of CK-II, a ubiquitous cyclic nucleotide-independent

serine/threonine protein kinase, which is stimulated in response to
several mitogens and which phosphorylates many nuclear proteins
involved in growth regulation (reviewed in Ref. 23).

We recently showed that introduction of an alal43-mutated human

p53 gene in a normal rat thyroid epithelial cell line (PC Cl 3), which
shows the typical markers of thyroid differentiation, abrogated the
TSH-dependency of this cell line, and severely affects such differen

tiated functions as TG synthesis and secretion, iodide uptake, and
TSH-R expression. Some of these effects seem to be mediated through
inhibition of the expression of the transcriptional factor PAX-8 (24).

We have also shown that the PC Cl 3 cells express the wild type p53
protein.

The aim of the present work was to determine the effect of four
other mutated forms of the p53 gene on thyroid cell growth and
differentiation. The mutated forms of p53 were argl75his,
arg248trp, arg273his, and ser392ala. The first three mutations are
located in the central DNA binding region of the gene, where the
vast majority of the mutations are found, and we chose them
because they are the most frequent in human tumors. Interestingly,
the 273his mutation has frequently been detected in anaplastic
thyroid tumors. The 392ala mutation is in the COOH-terminal

region of the gene, which is not involved at all in the p53 binding
to DNA. In this case the replacement of serine by alanine abrogates
this CK-II phosphorylation site (25). Phosphorylation at this spe
cific COOH-terminal site (human ser392 in humans, corresponding
to mouse ser386) can selectively regulate p53-dependent repres

sion but not transactivation (26).
The results described here demonstrate that the mutations in the

DNA binding region induce loss of TSH dependency and block the
expression of the thyroid markers. Conversely, the p53 392ala induces
TSH-independent growth, but does not affect the expression of the
thyroid differentiation markers, although it also becomes TSH-inde
pendent. Changes in the cAMP intracellular levels and/or AP-1
activity in p53-transfected cells may account for the proliferation

effects of the p53 mutated forms.

MATERIALS AND METHODS

Cell Culture. The PC Cl 3 cell line is a thyroid epithelial cell line derived
from Fisher rats. 18 months of age (27). They were grown in Coon's modified
Ham's F12 medium supplemented with 5% calf serum (Flow Laboratories),
with and without 10" "' M TSH (Sigma Chemical Corporation, St. Louis. MO).

Transfections and Plasmids. Plasmids pCMV-neo containing a human
p53 cDNA carrying missense mutations at codons 175 (argâ€”Â»his),248

4 The abbreviations used are: COOH-terminal. carboxyl-terminal; CK-II. casein kinase

II; TSH-R, thyrotropin-receptor; G418. geneticin; RT-PCR, reverse-transcription-PCR;
IBMX, l-methyl-3-isobutylxanthine; TG. thyroglobulin; TPO. thyroperoxidase.
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Fig. I. RT-PCR-based-assay for p53 expression ("Materials and Methods"). The

sources of RNA were: PC CI 3 untransfected cells (Lane /); PC CI 3-pCMV-neo
transfected cells (Lane 2); PC-p53 wt cells clone 1 (Lane 3); PC-p53 wt cells clone 2
(Lane 4); PC-p53 wt cells clone 3 (Lane 5); PC-p53 273his clone 2 (Lane 6): PC-p53
248trp clone 5 (Lane 7); PC-p53 175his clone 3 (Lane 8); PC-p53 392ala clone 5 (Lane
9); PC-p53 392ala clone 4 (Lane 10); PC-p53 392ala clone 1 (Lane II).

(argâ€”Â»tip),273 (argâ€”Â»his),and 392 (serâ€”Â»ala),kindly donated by Dr. E.

Appella, National Cancer Institute, Bethesda, MD, were stably transfected into
PC CI 3 rat thyroid cells according to the calcium-phosphate transfection

protocol (28). The backbone vector and that one carrying the wild type p53

human gene were transfected as controls. Thirty-six hours later the cells were

trypsinized. expanded, and the antibiotic G4I8 (Flow Laboratories) was added
to the medium at a concentration of 400 /ng/ml. Several G418-resistant clones

for each mutation were isolated and expanded for further analysis.
RNA and polvi \ r' Extractions and Northern Blot Hybridization. RNA

was isolated from cultured cells by a modification of the guanidine thiocyanate
method (29). mRNA poly(A)+ was extracted by the Dynabeads Oligo (dT)25
procedure according to the manufacturer's protocol (Dynal. Oslo. Norway).

Northern blots were performed according to a standard procedure (30). The
probes used were: TG (31); TSH-R (32); TPO (33); P1GF (34): PAX-8 (33);
TTF-I (35) and TTF-2 (36) specific cDNA probes. The probes were labeled

with a DNA labeling kit (Pharmacia. Uppsala, Sweden). The 28S and the 18S
rRNAs were used as molecular weight markers. 18S or glyceraldehyde-3-

phosphate dehydrogenase was used to ensure equal RNA loading.
RT-PCR-based-assay and Sequencing. To determine whether stably

transfected clones expressed human mutated forms of p53. 2 /ng of RNA from
the cell lines were reverse transcribed with Superscript II according to the
manufacturer's protocol (Life Technologies. Inc.. Grand Island. NY). cDNA

(200 ng) was used to amplify a 275 bp fragment using intron-flanking primers
bracketing the CMV 5' untranslated region through nucleotide 163 of the

human p53 insert as described elsewhere (37).
Iodide Uptake. The ability of cell lines to trap iodide from the culture

medium was evaluated as described elsewhere (27).
Nuclear Extract Preparation. Cells were washed twice in PBS. and

resuspended in 10 volumes of a solution containing 10 mM Hepes pH 7.9, 10

Fig. 2. Morphology of normal and p53-trans-
fected PC CI 3 cells. (Magnification X 150). A,
untransfected PC Cl 3 cells; B, PC-p53 392ala clone
4; C, PC-p53 392ala clone 5; D. PC-p53 273his
clone 2; Â£ PC-p53 248trp clone 5; F. PC-p53

175his clone 3.
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Fig. 3. Growth rates of the normal and transfected PC Cl
3 cells with and without TSH. A. PC Cl 3 untransfected cells
and PC Cl 3-pCMV-neo Iransfected cells; B. PC-p53 wt
cells clones 1, 2, and 3; C, PC-p53 392ala clones 1, 4, and
5; D. PC-p53 273his clone 2; E. PC-p53 248trp clone 5; F.
PC-p53 175his clone 3. The clones were grown in F 12
medium supplemented with 5% calf serum with and without
TSH ("Materials and Methods") and counted daily. All

mutant PC-p53 clones showed complete hormone-indepen

dence for their growth, as compared with parental PC Cl 3
cells.
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mM KCl, 1.5 mM MgCl2, 0.1 mM EGTA, 0.5 mM DTT (homogenization
solution). The cells were disrupted by passage through a 26-gauge needle.

Nuclei were collected by centrifugation at 1500 rpm and resuspended in a 1.2
volume of extraction solution containing 10 mM Hepes pH 7.9, 0.4 M NaCl, 1.5
mM MgCU. 0.1 mM EGTA, 0.5 mM DTT, 5% glycerol to allow elution of
nuclear proteins by gentle shaking at 4Â°C.Nuclei were pelleted again by
centrifugation at 12,000 rpm and the supernatant was stored at -70Â°C until

use. The protease inhibitors leupeptin (5 mM), aprotinin (1.5 mM), pnenyleth-

ylsulfunylfluoride (2 mM), peptastatin A (3 mM), and benzamidine (1 mM)
were added to both homogenization and extraction solutions. Protein concen

tration was determined by the Bradford protein assay (Bio-Rad Laboratories,

Hercules, CA).
Immunoblotting Analysis. The nuclear extracts, separated by 9% SDS-

PAGE, were transferred to Immobilon-P Transfer membranes (Millipore Cor

poration. Bedford, MA). Membranes were blocked with 5% nonfat milk
proteins and incubated with antibodies at a dilution of 1:5000. Bound anti
bodies were detected by the appropriate horseradish peroxidase-conjugated

secondary antibodies and enhanced chemiluminescence (Amersham Interna
tional, Buckinghamshire, England). The reactions were performed by pre-
incubating nuclear extracts with 0.5 jig of antibody at 4Â°Cfor a minimum of
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Table 1 Iodide uptake of mutated p53 transfected PC Cl 3 cells

CelllineNIH

3T3PC
CI3PC-pCMV-neoPC-P53""-'PC-P53248-5PC-p53273-2PC-p53175-3PC-p53392-'PC-P53392-"PC-p53392-5Iodide

uptake"0.712.012.513.03.10.10.50.50.50.23.3

Â±0.22.9
Â±0.214.5
Â±1.041
Â±2.513.6
Â±1.0

" cpm of I25I incorporated/IO6 cells, expressed as percentage of the total 125Iadded to

the medium.

We next examined the differentiated thyroid phenotype by moni
toring the steady-state levels of TG, TSH-R, and TPO mRNAs by

Northern blot hybridization. The expression of all these thyroid dif
ferentiation markers was completely lost in clones 248-5, 273-2, and

123456789

TG

3 h. Anti-c-jun and anti-Fra-1 (N-17), were purchased from Santa Cruz

Biotechnology Inc. (Santa Cruz, CA).
cAMP Assay. cAMP accumulation was measured in each clone at basal

condition and after stimulation with TSH or forskolin. For each clone and for
each experimental point 3 X IO5 cells were plated in 30-mm diameter dishes

in a complete medium. Twenty-four hours later the cells were serum-starved

for 6 h in F12 medium containing 0.5% BSA. The cells were incubated for 40
min in the same medium supplemented with 500 mM IBMX (basal condition)
or IBMX + 10munits/ml TSH or IBMX + 25 mM forskolin. The medium was
removed and 1 ml of 95% ethanol, 0.01N HC1 solution was added to the dishes
for 15 h at 4Â°C.The solution was removed and neutralized (pH 7.0). The cells

were mechanically scraped in 0.5N NaOH and the protein concentration was
measured. The ethanol solution was lyophilized and resuspended in 0.2 ml of
0.05 M Tris-HCl (pH 7.5), 4 mM EDTA. cAMP was measured with the

scintillation cAMP assay kit (Amersham International) according to the man
ufacturer's instructions.

The experiment was performed three times in duplicate: cAMP accumula
tion was expressed as picomoles per micrograms of total proteins.

RESULTS

Expression of p53 Mutants in Thyroid Cells. The PC Cl 3 cells
were transfected with plasmids containing the wild type and mutated
forms of the human p53 gene (arg273his, arg248trp, argl75his, and
ser392ala) inserted into pCMV-neo vector that carries the gene for the
resistance to G418. The transfected cells were grown in a G418-

containing medium and thus we obtained several cell clones for each
mutation. At least three different G418-resistant clones expressing

each mutated p53 were isolated and expanded for further study.
RT-PCR-based assay (Fig. 1) was used to demonstrate the expression

of exogenous p53 genes in the transfected PC CI 3 cells. Sequencing
of the amplified fragments allowed to confirm they were from the
human exogenous p53 (data not shown).

Morphological Characteristics and Growth Potential of p53-

transfected Thyroid Cells. All of the transfected p53 cell clones
showed slight morphological changes compared with the normal PC
CI 3 cells (Fig. 2), although all retained an epithelial morphology.
Some transfected cells had an increased refractility and a character
istic heterogeneous morphology, i.e., they contained both spindle-

shaped and rounded cells. The PC Cl 3 parental cell line requires the
addition of TSH for growth (27). All of the thyroid cells carrying a
mutated version of the p53 gene lost their dependency on TSH (Fig.
3). Conversely, the PC Cl 3 cells transfected with thep53 wild type or
the backbone vector did not show any growth modification (Fig. 3).

Analysis of the Differentiated Thyroid Phenotype of the p53
Transfected PC Cl 3 Cells. To ascertain the effect of the mutated
forms of the p53 gene on the expression of the differentiated thyroid
phenotype, we evaluated the ability of the transfected cells to con
centrate radioactive iodide (a property unique to thyroid cells both in
vivo and in vitro). Table 1 shows that the ability to concentrate iodide
was lost by the PC Cl 3 cells transfected with the p53 forms mutated
in the DNA binding region.

TPO

TSH-R

mmmÃªmâ€¢¿�*mmm

PIGF

TTF-1

PAX-8

18 S

B
i e.

~ TTF-2

GAPDH

Fig. 4. A, thÃ ëxpression of the specific thyroid markers in the PC-p53 clones. The
sources of RNA were: PC Cl 3 untransfected cells (Lime /): PC-p53 wt cells clone I (Lane
2): PC Cl 3 -pCMV-neo transfected cells (Lane 3}: PC-p53 273his clone 2 (Lime 4);
PC-p53 248trp clone 5 (Lane 5); PC-p53 I75his clone 3 (Lane 6); PC-p53 392ala clone
5 (Lane 7); PC-p53 392ala clone 4 (Lane 8): PC-p53 392ala clone I (Lane 9). B. the
expression of the TTF2 marker in the PC-p53 clones. The sources of RNA polyl A) * were:

PC Cl 3 untransfected cells (Lane I); PC-p53 wt cells clone 1 (Lane 2); PC Cl 3
-pCMV-neo transfected cells (Lane 3}: PC-p53 273his clone 2 (Lane 4): PC-p53 248trp
clone 5 (Lane 5); PC-p53 175his clone 3 (Lane 6): PC-p53 392ala clone 5 (Lane 7).
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Fig. 5. TG expression in PC Cl 3 cells and in the PC-p53 392ala cells with and TSH.

The sources of RNA were: PC Cl 3 cells grown in the presence of TSH (Lane I); PC Cl
3 cells grown without TSH (Lane 2): PC-p53 392ala clone 4 cells grown in the presence
of TSH (Lane 3): PC-p53 392ala clone 4 cells grown without TSH (Lane 4); PC-p53
392ala clone 5 cells grown in the presence of TSH (Lane 5); PC-p53 392ala clone 5 cells

grown without TSH (Lane 6).

175-3. Thyroid cell differentiation was normal in thyroid cells trans-
fected with the backbone vector alone (pCMV-neo) or with the

plasmid carrying the wild type version of the human p53 gene (Fig. 4/4).
We have previously demonstrated that the angiogenic growth factor

P1GF is restricted to thyroid tissue in adults (38); it is suppressed in
retrovirally transformed thyroid cells and regulated by TSH (39).
Therefore, we analyzed P1GF expression in the p53 transfectants. Its
expression was blocked in the same p53 cell lines as above (Fig. 4/4,
Lanes 4-6), whereas it was present in the untransfected PC Cl 3 cells

(Fig. 4A, Lane 1) and in the clones transfected with wild type p53 or
with the backbone vector alone (Lanes 2 and 3).

We also measured the expression of the thyroid transcription fac
tors TTF-1, PAX-8, and TTF-2 genes, which are known to activate
transcription from TG and TPO promoters (see Fig. 4/4 and B). PAX-8
and TTF-2 expression paralleled the expression of the thyroid differ
entiation markers. Conversely, TTF-1 mRNA levels in the cell lines

transfected with the mutated p53 gene was not blocked although there
were some unsignificantly differences in the various clones. The wild
type p53 gene, as well as the backbone vector, did not modify the
expression of these transcription factors in thyroid cells.

PC p53 392ala Cells Express Thyroid Differentiation Genes.
PC cells expressing the 392ala mutant proliferated in the absence of
TSH (Fig. 3) but at variance with other p53 mutants, they were
differentiated (Fig. 4). The expression of TG, TSH-R, and TPO genes
was constitutively elevated in these cells (Fig. 4/4, Lanes 7-9), as well

as they are able to concentrate iodide, and they also express P1GF,
PAX-8, and TTF-2 (see Table 1 and Fig. 4/4, Lanes 7-9). TSH

starvation is known to inhibit thyroid differentiation markers in thy
roid cells. Therefore, we investigated whether the same occurred in
the PC 392ala cells. The results are shown in Fig. 5: the expression of
the TG gene was not modified from the presence (Lanes 3 and 5) or
absence of TSH (Lanes 4 and 6). Conversely, densitometric analysis
(data not shown) demonstrated that TG expression was reduced of
almost 100-fold in PC Cl 3 cells deprived of TSH compared (Lane 2)

with the TSH stimulated cells (Lane I). The analysis of the expression
of other thyroid specific genes such as TPO, PAX 8, and P1GF gave
raise to almost identical results (data not shown). Therefore, the
expression of the p53 392ala mutant in thyroid cells constitutively
stimulated the expression of thyroid differentiation genes and cell
proliferation in the absence of TSH.

cAMP Levels of Mutated p53-transfected PC Cl 3 Cells. To
gain an insight into the mechanism underlying these phenotypes
elicited by p53 mutants in thyroid cells we measured cAMP levels
before and after TSH stimulation. As a control we stimulated adenylyl

cyclase with forskolin. Table 2 shows that in all p53 mutants except
392ala there was a general decrease in the basal levels of cAMP. The
p53 392 cell clones showed a significant increase in the cAMP levels.
Prior to TSH or forskolin stimulation the cells were incubated with
IBMX, a phosphodiesterase inhibitor. The differences between wild
type cells and p53-392 clones were the same in the presence or

absence of IBMX (data not shown). These data indicate that the
production rather than the degradation of the nucleotide was, indeed,
the cause of increased cAMP accumulation in p53-392-expressing

clones.
The dedifferentiated cells did not express TSH-R, hence TSH

stimulation did not produce a significant increase of cAMP levels.
Forskolin, however, induced a marked increase of cAMP levels in
both differentiated and p53 dedifferentiated cells. Note that the cells
expressing the 392 mutant expressed the TSH-R as did the differen

tiated parental PC Cl 3 cells.
In conclusion, p53-392 expressing cells increased their basal

cAMP levels, proliferated in the absence of the hormone, and ex
pressed thyroid differentiation markers. This phenotype is very similar
to that exhibited by thyroid cells expressing constitutive active TSH-R

(44).
Qualitative and Quantitative Alterations of the AP-1 Tran

scription Complex in p53 Mutant-expressing Cells. p53 induces

growth arrest and represses the expression of some members of the
AP-1 family (40). Similarly, we have detected a significant increase of
AP-1 activity in thyroid cells transformed with several oncogenes (41,
42). Therefore, we investigated whether members of the AP-1 com

plex (fos and jun family) were altered in p53 mutants expressing
thyroid cells. We first analyzed the AP-1 binding activity in the nuclei
of these cells by using a synthetic oligonucleotide. The AP-1 binding

activity, normalized to Spl transcription factor, was slightly, but
significantly increased in all of the p53-transfected cells (data not
shown). To determine which members of the AP-1 family were
affected we immunoblotted the extracts derived from the p53-trans-

fected cell lines with specific antibodies to the individual members of
the family. Fig. 6 shows the results of a representative Western blot
analysis that demonstrates: (a) dephosphorylated c-jun is specifically
present in transforming p53-expressing mutants (Lanes 4 and 5), but
not in normal thyroid cells or in p53 392ala-transfected cells (Lanes 1
and 6, respectively); and (b) Fra-1 is absent from differentiated
TSH-dependent cells (Lane 1) and is present in all cells that express

p53 mutants, irrespective of their differentiation phenotypes (Lanes
4-6). Moreover other members of the AP-1 family were analyzed
(specifically c-fos, junB, and junD), but they did not show any

modification with respect to the untransfected cells (data not shown).

DISCUSSION

There is now compelling evidence of a relationship between the
presence of a p53 mutation and progression toward a more aggressive

Table 2 cAMP levels of mutated p53 transfected PC Cl 3 cells

cAMP (pmoles/ng of proteins Â±SD)

Cell line Basal +TSH + FSK

PCCI3PC-pCMV-neoPC-P53W'-'PC-p53wt~2PC-p53WI~"PC-p53392-'PC-P53392-4PC-p53392~5PC-p53273~2PC-p53248~5PC-P53175-32.86Â±0.502.80
Â±0.502.90
Â±0.503.00
Â±0.502.85
Â±0.508.35
Â±1.607.73
Â±1.808.64
Â±1.603.30
Â±0.352.20
Â±0.301.60
Â±0.2538.0

5.036.0
5.038.0
5.039.0
5.039.0
5.022.0
3.026.0
4.020.0

3.03.5
Â±0.42.0
Â±0.3I.

ft Â±0.275

873
873
876
875
842
555
640
570
675
878

8
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c - jun

Fig. 6. Western blot analysis of the components of AP-i complexes in normal and
transfected ral thyroid cell lines. Western blots were first incubated with antibodies
specific for the jun- and fos family proteins. Fra-1 and c-jun. and then with horseradish
peroxidase-conjugated secondary antibodies followed by enhanced chemiluminescence.
The blotted proteins were stained with Red-Ponceau as a loading control. The sources of
the proteins were: PC Cl 3 untransfected cells (Lane I): PC- p53 wt clone 1 (Lane 21; PC
CI 3 -pCMV-neo transfected cells (Lane 3}; PC-p53 273his clone 2 cells (Lane 4); PC-p53
248trp clone 5 cells (Lane 5); PC-p53 392ala clone 5 cells (Lane 6).

phenotype in many neoplasias. In human thyroid tumors, mutations in
the p53 gene are confined to undifferentiated tumors (4-10). There
fore, the loss-of-function of p53 may be a key genetic event in

carcinogenesis, which could lead to a highly malignant phenotype.
In an earlier study we investigated the role of a mutated p53 gene

in thyroid cell growth and differentiation (24). The results presented
here show that the DNA-binding p53 mutants profoundly affect the

growth and the expression of thyroid differentiation genes. Specifi
cally, p53-binding mutants (his 175, trp248, and his273) suppressed

the expression of some thyroid transacting factors. This effect was
selective, i.e., PAX8 and TTF2 expression was abolished, whereas
TTF1 expression was not. (Fig. 4 and Table 1). We also know that the
expression of exogenous PAX8 restores such differentiated functions
as TPO gene expression (37). Taken together, these data show that
dedifferentiation and loss of TO expression are strictly dependent on
the levels of PAX8 and that the effects of p53 dedifferentiation are
mainly caused by the inhibition of PAX8 and possibly of TTF2. We
suggest that these DNA-binding mutants aggregate to and inactivate

the endogenous gene product thus functioning as transdominant neg
ative variants (see Ref. 43). Consequently, these mutants fail to induce
Wafl and to arrest thyroid cells in stage Gl. Lastly, the cells express
ing these mutants acquired the ability to grow in the absence of TSH.

Although dedifferentiation can be. at least in part, accounted for by
down-regulation of PAX8 and TTF2 transcription (24, 36), the TSH-

independent growth cannot. Thus, forced expression of PAX8 can in
part reverse the dedifferentiated phenotype but is unable to restore
growth control by TSH and other hormones (data not shown). More
over, this phenotype is unlikely to be dependent on chromosomal
aberrations, because we found no karyotypical alteration in newly
transfected cells (data not shown). The transformation induced by p53
DNA-binding mutants is probably caused by the loss of controls

regulating entry in the cell cycle (Wafl, mdm2, Gadd45, etc.).
The most striking and somewhat unexpected result of our study is

the phenotype of the cells expressing the p53-392 mutant. These cells
become TSH-independent but are fully differentiated. TSH-independ-

ent growth in these cells is apparently associated with constitutive
high levels of cAMP. Since the basal level is high, the induction by
TSH is less evident than in control cells. Conversely, the loss of TSH
response in the cells expressing p53 DNA-binding mutants is associ

ated with the loss of receptor (Table 2). Recently, we expressed
constitutive active TSH-R mutants in thyroid cells (44). The pheno

type of these cells is indistinguishable from that of the cells expressing
the p53-392 mutant: TSH-independent growth, high basal cAMP, and

expression of differentiation genes. This phenotype was found in
many independent clones and was dependent on constitutive activa
tion of adenylyl cyclase, because phosphodiesterase inhibitors did not
abolish the differences with wild type cells. Also, we have extensively

characterized p53 wild type and mutants in the DNA binding domain
and we have never found modifications of basal cAMP levels. As to
the mechanism responsible for activation of adenylyl cyclase we have
preliminary evidence that pretreatment with pertuxis toxin abolishes
the difference in cAMP levels between the wild type and p53-392

expressing cells.
API activity was increased in all of the p53-transfected thyroid

cells, however c-jun was found predominantly in the phosphorylation

form (Fig. 6) in differentiated thyroid cells, including the PC 392ala
cells. Activation of c-jun and of members of the fos family (Fra-1, 2)
has been reported to be stimulated by cAMP (45 ).5 We suggest that in

p53-392ala-expressing cells, the partial activation of API is depend

ent on the constitutive activation of basal cAMP. It is reasonable to
suppose that the increased API activity may account for the TSH-

independent growth of the PC cells carrying p53 mutations in the
DNA-binding region. Moreover, we suggest that the partial activation
of API in the p53 392ala-expressing cells is dependent on the con

stitutive activation of basal cAMP.
In the p53 392ala mutant, serine in the penultimate position is

replaced by alanine. Apparently, this region is highly conserved in the
mouse p53 in which the homologous position corresponds to serine
386. This serine is covalently linked to 5.8S rRNA (46) and it is a
substrate for CK-II (47). The biological activity of the 392ala mutant

is much debated: Milne et al. (48) reported that murine p53, which
bears the alanine at position 386, abolished the ability to inhibit cell
transformation. Conversely, Fiscella et al. (25) did not find differ
ences in the biological activity of the human mutant compared with
the wild type in terms of transactivation and suppression of growth. It
is possible that human and mouse p53 might differ in a requirement
for the serine 386/392 site. Alternatively, we should be looking
elsewhere for the function of serine 392.

We suggest that serine 392 holds the key to a long-sought cyto-

plasmic function of p53 that cooperates with the classical nuclear
transactivation functions in the wild type protein. The 5.8 S RNA
might anchor the protein at discrete cytoplasmic compartment(s) in
close proximity to G-proteins, which interfere with the activation of
cAMP signaling cascade. The phosphorylation by CK-II might regu

late this activity (localization, binding to target proteins, and activa
tion of cAMP accumulation).

The p53 392ala-induced alterations in the cAMP signaling pathway

described in this study were detected thanks to the exquisite sensitiv
ity of thyroid cells to cAMP. Thus, a subtle change in cAMP response
might have no phenotypic effect in fibroblasts but it can profoundly
alter the growth and the differentiation of thyroid cells.

In conclusion, the data presented here support the notion that
various p53 gene mutations suppress the differentiated functions of
the thyroid. It is feasible that the same mechanisms are involved in
anaplastic carcinomas of the human thyroid. Lastly, the results ob
tained with a p53 mutated at the COOH-terminal site indicate that the

p53 gene interferes with thyroid differentiation functions independ
ently of binding to the DNA.
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