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Abstract

The development and progression of thyroid tumors is signaled
by phenotype-specific mutations of genes involved in growth
control. Molecular events associated with undifferentiated thy-
roid cancer are not known. Weexamined normal, benign, and
malignant thyroid tissue for structural abnormalities of the p53
tumor suppressor gene. Mutations were detected by single-
strand conformation polymorphisms of PCR-amplified DNA,
using primers bracketing the known hot spots on either exons
5, 6, 7, or 8. The prevalence of mutations was as follows: normal
thyroid 0/6; follicular adenomas 0/31; papillary carcinomas
0/37; medullary carcinomas 0/2; follicular carcinomas 1/11;
anaplastic carcinomas 5/6; thyroid carcinoma cell lines 3/4.
Positive cases were confirmed by direct sequencing of the PCR
products. All five anaplastic carcinoma tissues and the anaplas-
tic carcinoma cell line AROhad G:C to A:T transitions leading
to an Arg to His substitution at codon 273. In both tumors and
cell lines, examples of heterozygous and homozygous p53 mu-
tations were identified. The only thyroid carcinoma cell line in
which p53 mutations were not detected in exons 5-8 had mark-
edly decreased p53 mRNAlevels, suggesting the presence of a
structural abnormality of either p53 itself or of some factor
controlling its expression. The presence of p53 mutations al-
most exclusively in poorly differentiated thyroid tumors and
thyroid cancer cell lines suggests that inactivation of p53 may
confer these neoplasms with aggressive properties, and further
loss of differentiated function. (J. Clin. Invest. 1993. 91:179-
184.) Key words: anaplastic carcinoma * mutation * p53 nuclear
protein - thyroid neoplasms - tumor suppressor gene * tumori-
genesis

Introduction

Thyroid nodules develop in up to 10% of adults during their
lifetime. Presently available diagnostic approaches often do not
discriminate benign from malignant follicular neoplasms pre-
operatively, nor do they accurately predict clinical behavior.
Tumors of follicular thyroid cells represent an interesting
model of epithelial cell transformation. They comprise a broad
spectrum of neoplastic phenotypes, which include benign and
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nonprogressive macrofollicular adenomas, microfollicular ade-
nomas, well-differentiated follicular and papillary carcinomas,
and the invasive and always fatal anaplastic carcinomas (1).
The sequence of somatic cell mutations which underlie these
different tumor cell types is gradually becoming unraveled (2-
9). Activating point mutations of ras oncogenes are probably
an early event in thyroid tumor formation, in that they occur
with similar prevalence in benign and malignant thyroid tu-
mors (3-6). Allelic losses of chromosome 11 q 13, a region con-
taining a number of genes involved in growth control, includ-
ing the putative gene predisposing to multiple endocrine neo-
plasia type I, are found in follicular but not papillary thyroid
tumors (7), suggesting that loss of a tumor suppressor gene at
this locus may direct progression towards the follicular pheno-
type. In contrast, the PTC oncogene, which results from an
intrachromosomal inversion in lOq, leads to the activation of
the ret proto-oncogene and is unique to papillary carcinomas
(8). Recently, Herrmann et al. (9) reported loss of heterozygos-
ity for loci on chromosome 3p associated with follicular carci-
nomas. No information exists concerning either the molecular
genetics of anaplastic thyroid carcinomas, or events which may
be involved in the transition to this aggressive form of the dis-
ease.

p53 is a nuclear protein which appears to play a role in the
regulatory control of normal cellular proliferation ( 10). Re-
cent studies suggest that p53 may act as a tumor suppressor
gene. Allelic deletions of the p53 locus on chromosome 17p are
highly prevalent in colonic carcinomas, with the other p53 al-
lele often harboring point mutations (1 1, 12). Mutations of
p53 have been reported to occur with high frequency in other
cancer types, including lymphomas, leukemias, and cancers of
lung, esophagus, breast, liver, bone, bladder, ovary, and brain
( 13-23). Ledent et al. (24) recently observed that mice harbor-
ing a thyroglobulin-SV40 large and small T antigen
transgene-developed thyroid tumors with a markedly dedif-
ferentiated, anaplastic-like phenotype. Because SV40 large T
antigen is known to associate and possibly functionally inacti-
vate p53 (25, 26), we postulated that mutations of p53 may
play a role in determining progression to an aggressive, dedif-
ferentiated neoplastic phenotype in human thyroid tumors. In
this study we examined the DNAof benign and malignant
thyroid neoplasms, and that of four poorly differentiated thy-
roid carcinoma cell lines, for mutations in previously reported
"hot spots" of the p53 gene. Weobserved that mutations are
confined to dedifferentiated thyroid cancers and cancer cell
lines, in which they occur with high frequency.

Methods

Tissues and cell lines. Humanthyroid tissues were obtained at the time
of surgery and immediately frozen in liquid N2 until assayed. When-
ever possible, samples were taken from both the tumor and the normal
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thyroid from each individual. Two undifferentiated human thyroid
carcinoma cell lines (ARO and FRO), one poorly differentiated papil-
lary carcinoma cell line (NPA), and one follicular carcinoma cell line
(WRO) (27, 28) were generously provided by Dr. Guy Juillard
(UCLA), and maintained in RPMI- 1640 supplemented with 10% fetal
calf serum, 100I Mnonessential aminoacids, and 0. 13 mg/ml Napyru-
vate.

Nucleic acid extraction. RNAand DNAwere extracted from a ce-
sium chloride ultracentrifugation gradient as described (29). The RNA
pellet was rinsed in 80%ethanol and then resuspended in diethylpyro-
carbonate-treated H20. The DNAlayer was immediately precipitated
in 2.5 vol of ethanol and recovered by spooling. The DNApellet was
then rinsed in 10 ml of 80%ethanol and recovered by centrifugation at
3,000 g at room temperature. DNAwas then digested at 55°C over-
night with 1 mg/ml proteinase K in a buffer containing 150 mMNaCl,
10 mMTris, pH 7.5, 10 mMethylene diaminotetraacetic acid
(EDTA), and 0.5% sodium dodecyl sulfate (SDS). The mixture was
then phenol-chloroform extracted. Sodium acetate (final concentra-
tion 0.3 M) was added to the aqueous layer, which was then ethanol
precipitated. DNAwas pelleted, air-dried, and resuspended in H20.
After quantification by absorption at 260 nm, extracts were stored until
assayed (RNA at -70°C, DNAat -20°C). For extraction of DNA
from paraffin-embedded anaplastic carcinomas, 60 MMsections were
deparaffinized in 0.5 ml of xylene, and then ethanol precipitated. Sam-
ples were incubated in 100 mMTris Cl, 4 mMEDTA, pH 8.0, and 1
mg/ ml proteinase K for 12 h at 37°C, boiled for 7 min, and microfuged
to remove residual material. 1-10-,ul aliquots were used as templates
for polymerase chain reaction (PCR).'

Northern gel electrophoresis. Gel electrophoresis of 20 Mg of total
RNAwas performed on 1% agarose gels containing 2.2 Mformalde-
hyde, as previously described (30). The filters were hybridized in a
buffer containing 50% formamide, 5x SSPE (43.8 g/liter NaCl, 6.9
g/liter NaH2PO4-H20, and 1.85 g/liter EDTA), 5x Denhardt's solu-
tion (1 g/liter polyvinyl-pyrrolidone, 1 g/liter bovine serum albumin,
and 1 g/liter Ficoll 400), 0.1% SDS, and 200 Mg/ml salmon sperm
DNA for 48 h at 42°C with 32P-labeled DNAprobes. Probes were
labeled with [a32P]dCTP using the random primer technique (31)
following the manufacturer's protocol (Stratagene, Inc., La Jolla, CA).
The following human probes were used: p53 cDNApR42 (Nco 500-bp
fragment) (32), y-actin cDNApHF y-A-1 (33). After hybridization
the filters were washed twice in 2x SSC (0.3 MNaCl and 30 mM
sodium citrate), 0.1% SDS at room temperature, and then twice in
0.1 x SSC, 0.1% SDSat 55°C. Blots were then exposed to XAR-5 film
(Eastman Kodak Co., Rochester, NY) for autoradiography for 12-72 h
at -700C.

Single-strand conformation polymorphism (SSCP) analysis. SSCP
analysis was performed using a modification of a previously reported
method (34, 35). DNAspecimens were coded, and the operator was
blinded to the histological diagnoses of the samples. Briefly, PCRwas
performed with 200 ng of genomic DNA, 10 pmol of each primer, 200
MuMdNTPs, 1 MuCi of [a-32PJdCTP (ICN, sp act 3,000 Ci/mmol) 10
mMTris HCI, pH 8.3,50 mMKCI, 1.5 mMMgC12, 0.1 mg/ml gelatin,
and 0.5 U of Taq DNApolymerase (Ampli Taq, Cetus Corp., Emery-

1. Abbreviations used in this paper: PCR, polymerase chain reaction;
SSCP, single-strand conformational polymorphism.

Figure 1. Regions of the p53 gene amplified and sub-
jected to SSCPanalysis. Numbers flanking the exons
indicate the aminoacid positions. Primers (black bars)
were designed to bracket the indicated exons (5-8).
Position of mutations is indicated by inverted trian-
gles. v (codon 273): anaplastic carcinomas; A (codons
223, 266 and 273): thyroid carcinoma cell lines; v
v ( 173): follicular carcinoma.

ville, CA) in a final volume of 20 ,l. 35 cycles of denaturation (94°C),
annealing (55°C), and extension (72°C) were conducted on an auto-
mated heat block (DNA thermal cycler; Perkin-Elmer Cetus, Norwalk,
CT). The reaction mixture (2 Ml) was diluted 1:10 in DNAgel loading
buffer (96% formamide, 20 mMEDTA, 0.05% bromophenol blue, and
0.05% xylene cyanol). Samples were heated at 90°C for 4 min, chilled
on ice, and immediately loaded (2.5 Ml) onto a 6% acrylamide/0.SX
0.5 MTris, 0.5 Mboric acid, 1 mMEDTAgel containing 10% (vol/
vol) glycerol. Gels were run at 300 V for 12-18 h at room tempera-
ture. Autoradiography was performed with an intensifying screen for
6-48 h.

Oligonucleotide primers. Sequences of p53 intronic primers brack-
eting exons 5, 6, 7, and 8 were derived from published reports (36;
Fig. 1):

Exon 5: 5' primer (sense, E514) 5' ATCTGTTCA CTTGTGCCC
TGACTTTC 3'; 3' primer (antisense, ESI5) 5' ACCCTGGGCAAC
CAGCCCTGTC 3'.
Exon 6: 5' primer (sense, E615) 5' CAGGGCTGGTTGCCCA 3'; 3'
primer (antisense, E6I6) 5' ACT GACAACCACCCT TAA CCC
CTC3'.
Exon 7: 5' primer (sense, E719) 5' CTCCTAGGTTGGCTCTG3';
3' primer (antisense, E717) 5' GAGGCTGGGGCACAGCAGGCC
AGTG3'.
Exon 8: 5' Primer (sense, E817) 5'TAG GACCTGCTGATT TCC
TTA CTGCCT 3'; 3' primer (antisense, E818) 5' AACTGCACC
CTTGGTCTCCACC 3'.

Direct sequencing. Direct sequencing of the PCR products was
done using the Sequenase Kit (U.S. Biochemicals, Cleveland, OH)
with T7 polymerase, after making the PCRproduct single-stranded
with T7 exonuclease (U.S. Biochemicals).

Results

About 98% of single base-substitution mutations of the coding
region of p53 in human cancers occur within a 540-bp stretch
between codons 126-306, corresponding to exons 5-8 (37).
DNAfrom thyroid tissues and thyroid cancer cell lines was
screened for mutations within this region by SSCP. Intronic
primers flanking the individual exons were used to amplify the
template DNA in the presence of [32-P]CTP (Fig. 1). SSCP
analysis of four clonal human thyroid cancer cell lines is shown
in Fig. 2 A. Positive samples showed a shift in mobility of one of
the labeled strands. In certain cases, SSCPanalysis can simulta-
neously establish whether a sample has lost one allele and har-
bors a mutation in the remaining one (34). This is particularly
applicable to clonal cell lines. In the SSCPanalysis for exon 8,
one of the separated strands from the AROanaplastic carci-
noma cell line migrates abnormally, and this is associated with
complete disappearance of one of the normal bands (lane 1).
This is compatible with a homozygous mutation of p53, with
one allele being lost and the other mutated. Similarly, the
WROfollicular carcinoma cell line has an abnormally migrat-
ing exon 6 fragment and appears to have lost the wild-type copy

180 Fagin et al.



EXON5 EXON6

1 2 3 4 1 2 3 4

.. .. ..

MeEr- jfidj; AiVeX
- , ;.. . .... ... .
v.F. tw. 'S -

;-.;t X s xh EXON7

1 2 3 4
611e dRX.:...- I'M "...

EXON8

1 2 3 4

1 2 3 4 5 6 7 8 9 10 11 12 13

of p53. In contrast, SSCP-analysis of the poorly differentiated
papillary carcinoma cell line NPA (Fig. 2 A, exon 8) reveals
one strand with a migration shift, but all normal bands are also
present. This suggests that both a wild-type allele and a mu-
tated copy of p53 exist in these cells.

A representative experiment for exon 8 SSCPanalysis of
human thyroid cancer tissues is shown in Fig. 2 B. DNAsam-
ples from five anaplastic carcinoma tissues showed abnormally
migrating bands in addition to the normal strands (lanes 4-7
and 10). This cannot be taken as evidence for the presence of a
wild-type copy of p53 in the tumor cells, as the normal bands

Figure 2. (Top) SSCPanalysis of genomic
DNAof human thyroid carcinoma cell
lines using primers flanking each of exons
5-8. Lane 1; ARO(anaplastic carcinoma);
Lane 2; FRO(anaplastic carcinoma); Lane
3; NPA(papillary adenocarcinoma); Lane
4; WRO(follicular carcinoma). WROcell
DNAhas a strand shift for exon 6. ARO
and NPA cell DNAhave altered migration
patterns with primers bracketing exon 8.
(Bottom) Exon 8 SSCPanalysis for ana-
plastic thyroid carcinoma tissues and ARO
cell line. Lanes 1-3, 11-13; normal con-
trols; Lanes 4-7; anaplastic carcinomas
(from paraffin blocks); Lanes 9, 10; J9 an-
aplastic carcinoma (fresh tissue); Lane 8;
AROcell line. A strand shift is present in
lanes 4-10.

may have derived from contaminating normal tissue DNA
within the tumor specimen. PCR-amplified DNA from all
SSCP-positive samples was sequenced. Interestingly, all ana-
plastic carcinoma tissues as well as the anaplastic carcinoma
cell line AROcontained a CGTto CAT transition at codon
273, leading to an Arg to His substitution.

Prevalence of p53 mutations in thyroid tumors and cell
lines of various phenotypes is summarized in Table I. None of
either the normal thyroid specimens or the follicular adenomas
harbored p53 mutations. Differentiated thyroid carcinomas
were also largely unaffected: 0/37 papillary carcinomas and

Table I. Prevalence of p53 Mutations in Human Thyroid Carcinoma Tissues and Cell Lines

Tissue Prevalence Codon Mutation

Normal thyroid 0/7
Follicular adenomas 0/31
Papillary carcinomas 0/37
Medullary carcinomas 0/2
Follicular carcinomas 1/11 173 GTG(Val) TTG(Leu)
Anaplastic carcinomas 5/6 273 CGT(Arg) CAT(His) (n = 5)
Thyroid carcinoma

cell lines 3/4
ARO(anaplastic) 273 CGT(Arg) CAT (His)
WRO(follicular) 223 CCT(Pro) CTT (Leu)
NPA(papillary) 266 G£A(Gly) GTA(Glu)
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1 / 11 follicular carcinomas had detectable p53 abnormalities.
In marked contrast, 5 / 6 anaplastic carcinomas had a point
mutation at codon 273. Base substitution mutations were also
identified in three of four clonal thyroid carcinoma cell lines.
Of note is that 7/9 positive cases involved G:C to A:T transi-
tions. In addition, all anaplastic carcinomas and the AROana-
plastic carcinoma cell line were mutated at a CpGmutational
hot spot. Interestingly, FROcells, derived from a patient with a
large cell undifferentiated thyroid carcinoma, and which was
the only cell line that did not appear to have p53 abnormalities
(exons 5-8) as detected by SSCP, had markedly decreased p53
mRNAcontent (Fig. 3).

Discussion

To obtain evidence for a role of tumor suppressor genes in
human thyroid tumorigenesis, we recently reported studies on
a large number of thyroid tumors screened for loss of genetic
material using highly polymorphic markers for serveral nonac-
rocentric chromosome arms. Contrary to observations in other
forms of neoplasia, we found a low prevalence of genetic loss,
which was largely confined to a locus on chromosome 11 q 1 3 in
follicular neoplasms (7), Interestingly, none of the 33 informa-
tive cases of benign and differentiated thyroid neoplasms had
loss of heterozygosity for the chromosome 1 7p marker
YNZ22, which is closely adjacent to the p53 gene. In the above
study, anaplastic carcinomas and thyroid carcinoma cell lines
were not examined because of a lack of constitutional DNA
from the affected individuals. Wewere prompted to consider
further a role for p53 in anaplastic carcinomas because of the
high prevalence of mutations of this gene in other forms of
aggressive cancer. In addition, mice expressing SV40 large and
small T antigen transgenes in thyroid cells have been reported
to develop undifferentiated carcinomas (24), further suggest-
ing a role for p53 in malignant thyroid cancer.

Weused SSCPanalysis to screen for base substitution mu-
tations (34). None of the benign follicular adenomas and dif-
ferentiated papillary carcinomas and only 1 / 11 follicular carci-
nomas had p53 abnormalities by SSCP. In contrast, we found
altered p53 strand migration patterns confined almost exclu-
sively to poorly differentiated thyroid carcinomas and thyroid
carcinoma cell lines. A singular feature was that all positive
anaplastic carcinomas and the anaplastic carcinoma cell line
AROhad codon 273 G:C to A:T transitions. As opposed to ras
oncogenes, which are also frequent targets of mutations in neo-
plasia, p53 mutations in human cancers occur at multiple sites

1 2 3 4 Figure 3. Northern blots of
RNAfrom clonal thyroid car-
cinoma cell lines hybridized

p53 ; _ * with p53 (upper panel), and
gammaactin cDNA probes
(lower panel). Lane 1; NPA
(papillary adenocarcinoma);
Lane 2; WRO(follicular carci-

^Yactin noma); Lane 3; ARO(ana-
plastic carcinoma); Lane 4;
FRO(anaplastic carcinoma).
p53 mRNAis 2.6 kb, -y-actin
is 2.1 kb. FROcells had mark-

edly decreased p53 mRNAabundance. All cell lines but FROhad
p53 point mutations (Table I).

in the evolutionarily conserved domains of the protein (37). A
remarkable exception to this pattern has been reported in hepa-
tocellular carcinomas, in which G:C to T:A codon 249 trans-
versions were highly predominant ( 19, 20). These tumors were
from patients from geographical regions where aflatoxin B1 is a
common food contaminant. This carcinogen causes frequent
G to T transversions in mutational assays, and could account
for the selectivity of p53 mutations in hepatocellular carci-
nomas. In non-small cell lung cancer, p53 G:C to T:A transver-
sions were also common, but these were distributed among
many different codons (37, 38). Of note is that environmental
carcinogens, such as benzo(a)pyrene present in tobacco
smoke, are associated with G to T transversions (39).

DNAmutations can arise through two major pathways.
Firstly, they may be caused by exogenous factors, in which the
environmental agent determines the nature of DNAdamage.
Alternatively, they may result from errors in mechanisms con-
trolling metabolism of nucleic acids. CpG dinucleotides are
frequent targets of this latter type of mutation (40). The transi-
tion observed in all positive anaplastic thyroid carcinoma sam-
ples involved a CpG mutation. Because the cytosine in the
CpGdinucleotide on codon 273 has been found to be methyl-
ated in vivo (41 ), the high mutation rate at this site in these
tumors could be due to deamination of the methylated cyto-
sine and replacement by a thymidine (41 ).

While this work was in progress, Wright et al. (42) reported
a codon 273 transitional mutation in a human follicular thy-
roid carcinoma cell line. Contrary to our findings, they did not
encounter p53 mutations within exons 5, 7, and 8, or increased
p53 immunostaining in any of four anaplastic carcinomas. The
significance of this discrepancy is unclear, but could indicate
true regional differences, confounding effects of contamination
with normal cells within the tissue sections, or mutations at
other sites in the gene (i.e., exon 6) which were not examined.

Mutations in different locations of p53 may lead to distinct
biological effects. The allele mutant for residue 175 is 3-10-
fold more efficient than the mutant for residue 273 in cooperat-
ing with ras to transform primary rat cells in culture ( 10, 43).
The p53 mutants at residues 135 and 175 also show evidence of
changes in p53 protein conformation, in that they are not recog-
nized by specific monoclonal antibodies, and they form com-
plexes with heat shock protein 70, whereas mutant 273 does
not ( 10, 44). There is controversy as to whether various mu-
tant p53 proteins may also differ in their ability to activate
transcription (45, 46). However, Kern et al. (46) recently re-
ported that several p53 mutants, including that for codon 273,
showed loss of transcriptional activity due to impairment of
p53 binding to specific DNArerognition sequences. The predi-
lection for codon 273 mutations of p53 in undifferentiated
thyroid carcinomas may therefore result in specific biological
consequences. For instance, this mutation conceivably may
confer growth advantage to cells harboring mutations of onco-
genes other than ras. This is potentially significant, in that 20-
50% of follicular neoplasms harbor ras mutations (3-6).

The identity of p53 as a tumor suppressor gene is supported
from the study of human tumors. Neoplasms showing loss of
one p53 allele and mutation of the other are common, and
could be considered to have a complete impairment in p53
function. However, a number of tumors are being identified in
which a mutant allele is coexpressed with wild-type p53, con-
sistent with a dominant negative effect of the defective protein
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Figure 4. Molecular events in thyroid neoplasia. Point mutations of
ras oncogenes are equally prevalent in benign and malignant thyroid
neoplasms. Mutational activation of tyrosine kinase oncogenes (ret,
trk) are unique to papillary adenocarcinomas. Loss of sequences on
chromosome 1 1q13 occur in follicular, but not papillary neoplasms.
p53 mutations are associated with the transition to anaplastic carci-
nomas.

( 10, 23, 47). The AROand NPAthyroid carcinoma cell lines
represent examples of the former and latter, respectively, and
suggest that both these p53 mutation profiles can provide
growth advantage to thyroid tumor cells.

Over the past few years, a pattern of sequential mutational
events which may underlie initiation and progression of thy-
roid neoplasia is becoming apparent (2-9). The model pro-
posed by Fearon and Vogelstein (48) for colon tumorigenesis
appears to be also applicable to thyroid neoplasms, although
the genes involved in the phenotypic progression differ (Fig.
4). The studies described in this paper indicate that mutational
inactivation of p53 is probably responsible for the progression
to the most malignant form of this disease.
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