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Abstract

The majority of familial medullary thyroid neoplasms are associated
with germ-line mutations of the RET proto-oncogene, yet very little is
known about the mechanisms involved in the pathogenesis of familial and
sporadic nonmedullary thyroid tumors. A subset of thyroid tumors have
loss of heterozygosity of chromosome 10q22â€”23,a region harboring the
gene responsible for Cowden disease, an autosomal dominant hamartoma
syndrome associated with thyroid and breast tumors. PTEN/MMACJ/
TEPJ codes for a dual-specificity phosphatase and is likely a tumor
suppressor gene. We sought to determine the PTEN status in a series of
epithelial thyroid neoplasms. We studied 95 sporadic thyroid tumors, of
which 39 were papillary thyroid carcinomas (PTCs), 12 were follicular
carcinomas, 9 were anaplastic carcinomas, 5 were HÃ¼rthle cell carcino

mas, 21 were nonfunctioning follicular adenomas, and 9 were HÃ¼rthlecell
adenomas. Direct sequencing of PCR-amplified products was performed
for all nine exons of PTEN. Two polymorphic markers, one located in
intron 8 and another, a dinucleotide repeat marker, AFMaOS6wg9, lo

cated within intron 2, were analyzed in paired blood-tumor DNA samples
to assess hemizygous deletions of PTEN. We found a somatic frameshift
mutation in one PTC, which was expected to generate a premature stop
codon 2 amino acids downstream. Twenty-six % of informative benign
tumors (four follicular adenomas and three HÃ¼rthlecell adenomas) and
only 3 of49 (6.1 %) informative malignant tumors (one PTC, one follicular
carcinoma, and one anaplastic carcinoma) showed evidence of hemizygous
deletion ofPTEN(P 0.046). We conclude that a subset ofthyroid tumors
have somatic deletionsof the PTEN gene, predominantlythe benign
forms, and that small intragenic mutations of PTEN are infrequent in
thyroid tumors. We speculate that other mechanisms of PTEN inactiva
tion, rather than small intragenic mutations, might occur in the hemizy
gously deleted samples and act as the â€œKnudsonsecond hit.â€•Alterna
tively, other tumor suppressor genes mapping to chromosome 10q22â€”23
could be the actual targets for such deletionsand thus representthe
various hits in the pathway of multistep carcinogenesis.

Introduction

The molecular pathogenesis of thyroid tumors is largely unknown.
All thyroid tumors are broadly divided into medullary and nonmed
ullary varieties. Familial forms of thyroid tumors of the medullary
type, multiple endocrine neoplasia type 2, have been associated with

germ-line mutations in the RET proto-oncogene, encoding a receptor
tyrosine kinase (1). In addition, some sporadic medullary thyroid

carcinomas have been shown to carry somatic RET mutations (2).
However, the molecular basis of the more prevalent nonmedullary
thyroid tumors is still a matter for active investigation. It has been
reported that 20â€”30%of PTCs3 carry somatic translocations of the
tyrosine kinase domain of RET to H4 (RET/PTCJ; Ref. 3), the RI a
regulatory subunit of the cAMP-dependent protein kinase A (RET!
PTC2; Ref. 4), or ELEJ (RET/PTC3; Ref. 5). The resulting fusion
products have been shown to possess mitogenic potential (6, 7). To
date, no follicular thyroid tumors have been found to have such
rearrangements of RET.

Familial epithelial thyroid tumors occur either as a site-specific

form or as a syndromic form, e.g., in CS (MIM 158350). CS, also
known as multiple hamartoma syndrome, is an autosomal dominant
inherited cancer syndrome characterized by hamartomas of the skin,
intestine, breast, and thyroid and a high risk of breast and thyroid

cancers (8). Together, benign and malignant thyroid lesions occur in
up to 67% of affected individuals. Approximately 10% of affected

individuals develop epithelial thyroid cancers, the great majority of
which are FFCs, although PTCs have also been observed. Benign
thyroid abnormalities in CS include follicular adenoma, multinodular
goiter, thyroiditis, and hyper- and hypothyroidism (9).

We have mapped the CS susceptibility gene to chromosome sub
band 10q22â€”23(10). Recently, mapping of homozygous deletions in
sporadic breast, prostate, and brain cancers led to the isolation of a
novel gene localized to l0q23.3, PTEN/MMACJITEPI (11â€”13).
PTEN encodes a 403-amino acid dual-specificity phosphatase con
taming a region of homology to tensin and auxillin, cytoskeletal
proteins that interact with adhesion molecules (1 1â€”14).We have
previously found germ-line mutations of PTEN, predicted to be trun
cating or inactivating, in four of five families with CS (15) and in two
families with another hamartoma syndrome, Bannayan-Zonana syn
drome (MIM 153480; Ref. 16). This finding, together with loss of the
wild-type allele in hamartomatous tissue of some patients with CS
(17), implicates PTEN as a tumor suppressor gene.

Due to the high frequency of benign and malignant thyroid lesions
in CS, we sought to determine whether PTEN plays a role in the
pathogenesis of sporadic epithelial thyroid tumors.

Materials and Methods
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TumorSamples.Westudied95sporadicthyroidtumors,of which39were
PTCs, 12 were FTCs, 9 were anaplastic carcinomas, 5 were Hurthle cell
carcinomas, 21 were follicular adenomas (4 of which were atypical), and 9

were Htirthle cell adenomas (1 of which was atypical; Table I). The his

3 The abbreviations used are: FTC, papillary thyroid carcinoma; CS, Cowden syn

drome; FTC, follicular thyroid carcinoma; LOH, loss of heterozygosity; P/S. intravening
sequence or intron.
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HistologynPTENalterationsBenign

tumorsFollicular
adenomasTypical172Atypical42Hurthle

celladenomasTypical83Atypical10Malignant

tumorsFollicular
carcinomas121Htirthle

cellcarcinomas50Papillary
carcinomas392â€•Anaplastic

carcinomas
Total9 951 11b

DELETIONS AND MUTATIONS IN PTEN IN ThYROID TUMORS

Table 1 Distribution of thyroid tumors analyzed according to histology and
abnormalitiesfound in PTEN

Biotechnologies, Inc., Woodlands, TX), and PCR products were run on 6%
polyacrylamide gels and analyzed as described previously (20). Loss of one
PTEN allele was established when a germ-line:tumor DNA peak ratio greater
than I .5: 1 was observed.

Results

PTEN Mutation Analysis

PCR-based direct sequence analysis revealed a somatic frameshift

mutation at nucleotide 1686 of the PTEN coding sequence in one
sporadic PTC. The insertion of a single nucleotide, c. 1687 insT (Fig.
1), at this position is predicted to generate a stop codon two amino
acids downstream, resulting in a truncated product comprising 295

amino acids instead of the original 403 residues. The corresponding
constitutive DNA did not carry this mutation.

No other sequence abnormalities were detected in the other tumor
samples, except for two intronic variants also observed in normal
controls: a polymorphism within intron 8 (IVS8 +32T/G; see below)
and a sequence variant in intron 4, seen in one PTC and one anaplastic
carcinoma and in their corresponding germ-line DNA, as well as in a
few normal control samples.

PTEN Hemizygote Analysis

IVS8 +32T/G Polymorphism. Approximately50%(43/84) of the
samples were informative for this T/G sequence polymorphism. Four

of 17 (23.5%) informative cases of benign thyroid adenomas showed
evidence of heterozygous PTEN deletion. Specifically, 3 of 12 follic
ular adenomas and 1 of 5 HÃ¼rthlecell adenomas that were informative
showed evidence of deletion of one of the PTEN alleles (Table 1).
Interestingly, one of the two atypical follicular adenomas that were
informative for this marker had PTEN deletion. The PTC sample
harboring a frameshift mutation of PTEN did not show deletion of the
gene, although it was informative for this marker. Of note, none of the
FTCs or anaplastic carcinomas had PTEN deletion, as detected by this
marker.

AFMAO86wg9 Hemizygote Analysis. Eighty % (64 of 80) of the
samples analyzed were informative for this marker located within
intron 2 of PTEN. Nine tumors had evidence of allele loss at this
marker. Of 24 informative adenomas, 6 (25%) showed PTEN allelic
deletion. Among these six, two were typical follicular adenomas, two
were atypical follicular adenomas, and two were typical HOrthle cell
adenomas (Fig. 2). Only a single FTC (1 of 24, or 4%) had LOH at
this marker, and this was not the sample carrying a heterozygous

a One of the samples is mutated.

b io hemizygous deletions and 1 (PTC) mutation.

topathological classification was performed according to the WHO committee
criteria (18).

DNA Preparation. Tumortissue was obtainedat the time of surgeryand
snap frozen. DNA was extracted by standard methods (19). All tumor samples
contained at least 60% tumor cells, as confirmed by histopathological exam
ination. Germ-line DNA was available either from constitutive blood or normal
adjacent thyroid tissue from 84 of the 95 samples.

PTEN Mutation Analysis. Intronic primers flanking each of the nine
exons of PTEN were used to amplify tumor DNA. PCR conditions and primer
sequences have been described previously (13, 15), except for the following
primers: exon 2, P1OX2AF1O2 (5'-G'fl@ TGA 11@GCTG CAT AlT TCA
G-3') and P1OX2AR88 (5'-TCT AAA TGA AAA CAC AAC ATG-3'); and
exon 4, P1OX2CF51 (5'-CAT TAT AAA GAT TCA GGC AAT G-3') and
P1OX2CR1O8(5'-GAC AGT AAG ATA CAG TCT ATC-3'). PCR conditions
were similar to those used for the remaining primers (13, 15). PCR products
were gel and column purified using the Wizard PCR-Prep kit (Promega,
Madison, WI) and directly sequenced, and in the case of one sample (see

â€œResultsâ€•),sequencing was also performed after the product was cloned into
the pCR2.l vector, using the TA cloning kit (Invitrogen, Carlsbad, CA).

Sequence analysis was carried out using the Applied Biosystems Prism Dye
Terminator Cycle Sequencing Ready Reaction Kit (Perkin-Elmer Corp.,
Norwalk, CT). The products of cycle sequencing were electrophoresed on a
6% Long Ranger gel (FMC Bioproducts, Rockville, MD) and analyzed on an
Applied Biosystems Model 373A automated DNA sequencer (Perkin-Elmer).

Intragemc PTEN Hemizygote Analysis. Specific deletion of a PTEN
allele was assessed by analyzing the status of a dinucleotide repeat marker
located within PTEN intron 2 (AFMaO86wg9)and a Gil' sequence polymor
phism within intron 8 (IVS8 +32), differentially recognized by the restriction
enzyme HincII, in paired constitutive-tumor DNA samples. PTEN intronic
primers designed to amplify exon 8 encompass this polymorphism. The reverse
primer of AFMaO86wg9 was 5'-tagged with a fluorescent dye, HEX (Genosys

Fig. 1. Sequence of the two PTEN alleles of a PTC sample with a single base insertion at nucleotide 1687. This mutation is expected to generate a premature stop codon in the
resulting protein. Left, normal allele; right, abnormal allele with the insertion of a T. Arrowhead, nucleotide 1687.
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TumorsSamplesAbnormal PTEN, n(%)Totalâ€•(%)Informativeâ€•(%)Benign30

(31.5)27/30 (90)7(23.3)'Malignant65
(68.5)49/54(91)4(6.1)'Total95
(100)76/84 (90.5)1 1(11.5)
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A B

Fig. 2. One of the Fl'C samples with PTEN allele deletion as
manifested by loss of one of the two alleles of the AFMaO86wg9
marker by GeneScan analysis. Constitutive (A)and tumor (B) DNA are
shown.

A AI'

PTEN mutation described above. One widely invasive FTC (8.3%)
and an anaplastic carcinoma ( 11%) were also found to have PTEN
allelic deletion.

Taken together, the data obtained with the two polymorphic mark

ers revealed PTEN deletion in 10 tumors, 7 benign adenomas (26% of

informative tumors; 23.3% of all benign tumors), and 3 malignant
tumors (8% of informative carcinomas; 4.6% of all carcinomas), 1
PTC, 1 FTC, and 1 anaplastic carcinoma (Tables 1 and 2). The results
were highly concordant between the two markers. Three samples
showed evidence for deletion of PTEN with both markers. Four others
were not informative for the Hincil polymorphism, and in one case,
the sample was homozygous for the AFMAO86wg9 marker. Only two
samples appeared to be discordant between these two markers: the

deletion was only detected with AFMAO86wg9. These samples
showed the lowest germ-line:tumor DNA ratio of all of the samples
with LOH (data not shown), suggesting a higher content of normal

cells in the tumor preparation.

Discussion

Twenty-six % of informative thyroid adenomas, two of which had
atypical features, and 6% of informative carcinomas, one FTC, one
FTC, and one anaplasticcarcinoma,showed deletion of one allele of
the PTEN gene. Because 8.3% of tumors were noninformative for
both markers, this number may be an underestimate of the percentage
of PTEN-deleted tumors. Using markers that flank the CS critical
interval but that were not within PTEN, we had previously shown that

LOH at the l0q22â€”23region is a feature of benign follicular tumors
and hypothesized that the CS locus might be involved in the deletion
unit (20). The present study demonstrates that PTEN, the CS suscep

Table 2 Distribution of benign and malignant tumors according to PTEN
abnormalities (deletions and mutations)

tibility gene, is altered in thyroid neoplasms, predominantly in benign
forms.

The relative frequency of somatic PTEN alteration in benign versus
malignant thyroid tumors is statistically significant (P â€”0.046 by the
Fisher's exact test; Table 2). Among the malignant tumors, two VFCs
showed PTEN abnormalities, one frameshift mutation in one sample
and a hemizygous deletion in another, whereas only one FTC and one
anaplastic carcinoma had evidence of PTEN deletion. The low fre
quency of PTEN abnormalities among malignant thyroid tumors is a
surprising finding in view of the report of mutations of PTEN in
several advanced primary cancers and cell lines derived from highly
aggressive, advanced cancers (1 1, 13), which has led to the assump
tion that this was one of the most striking features of PTEN and has
even led it to be named MMACJ, for mutated in multiple advanced
cancers, by an independent group (13). Were this a general phenom
enon in human malignancies, it would be expected that the more
aggressive subtypes of thyroid tumors would be a more frequent target
for PTEN abnormalities, and our data does not support this. On the
other hand, the in vivo model of a constitutive PTEN defect, CS (15),
is associated more often with benign rather than malignant thyroid
abnormalities, and indeed, the protean lesions in CS are, in general,
benign, with only subsets of patients developing malignancies (8).

According to Knudson's â€œtwo-hitâ€•theory, evidence for deletion of
one allele at the somatic level in a tumor suppressor gene implies that
the other allele has also been inactivated (21). We have not found
evidence for homozygous deletions of PTEN or hemizygous deletion
together with somatic point mutation in any of the tumors examined.
Additionally, mutation of the entire coding region and splice junctions
of the gene, which could have represented the second hit, was ob
served only in a single tumor sample, which did not show LOH at

either of the two markers. We speculate that abnormalities of the
regulatory regions of the gene, such as the promoter region, not
targeted by our study, transcriptional silencing of the remaining allele
(e.g., viamethylation),or evenhaploinsufficiencymightoccurin
cases where hemizygous deletion of the gene is seen in the absence of
coding or splice site mutations of the remaining allele. An assessment
of PTEN expression at the RNA level would characterize the down
stream pathway of methylation or other mechanisms of transcriptional
silencing or down-regulation other than methylation. A preliminary
semiquantitative assessment of PTEN transcription in cDNAs of nine
Fits and four PTCs demonstrated that the examined tumors express
the PTEN transcript at levels equivalent to or slightly lower than those

a Total no. of samples in this study, including those for which only sequence analysis

was obtained.
5 Samples informative for at least one of the two polymorphic markers/total no. of

samples analyzed for LOH (percentage informative tumors).
â€P̃ = 0.03byFisher'sexacttest;whenonlyinformativesamplesforLOHanalysisare

considered, P = 0.046.
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of adjacent normal control tissue.4 This finding is compatible with
what would be expected in a tumor suppressor model. However,
although a trend toward lower PTEN transcription is observed in these
limited malignant thyroid samples, some tumors showed levels over
lapping with those of normal thyroid tissue. Analysis of a larger
number of samples, including benign tumors, may help clarify
whether qualitative or quantitative changes in PTEN transcription
rates also play a role in thyroid tumor pathogenesis.

The possibility that PTEN is included in the deletion unit but is not
the only target of the deleted region has to be considered as well. In
fact, analysis of other l0q22â€”23markers in some of the tumors
studied here has shown that most of the samples with PTEN hemizy
gous deletion have LOH in adjacent markers (20). We cannot, there
fore, exclude the relative contribution of other tumor suppressor
gene(s) in that area which may also be involved in thyroid tumor
pathogenesis.

We conclude that a subset of thyroid tumors have deletions of the
PTEN gene, with a predominance of benign tumors being affected,
compared with a minority of malignant forms. This fact could suggest
that malignant and benign thyroid tumors might proceed along two
parallel pathways and not through an adenoma-carcinoma sequence.

The paucity of somatic point mutations in this series of tumors is also
worthy of note: germ-line point mutations have been found in many

patients with CS, a condition associated with both benign and malig

nant thyroid disorders. This may lead to speculations on the actual role
of PTEN product in promoting abnormal thyroid growth. Although
one PTEN allele is deleted in a subset of samples, no second hit
mutations have been found in the coding region and splice junctions

of the remaining allele. We speculate that other mechanisms of PTEN
inactivation might occur and/or that other tumor suppressor genes
present in this or other regions may be involved in epithelial thyroid
neoplasia.
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