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Abstract  To elucidate further the genetic mechanisms 
for follicular thyroid tumor development and progression, 
we allelotyped follicular thyroid tumors and other thyroid 
lesions from 92 patients. In general, a low frequency of 
loss of heterozygosity (LOH) was found, the highest being 
for chromosomes 3q, 10q, l lp ,  l lq ,  13q, and 22q (10%- 
15%). However, detailed study of LOH of these chromo- 
some arms with regard to the different histopathological 
diagnoses indicates that a locus on chromosome 10q may 
be involved in follicular thyroid tumor progression. In ad- 
dition, the majority of Htirthle cell adenomas showed 
LOH on either chromosome 3q or 18q, in contrast to the 
other tumor types. This discrepancy in genetic alterations 
may contribute to the divergent clinical features occurring 
in these tumors. 

Introduction 

Tumors of  the thyroid gland are common among the gen- 
eral population, but only a minority are malignant 
(Hedinger et al. 1988). Thyroid carcinomas vary strongly 
in aggressiveness, ranging from the indolent occult papil- 
lary carcinomas to the wildly growing anaplastic carcino- 
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mas, the latter being one of the most lethal neoplasms in 
mankind. It has been debated whether a multistage tu- 
morigenesis similar to that in colo-rectal and breast carci- 
nomas exists in the thyroid (Fagin 1992; Wynford-Thomas 
1993; Farid et al. 1994; Zedenius et al. 1992). It is also 
uncertain whether the anaplastic carcinoma emerges from 
a differentiated form, and whether a follicular thyroid ade- 
noma turns malignant if left untreated. 

The vast majority of thyroid tumors are follicular ade- 
nomas. Apart from the common (trabecular/solid, micro- 
follicular, normofollicular, macrofollicular) adenomas, 
there are two subgroups: atypical and Htirthle (oxyphil) 
cell adenomas (Hedinger et al. 1988). The atypical ade- 
noma shows high cellularity, less regular architectural and 
cytological patterns, with often the presence of mitotic ac- 
tivity, but no signs of capsular or vascular invasion. Fol- 
licular carcinomas are usually characterized as minimally 
or widely invasive (Hedinger et al. 1988). If  the tumor 
does not exhibit general signs of  metastasis or perithyroid 
growth, there is no accurate method of distinguishing pre- 
operatively between follicular adenomas and carcinomas. 
Hence, the follicular tumor must be surgically removed in 
order to verify its histopathological diagnosis. 

Apart from mutations in the r a s  oncogenes, considered 
as early events in follicular thyroid tumorigenesis (Lemoine 
et al. 1989; Suarez et al. 1990; Namba et al. 1990a), and 
involvement of the p53 gene in poorly or undifferentiated 
tumors (Ito et al. 1992; Fagin et al. 1993; Donghi et al. 
1993), little is known about the genetic mechanisms be- 
hind follicular thyroid tumor development. Loss of  het- 
erozygosity (LOH) at chromosome 1 lq13, the region con- 
taining the candidate multiple endocrine neoplasia type 1 
(MEN1) gene, has been described in a subset of  follicular 
adenomas (Matsuo et al. 1991). We report here the results 
from allelotyping a large number of follicular neoplasms 
to identify further regions of chromosomal loss that might 
contain loci for tumor suppressor genes involved in thy- 
roid tumor development and progression. 
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Table 1 Allelotypes of the follicular tumors and other thyroid lesions from the 92 studied patients 

Chromosomal Locus Marker ~L Method b No. of cases No. of informative ~ No. of LOH/ 
location investigated cases/no, of scored informative 

cases (%) cases (%) 

lp36 D1S243 AFM214yg7 CA 92 75/92 (82) 2/75 (3) 
lp36.12-36.2 DlS96 pl-45 Taql 90 38/77 (49) 2/38 (5) 
1q3244 D1S81 pTHH33 Rsal 72 51/68 (75) 4/51 (8) 

2p15-23 D2S6 pXGI8 Taql 90 27/77 (35) 2/27 (7) 
2ql4-22 D2S44 pYNH24 Taql 67 60/66 (91) 4/60 (7) 

3p21 D3F15S2 RIK Taql 62 31/62 (50) 1/31 (3) 
3q13-22 D3S1267 116xh2 CA 92 74/91 (81) 7/74 (9) 

4p16 D4S227 C5E Taql 85 36/72 (50) 2/36 (6) 
4q28 FGA pAF1 Taql 90 26/74 (35) 2/26 (8) 
5p15.3 D5S48 CRI-L123 Rsal 72 29/51 (57) -/29 (0) 
5q21 D5S346 LNS-CA CA 91 71/83 (86) -/71 (0) 

6p21.3-22 D6S10 pCH6 Taql 86 46/76 (61) 1/46 (2) 
6q27 D6S21 CRI-1065 Rsal 72 50/72 (69) 1/50 (2) 

7p13 IGFBP1 chBPl-l :2 Taql 87 38/81 (47) -/38 (0) 
7q31 MET pmetH Taql 73 33/72 (46) 2/33 (6) 

8p22-23 D8S17 pYNM3 Rsal 66 16/66 (24) 1/16 (6) 
8q13-22 CA2 H25-3.8 Taql 80 17/49 (35) -/17 (0) 
8q24 TG phTg3 Taql 69 7/46 (15) 1/7 (14) 

9p21-24 D9Sl57 AFMO67xd3 CA 89 51/89 (57) 4/51 (8) 
9q34 D9S7 pEFD126.3 Rsal 72 41/72 (57) 2/41 (5) 

10pter-13 D10S28 cTBQ7 Rsal 72 50/55 (91) 3/50 (6) 
10q26 D 10S25 EFD75 Taql 89 46/82 (56) 6/46 ( 13 ) 
11p15.5 HRAS pTBB-2 Taql 88 47/71 (66) 4/47 (9) 
llq13 DllS97 pMS51 Taql 89 68/89 (76) 6/68 (9) 
llq13 INT2 SS6 Taql 36 13/28 (46) 2/13 (15) 
llq23.3 DI IS29 L7 Taql 36 8/35 (23) 1/8 (12) 

12p13 F8VWF EMBL M25716 CA 92 62/91 (68) 1/62 (2) 
12q23 IGFI MFD1 CA 91 57/91 (63) -/57 (0) 

13q14 RB1 p68RS2.0 Rsal 44 18/44 (41) 2/18 (1 l) 
13q14 RBI RBI.20 CA 91 71/91 (78) 9/71 (13) 

14q32 D14S13 pMLJI4 Rsal 56 40/51 (78) 2/40 (5) 

15q11-12 GABRB3 EMBLX63670 CA 91 65/91 (71) 3/65 (5) 

16p13.3 HBAI pSstalpha2 Rsal 69 39/69 (57) 3/39 (8) 
16q24 APRT Huapl5 Taql 79 29/74 (39) 1/29 (3) 

17p13.3 D17S5 pYNZ22.1 Rsal 55 38/53 (72) --/38 (0) 
17q22 D17S74 pCMM86 Rsal 38 36/38 (95) 1/36 (3) 

18p11.3 D18S71 AFM254yd5 CA 92 72/92 (78) 2/72 (3) 
18q21.3 DCC DCC CA 92 71/92 (77) 5/71 (7) 
19p13.3 Dl9S21 pMCOB5 Rsal 66 34/59 (58) 2/34 (6) 
19p13.3 D19S177 Mfdl20 CA 91 74/90 (82) 5/74 (7) 
19q13.3 D19S51 CA 92 80/90 (89) 2/80 (2) 
19q13.4 D19S214 AFM163xf8 CA 92 66/92 (72) 2/66 (3) 

20p11.2-12 D20S66 Mid 136 CA 91 69/83 (83) 1/69 (1) 
20q13.1 D20S120 AFM276xhl CA 91 71/91 (78) 4/71 (6) 

21q22.2 D21S167 NA-F CA 92 56/89 (63) 1/56 (2) 
22ql 1.1-11.2 D22S9 p22/34 Taql 81 31/74 (42) 5/31 (16) 
22ql 1.1-11.2 D22S10 22CI-8 Taql 81 16/74 (22) 1/16 (6) 
22q 11.2-qter MB pHM27.B2.9 Taql 68 27/66 (41 ) 4/27 (15) 
22q13-qter D22S94 KI-1105 Taql 68 27/67 (40) 1/27 (4) 

Y/Xq21.31 DXYS1X pDP34 Taql 84 36/64 (56) 1/36 (3) 

a Marker names are taken from their original descriptions tive restriction enzyme. CA PCR-based microsatellite technique used 
b Markers used for Southern blot technique appear with their respec- c Constitutionally heterozygous 



Materials and methods 

Tissue specimens 

The study included tissue samples from different thyroid lesions in 
93 patients: 59 common follicular adenomas, five atypical adeno- 
mas, 14 Hfirthle cell adenomas, three atypical Htirthle cell adeno- 
mas, three follicular carcinomas, four nodular goitres, and five 
glands from patients with Graves' disease. Immediately after sur- 
gical removal, the thyroid tissue was frozen in liquid nitrogen and 
stored at -70 ~ C. The tumors were histopathologically classified as 
suggested by the WHO committee (Hedinger et al. 1988), using 
routinely processed tissue preparations. 

DNA was extracted from the fresh frozen tissue by phenol- 
chloroform extraction and ethanol precipitation as previously 
described (Larsson et al. 1990). To determine the representative- 
ness of the tumor material, pieces were cut from all specimens for 
histopathological examination. Only tissue samples containing 
more than 60% tumor cells were included in the study. One ade- 
noma did not fulfill these criteria. DNA extracted from blood sam- 
ples obtained from the 92 remaining patients served as constitu- 
tional control DNA for the allelotyping. 

Two different techniques were used for allelotyping: Southern 
blot hybridization using restriction fragment length polymor- 
phism/variable number of tandem repeat markers, and the poly- 
merase chain reaction (PCR)-based detection of microsatellite re- 
peats. The 50 markers and their chromosomal locations are listed 
in Table 1. 

Southern blot hybridizations 

The extracted high-molecular-weight DNA was digested, sepa- 
rated on agarose gels, and transferred to Zeta-Probe nylon filters 
(Bio-Rad Lab) as described (Bergerheim et al. 1989). Restriction 
enzymes were Taql and Rsal. Hybridization and autoradiography 
conditions were as described (Bergerheim et al. 1989). LOH was 
detected by the naked eye as either a total absence, or > 50% re- 
duced signal intensity, of one of the constitutional alleles in the 
thyroid tumor tissue DNA. 

Dinucleotide repeat polymorphisms (CA-repeats) 

Standard PCR reactions were carried out in a final volume of 10 
gl, containing 40 ng high-molecular-weight DNA, 50 mM KC1, 10 
mM TRIS-HC1 (pH 8.3), 1.5 mM MgC12, 125 gM each dNTP, 2 
pmol each oligodeoxynucleotide primer (one of which was end-la- 
beled with either [32p] or [35S]), and 0.2 U DNA polymerase (Dy- 
nazyme, Finnzyme Oy). The standard thermal cycling conditions 
were: incubation at 94~ for 4 min, 25 step cycles at 94~ for 30 
s, at 55~ for 30 s, and at 72~ for 30 s, with a final extension for 
4 min at 72 ~ C. Alternatively, step cycles were at 94~ for 1 min, 
60~ for I min, and at 72~ for 1 min, with a final extension for 
7 min at 72 ~ C. Aliquots of the PCR product were denatured with 
formamide, heated to 80 ~ C and electrophoresed on standard dena- 
turing 6% polyacrylamide DNA sequencing gels. Gels were then 
fixed, dried, and subjected to autoradiography for 12-24 h. LOH 
was detected as described above. 

Results 

In the present study, various thyroid lesions from 92 pa- 
tients were analyzed for LOH on all chromosome arms. 
The majori ty of the lesions represented follicular tumors 
of various types. A comprehensive  list of all markers used 
for this al lelotyping is shown in Table 1, which further 
shows the percentage of informative cases for each probe, 

29 

Table 2 LOH in follicular thyroid neoplasms with regard to the 
histopathological diagnoses. Fo ad common follicular adenoma, At 
ad atypical adenoma, H// Htirthle cell adenoma, At Hii atypical 
Htirthle cell adenoma, Fo ca follicular carcinoma 

Chromo- Foad At ad Hfi At Hti Fo ca Total (%) 
some arm 

lp 1/52 a 1/5 -/11 -/3 2/3 4/74 (5) 
lq 3/32 1/4 -/6 -/2 -/3 4/47 (9) 
2p 2/16 -/2 -/2 -/1 -/2 2/23 (9) 
2q 3/42 -/1 1/6 -/1 -/3 4/53 (8) 
3p 1/21 - / -  -/2 -/2 -/3 1/28 (4) 
3q 2/48 1/5 4/12 -/2 -/3 7/70 (10) 
4p 2/22 -/2 -/5 -/2 - / -  2/31 (6) 
4q 1/19 -/1 1/2 -/1 -/1 2/24 (8) 
5p -/18 -/2 -/2 -/1 -/2 -/25 (0) 
5q -/44 -/5 -/11 -/2 -/2 -/64 (0) 
6p 1/30 -/1 -/6 -/1 -/2 1/40 (2) 
6q 1/30 -/2 -/7 -/1 -/3 1/43 (2) 
7p -/27 -/1 -/4 -/1 -/2 -/35 (0) 
7q 1/20 1/2 -/5 -/1 -/2 2/30 (7) 
8p -/9 1/1 -/1 -/2 -/2 1/15 (7) 
8q 1/19 -/1 -/1 - / -  -/2 1/23 (4) 
9p 3/31 1/3 -/7 -/2 -/2 4/45 (9) 
9q 2/22 -/4 -/5 -/2 -/1 2/34 (6) 

10p -/30 3/3 -/7 -/3 -/3 3/46 (7) 
10q -/28 2/3 1/4 1/3 2/2 6/40 ( 15 ) 
1 lp 2/33 1/3 -/4 - / -  1/2 4/42 (10) 
1 lq 3/47 2/3 -/9 1/2 -/3 6/64 (9) 
12p -/38 -/4 -/7 1/3 -/1 1/53 (2) 
12q -/39 -/2 -/5 -/2 -/2 -/50 (0) 
13q 4/48 2/4 1/10 1/3 1/3 9/68 (13) 
14q 2/26 -/1 -/6 -/2 -/1 2/36 (6) 
15q 2/43 -/2 -/11 -/3 1/1 3/60 (5) 
16p 2/27 .-/2 1/5 - / -  -/1 3/35 (9) 
16q 1/18 -/1 -/4 -/3 -/2 1/28 (4) 
17p -/22 -/2 -/2 -/3 -/3 -/32 (0) 
17q -/19 -/1 -/6 -/3 1/2 1/31 (3) 
18p 1/46 1/4 -/11 -/3 -/3 2/67 (3) 
18q -/42 1/5 4/12 -/2 -/3 5/64 (8) 
19p 4/51 1/5 1/10 -/3 -/3 6/72 (8) 
19q 1/53 1/5 -/13 -/3 -/3 2/77 (3) 
20p 1/42 -/4 -/9 -/3 -/3 1/61 (2) 
20q 1/44 2/5 1/10 -/3 -/2 4/64 (6) 
21q 1/34 -/1 -/10 -/3 -/2 1/50 (2) 
22q 5/40 1/4 -/5 1/3 -/3 7/55 (13) 
X/Y -/24 1/1 -/4 -/1 -/2 1/32 (3) 

Total 22/58 4/5 9/14 2/3 3/3 39/83 
LOH (38) (80) (64) (66) (100) (47) 

(%)b 

a The figures refer to the number of tumors in each diagnostic 
group showing LOH, compared with the number of informative 
cases. If more than one marker has been used on one chromosome 
arm, the accumulated data are given 
b The percentage in each histopathological group of tumors show- 
ing LOH at any locus 

and the proportion of cases showing LOH. The LOH fre- 
quency per marker varied from zero to approximately 
15%. No LOH was seen in nodular  goitres or in thyroid 
tissue from patients with Graves '  disease. 
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Fig.1 Autoradiograms from 
Southern blot (D10S25 and 
D11S97), and microsatellite re- 
peat (RB1, D3S1267, and 
DCC) analyses. Paired DNAs 
from follicular thyroid tumors 
(T) and corresponding constitu- 
tional tissue (C) were analyzed 
with the markers listed in 
Table 1. The arrows  indicate 
loss of one of the constitutional 
alleles (LOH), whereas ab- 
sence of the arrow corresponds 
to retained heterozygosity. Fo 
ad  common follicular ade- 
noma, At  ad atypical adenoma, 
Hii ad  HOrthle cell adenoma, 
At  Hii atypical Hfirthle cell 
adenoma, Fo ca follicular car- 
cinoma 

Table 2 shows the LOH frequency in the tumors with 
respect to the different histopathological diagnoses. Accu-  
mulated LOH frequency for each tumor type was highest 
for chromosomes  3q (10%), 10q (15%), l l q  (9%), 13q 
(13%), and 22q (13%). 

Detailed study of  L O H  with regard to the various 
histopathological  types of  follicular neoplasms revealed 
that five o f  eight informative tumors with atypical and 
malignant  features showed L O H  of  ch romosome  10q 
(Table 2, Fig. 1). L O H  of  10q was not seen in the com-  
mon  adenomas,  but in one of  l%ur Htirthle adenomas.  
L O H  of  ch romosomes  3q and 18q was mainly restricted 
to Htirthle cell adenomas  (Table 2, Fig. 1). Indeed, seven 
of  ten Ht i r th le  cel l  a d e n o m a s  i n f o r m a t i v e  fo r  b o t h  
m a r k e r s  showed L O H  at either 3q or 18q, one showing 
L O H  on both ch romosome  arms; the other tumor  types 
showed only single cases with L OH  at these loci. 

LOH of the M E N I  locus on chromosome l lq13 was 
found in about 10% of  the tumors investigated. Of  all tu- 
mors, 13% showed L O H  at the Rb gene locus on chromo- 
some 13q, and LOH was seen in all types of  tumors (Table 
2, Fig. 1). 

The total number  of  tumors with LOH at any locus var- 
ied between the tumor types (Table 2, bottom line). No 
LOH was seen in the non-neoplastic lesions examined, 
i.e., the nodular goitres and glands from patients with 
Graves '  disease. Of  the common  adenomas, 38% showed 
LOH, in comparison with the other tumor types, in which 
the vast majority showed LOH. For example, four of  five 
atypical and all three carcinomas exhibited LOH for at 
least one locus. 

Discussion 

The underlying mechanisms of  follicular thyroid tumori- 
genesis and tumor progression are yet not well known. 
However,  some events are clearly discernible. Follicular 
neoplasms are usually clonal, arising from a single pre- 
cursor cell (Namba et al. 1990b; Hicks et al. 1990). Mu- 
tations of  the r a s  oncogenes have been reported, and are 
regarded as early events in tumor progression as they are 
found both in adenomas and in carcinomas (Lemoine et 
al. 1989; Suarez et al. 1990; Namba et al. 1990a). Thy- 
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rotropin is a stimulatory growth factor for the follicular 
thyroid cell. Mutations in the thyrotropin receptor cause 
hyperfunctioning adenomas (Parma et al. 1993). This is 
also true for mutations in the m-chain of the G S protein in- 
volved in the cAMP-dependent signal transduction path- 
way (O'Sullivan et al. 1991; Suarez et al. 1991). Muta- 
tions in this gene (the gsp oncogene) have also been re- 
ported in other follicular thyroid tumors (Goretzki et al. 
1992). 

The only tumor suppressor gene established as being 
involved in thyroid tumorigenesis is the p53 gene, which 
mutates mainly in poorly or undifferentiated thyroid tu- 
mors (Ito et al. 1992; Fagin et al. 1993; Donghi et al. 
1993). Few studies of LOH in follicular thyroid tumors 
have been reported. Matsuo et al. (1991) have found LOH 
of chromosome l lq13, the region for the MEN1 disease 
gene, in four of 27 follicular adenomas. The overall fre- 
quency of LOH is however low, as is the case in a study 
by Kubo et al. (1991). Herrmann et al. (1991) have shown 
LOH on chromosome 3p in all six follicular carcinomas 
investigated. A similar finding has also been reported in 
cytogenetic studies (Jenkins et al. 1990; Roque et al. 
1993). Further cytogenetic findings include, e.g., trisomy 
of chromosomes 7 (the most frequent trisomy) (Beige et 
al. 1994), 12 and 22 (Taruscio et al. 1994; Antonini et al. 
1993), and translocations of the long arm of chromosome 
19 (Roque et al. 1992; Beige et al. 1992). 

The overall LOH frequency in this report is low com- 
pared with that found in several other neoplasms, a find- 
ing that agrees with previous reports (Matsuo et al. 1991; 
Kubo et al. 1991). A frequency of 15% and below does 
not significantly exceed that expected as "background 
noise" when studying LOH in a large group of tumors. 
However, detailed study of LOH of some loci with regard 
to the various histopathological types of follicular neo- 
plasms reveals some results of interest. The finding of LOH 
on chromosome 10q in five of eight informative tumors 
with atypical and malignant features indicates that a locus 
in this region may be involved in follicular thyroid tumor 
progression (Fig. 1). A previous report of a girl who was 
treated for an invasive follicular carcinoma by the early 
age of ten may support this hypothesis. She was found to 
have a constitutional ring 10 chromosome with the break- 
point at 10q26 (Sparkes et al. 1978; Tommerup and Lothe 
1992). Cytogenetic studies of follicular thyroid adenomas 
have shown the loss of chromosome 10q genomic mater- 
ial. However, these reports did not distinguish between 
common and atypical variants of the adenomas investi- 
gated (Bartnitzke et al. 1989; Antonini et al. 1991). 

The retinoblastoma gene plays a role in the develop- 
ment of several different tumor types. Interestingly, dele- 
tion of part of chromosome 13q has been seen cytogenet- 
ically in a follicular adenoma (Beige et al. 1991). In con- 
trast, Farid et al. (1994) report alterations of the 
retinoblastoma gene in 55% of thyroid carcinomas, but 
none in benign tumors. In parathyroid tumors, LOH at the 
Rb gene locus is also restricted to the malignant variant 
(Cryns et al. 1994). In our study, 13% of the tumors show 
LOH at this locus, and all tumor types are involved. 

No loss of chromosome 3p was seen in the studied car- 
cinomas, in contrast to earlier reports (Herrmann et al. 
1991; Jenkins et al. 1990; Roque et al. 1993). However, 
the number of carcinomas in this study is too small to al- 
low any conclusion. 

When comparing the different tumor types with regard 
to the proportion of tumors with LOH at any locus, the 
difference is striking (Table 2, bottom line). Although 
atypical adenomas and Htirthle cell adenomas behave 
mainly as benign tumors, the finding that these tumors 
show genetic instability in comparison with common ade- 
nomas suggests a progression of these tumors. In the light 
of our report, we propose that LOH at chromosome 10q in 
atypical follicular thyroid tumors, and LOH at 3q and 18q 
in Hiirthle adenomas should be added to the previously 
proposed schemes of follicular thyroid tumor progression 
(Fagin 1992; Wynford-Thomas 1993; Farid et al. 1994). 
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