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Deletion of 11923 and Cyclin D1 Overexpression
Are Frequent Aberrations in Parathyroid Adenomas
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Hyperparathyroidism may result from parathyroid
hyperplasia or adenoma, or rarely from parathyroid
carcinoma. Pericentromeric inversion of chromo-
some 11 that results in activation of the PRAD1/cyclin
D1 gene and tumor suppressor gene loss have been
described as genetic abnormalities in the evolution of
parathyroid neoplasms. We studied tissue samples
taken from primary parathyroid hyperplasia, para-
thyroid adenoma, and histologically normal parathy-
roid tissue by comparative genomic hybridization,
fluorescent in situ hybridization, and immunohisto-
chemistry for cyclin D1. DNA copy number changes
were infrequent in primary hyperplasia (4 of 24,
17%), but common in adenomas (10 of 16, 63%; P =
0.0059). The most common change was deletion of
the entire chromosome 11 or a part of it, with a
minimal common region at 11q23. This change was
present in five (31%) adenomas and two (8%) pri-
mary hyperplasias. Fluorescent in situ hybridization
confirmed the presence of both MEN1 alleles located
at 11q13 despite deletion of 11q23 in all three cases
studied. Cyclin D1 was overexpressed in six (40%) of
the 15 adenomas studied, whereas none of the 27
hyperplasias (P = 0.0010) nor the five histologically
normal tissue samples overexpressed cyclin D1. Ei-
ther DNA copy number loss or cyclin D1 overexpres-
sion was present in 13 (81%) of the 16 adenomas. We
conclude that DNA copy number loss and cyclin D1
overexpression are common in parathyroid adeno-
mas. The region 11q23 is frequently lost in parathy-
roid adenomas and occasionally in parathyroid hy-
perplasias, and this suggests the possibility that a
tumor suppressor gene that is important in their
pathogenesis is present on 11q23. (Am J Pathol
2001, 158:1355-1362)

Hyperparathyroidism may be caused by parathyroid
gland hyperplasia or adenoma, or very rarely by parathy-
roid carcinoma. The clinical manifestations of hyperpara-

thyroidism vary, but the patient may present with recur-
rent nephrolithiasis, mental changes, peptic ulcers, and
sometimes with extensive bone resorption. The annual
incidence is estimated to be 0.03% in patients older than
60, but the estimated prevalence including undiscovered
asymptomatic patients is 110 2% or higher. The diagno-
sis is made primarily on clinical grounds and presence of
elevated serum parathyroid hormone, which is usually
associated with elevated serum calcium levels and urine
calcium excretion. Primary hyperparathyroidism is usu-
ally caused by a single parathyroid adenoma, but mul-
tiglandular parathyroid hyperplasia accounts for ~10 to
15% of primary hyperparathyroidism." Secondary hyper-
parathyroidism occurs in patients with chronic renal fail-
ure, and is usually associated with multiglandular para-
thyroid hyperplasia. Primary hyperparathyroidism can be
cured by surgery in >90% of cases, but it is important to
know for surgical decision-making whether an abnormal
parathyroid represents a single adenoma, or whether
hyperplasia affecting the parathyroids is present.

Histological distinction between hyperplastic and ad-
enomatous parathyroid glands is difficult, and there are
no specific abnormalities that distinguish between hyper-
plastic and adenomatous glands.? Hyperplasia is gener-
ally considered as a nonneoplastic condition, whereas
adenomas are neoplasms. However, these two entities
may not be distinctly different, and at least some adeno-
mas might have their origin in antecedent parathyroid
hyperplasia, and develop from the latter via a series of
somatic mutations. Clonal analyses have suggested that
in renal hyperparathyroidism parathyroid glands initially
grow diffusely and polyclonally, after which the foci of
nodular hyperplasia are transformed to monoclonal neo-
plasia.® Monoclonality has been found also in a minority
of primary parathyroid hyperplasias by X-chromosome
inactivation analysis.*

Several genes and chromosomal changes seem to be
involved in the molecular pathogenesis of parathyroid
adenomas. The cyclin D1/PRAD1 oncogene,®” and the
MENT tumor suppressor gene on chromosome 11g13%°
have been reported to be involved in the pathogenesis of
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some parathyroid adenomas. Cyclin D1 is also located at
11g13, and in a subset of parathyroid adenomas peri-
centromeric inversion of chromosome 11 places the
parathyroid hormone (PTH) gene transcriptional regula-
tory sequences on 11p15 immediately upstream of the
cyclin D1 proto-oncogene promoter and its five exons.
This rearrangement results in unregulated or inappropri-
ate expression of cyclin D1 that has an important role in
the control of cell cycle progression through the G,/S
checkpoint. Loss or inactivation of both copies of the
tumor suppressor gene MENT contributes to the genesis
of parathyroid neoplasms in the familial MEN1 syndrome,
but allelic losses at 11913 have been observed in up to
40% of parathyroid adenomas suggesting an important
role for MENT in molecular evolution of sporadic parathy-
roid adenomas.®~'" In addition, loss of heterozygosity on
chromosome arms 1p, 69, 11p, and 15g have been
found in ~30%, and loss of chromosome 3q markers in
~10% of parathyroid adenomas.'?~'° Allelic loss of chro-
mosome 13, including the tumor suppressor gene RBT,
has been detected in 16 to 30% of parathyroid adeno-
mas, and even more frequently in carcinomas.'®~'° DNA
alterations involving the parathyroid hormone gene PTH
locus on 11p15 may also be important in the tumorigen-
esis or clonal evolution of some parathyroid adenomas.?°

Comparative genomic hybridization (CGH) has re-
cently been used to identify chromosomal changes in
parathyroid adenomas. These studies, as well as conven-
tional cytogenetics analysis, indicate losses on many
chromosomes including 1, 3, 6, 9, 11, 13, 15, 17, 18, 19,
and 22. Loss of 11qg has been particularly common with a
frequency of 34 to 50% in parathyroid adenomas studied
by CGH."®2122 To the best of our knowledge, no similar
data on parathyroid hyperplasias is available, and none
of the studies have compared the DNA profiles of para-
thyroid hyperplasias and adenomas by CGH. In the
present study we compared DNA copy number changes
in parathyroid hyperplasias and adenomas with CGH.
Because pericentromeric inversion of chromosome 11
contributing to overexpression of cyclin D1 is unlikely to
result in a large DNA copy number change that could be
detected by CGH, we assessed cyclin D1 overexpres-
sion by immunohistochemistry.

Materials and Methods

Patients

The series is based on 47 patients who underwent para-
thyroid surgery at the Department of Surgery, Helsinki
University Central Hospital, Helsinki, Finland. Eleven
were male, and the median age was 61 years (range, 29
to 90 years). Sixteen patients had primary parathyroid
hyperplasia, four patients had MEN1 syndrome, three
had secondary hyperplasia related to chronic renal fail-
ure, and three had uremic parathyroid hyperplasia that
had become refractory to medical treatment (tertiary hy-
perplasia). The patients with secondary hyperplasia be-
cause of renal disease had been subjected to parathy-
roid surgery to make the disease less difficult to control

by medical therapy (n = 2) or the parathyroids were
removed in conjunction with thyroid surgery (n = 1).
Sixteen further patients had been diagnosed with para-
thyroid adenoma (Table 1). In addition, we studied five
cases in which the excised sample contained histopatho-
logically normal parathyroid tissue only. One parathyroid
gland was examined by CGH in each of the 47 patients
except for five patients with hyperplasia, in which two to
four glands were examined (cases 2, 3, 5, 7, and 8; Table
1). A total of 34 hyperplastic parathyroids from 26 pa-
tients were investigated, and the total number of parathy-
roid glands studied by CGH in the entire series was 55.

Histopathology

All original histological sections were reexamined (KF).
The differential diagnosis between adenoma and hyper-
plasia was based on the following criteria: 1) parathyroid
adenoma was diagnosed when there was an encapsu-
lated tumorous parathyroid lesion with no fat cells. Out-
side the lesion capsule areas of normal appearing para-
thyroid tissue with fat cells was seen in all cases. 2)
Parathyroid hyperplasia, in turn, was diagnosed when at
least two enlarged parathyroid glands were present with
no normal parathyroid tissue identified outside the cap-
sule of the lesion. In the lesion, either diffuse proliferation
of enlarged parathyroid chief cells with no fat cells or
nodular proliferation of chief cells sometimes with some
fat cells between the nodules was seen. Two MEN1-
related hyperplasias were classified as nodular and the
rest as diffuse. All lesions with hyperplasia represented
chief cell hyperplasia except for one case (case 6, Table
1), which was a water-clear cell hyperplasia.

DNA Isolation and CGH

Standard methods were used to extract genomic DNA
from frozen tumor tissue or paraffin-embedded tissue
(test DNA), and from the peripheral blood of a healthy
male or female (normal reference DNA).?324 CGH using
directly fluorochrome-conjugated nucleotides was per-
formed according to the protocol by Kallioniemi and col-
leagues,®® modified by us as described elsewhere.?®
Briefly, 1 ng of tumor DNA was labeled with fluorescein
isothiocyanate-dUTP and fluorescein isothiocyanate-
dCTP (1:1; Dupont, Boston, MA), and 1 ug of normal DNA
was labeled with Texas-red-dUTP and Texas-red-dCTP
(1:1, Dupont) in a standard nick-translation reaction.
Equal amounts of labeled test and reference DNA were
hybridized to normal metaphase spreads. The slides
were counterstained with 4', 6-diamidino-2-phenylindole
(Sigma, St. Louis, MO) for the identification of the chro-
MOosomes.

In three cases in which histologically normal parathy-
roid tissue was studied the starting material did not con-
tain enough DNA for CGH (cases 44, 46, and 47). In
these cases we amplified the genomic DNA by using
degenerate oligonucleotide-primed PCR as described.?”

The results were analyzed using an Olympus fluores-
cence microscope and an ISIS digital image analysis
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Table 1. Clinical Characteristics, CGH Findings, and Cyclin D1 Overexpression

Parathyroid
gland
weight Serum Ca Serum PTH Cyclin D1
No. Age/sex Histology (mg) (mmol/L)* (ng/L)t CGH results overexpression
1 61/F Hyperplasia 250 2.79 121 Normal No
55 - -
2a 56/M Hyperplasia 400 3.25 181 —-6q14—qter, —11914—g23.1, +19 No
2b Hyperplasia 200 Normal No
2c Hyperplasia - Normal -
2d Hyperplasia 100 Normal -
3a 90/F Hyperplasia 950 2.73 180 Normal No
3b Hyperplasia 200 Normal -
4 79/F Hyperplasia 800 2.85 88 Normal No
250 - -
ba 64/F Hyperplasia 180 - 100 Normal No
5b Hyperplasia - Normal -
6 42/M Hyperplasia, 1275 3.50 478 Normal No
water-clear cell
7a 76/M Hyperplasia 250 3.29 650 —4925—q30,—13 No
7b Hyperplasia 8600 -13 -
7c Hyperplasia 250 Normal -
8a 64/F Hyperplasia 1400 2.95 214 Normal No
8b 400 Normal No
9 51/F Hyperplasia - 2.51 29 Normal No
10 61/F Hyperplasia 600,200 2.64 77 Normal No
11 70/F Hyperplasia 300 2.74 80 Normal No
550 - -
12 77/F Hyperplasia 1200 3.18 237 Normal No
100 - -
50 - -
13 78/F Hyperplasia 100 2.71 104 Normal No
70 - -
300 - -
14 70/F Hyperplasia 500 2.71 122 Normal No
100 - -
15 44/F Hyperplasia 200 2.98 200 Normal No
16 41/F Hyperplasia 1000,50 2.63 56 -1 No
17 68/F Adenoma 550 3.00 116 —4922—qter, —6g16—qter, Yes
+12,—15p—q26
18 64/F Adenoma, atypical - - - +7/921—-035, No
+8/p12—p22,g21.2—qter,
-9,—-15,-18,+19,+20,—-21
19 52/M Adenoma 5100 2.63 - Normal Yes
20 50/F Adenoma 150 2.59 107 Normal No
21 37/F Adenoma 600 2.60 84 Normal Yes
22 63/F Adenoma 550 3.12 130 Normal Yes
23 70/F Adenoma 400 2.68 89 Normal No
24 63/F Adenoma 1000 2.75 62 -6 No
25 61/F Adenoma 900 - 131 +5, =6, +7 No
26 65/F Adenoma 350 2.71 91 +16 Yes
27 65/F Adenoma 1200 2.61 111 -1 No
28 72/F Adenoma 1050 2.90 107 =X, =11p, —11gl14—qter, —13 No
29 58/M Adenoma 400 2.77 109 —-11g922—@g23, —13g21—qter Yes
30 61/M Adenoma 250 - 81 Normal No
31 68/F Adenoma 1800 3.14 230 +7, =11, =13 -
32 49/F Adenoma 900 2.69 128 -11, —18 No
33-  61/F Secondary hyperplasia Normal No
35 29/F Secondary hyperplasia Normal -
33/F Secondary hyperplasia Normal No
36- 38/F Tertiary hyperplasia Normal No
38 63/F Tertiary hyperplasia =11 No
59/M Tertiary hyperplasia —4q13.1—qter, No
—6022.3—924,—-13921.3—g31.3
39-  50/F MENI-related hyperplasia -11, +12g No
42 38/M MENI-related hyperplasia -1 No
39/M MENI-related hyperplasia -1 No
52/F MENI-related hyperplasia —11, —13022.3—q31.1, No
—-15q12—qter, —18, —X
43-  59/F Normal Normal No
47 72/F Normal Normal No
35/M Normal Normal No
49/F Normal Normal No
35/F Normal Normal No

*Normal reference range, 2.25 to 2.65 mmol/L.
Normal reference range, 15 to 60 ng/L.
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system (MetaSystems GmbH, Altlussheim, Germany).
Three-color images (green for tumor DNA, red for normal
reference DNA, and blue for DNA counterstain) were
acquired from 8 to 10 metaphases per sample. Green-
to-red ratio profiles along the chromosome axis were
displayed. Chromosomal regions with a green-to-red ra-
tio exceeding 1.17 were considered to be overrepre-
sented (gains), whereas regions with a ratio below 0.85
were considered underepresented (losses). These val-
ues were set on the basis of the results of negative control
experiments, in which two differently labeled normal
DNAs were hybridized together. In the negative controls,
the ratios varied within these limits. Reverse-labeling
CGH was performed on selected cases (cases 18, 26,
and 27; Table 1), which confirmed the alterations de-
tected by the standard technique.®® The findings were
confirmed using a confidence interval of 99%. The cut-off
level for high-level amplification was 1.5. Heterochromatic
areas, the short arm of the acrocentric chromosomes and
chromosome Y were discarded from the analysis.

Nuclei Extraction and Fluorescence in Situ
Hybridization (FISH)

FISH was performed to confirm the CGH results. The
nuclei from paraffin-embedded tissue were extracted as
described elsewhere®>3° with slight modifications.
Briefly, four 30-um sections were deparaffinized and in-
cubated in 1 ml of Carlsberg’s solution (0.1% Sigma
protease XXIV, 0.1 mol/L Tris, 0.07 mol/L NaCl, pH 7.2)
for 1 hour at 37°C and vortexed vigorously for 20 minutes.
The nuclear suspension was filtered through a nylon
mesh (pore size, 55 um), centrifuged, and diluted in 0.1
mol/L Tris. Following this the nuclei suspension was
spread on slides and checked microscopically.

Yeast artificial chromosome (YAC) clone 755b11 ob-
tained from the Center d’Etude Polymorphisme d’Humain
(CEPH, Paris, France) was used to detect deletion of
chromosome 11923.1 by FISH. Four cases that had 11q
deletions by CGH (cases 2a, and 27-29; Table 1) and 14
cases without 11q deletion (cases 1, 2b, 3a, 4, 17, 19-26,
and 30) were investigated. The YAC probe 953e4, which
hybridizes to 11p13, was used as a control for hybridiza-
tion efficiency and for evaluation of the chromosome
copy number in these experiments. A MEN1 gene-spe-
cific cosmid clone c10B11 (a kind gift from Dr. D. Gis-
selsson, Department of Clinical Genetics, University Hos-
pital, Lund, Sweden) was used in 9 cases (cases 2a, 3a,
4,17,19, 21, 22, 28, and 29) to determine the MENT gene
copy number .3’

All probes were labeled with biotin-14-dATP (Life
Technologies, Inc., Gaithersburg, MD) by nick-transla-
tion, precipitated with herring sperm DNA (0.62 ung/ul,
Sigma) and human Cot-1 DNA (0.62 ng/ul, Life Technol-
ogies, Inc.), and dissolved in a hybridization buffer con-
taining 50% formamide, 20% dextran sulfate, and 2X
standard saline citrate (SSC). To allow for penetration of
the probe, the slides were treated in 1 mol/L sodium
thiocyanate at 70°C for 15 minutes, followed by treatment
in 0.05 N HCI at 37°C for 10 minutes, and by 5 mg/ml

pepsin in 0.05 N HCI at 37°C for 20 minutes. The slides
were then dehydrated in a rising alcohol series (70, 85,
and 100%) and denatured in 70% formamide/2X SSC,
pH 7, at 75°C for 5 minutes, followed by dehydration in a
cold alcohol series. The probes were denatured at 75°C
for 5 minutes and applied onto the slides. Hybridizations
were performed at 37°C for 2 days. Posthybridization
washes were performed at 45°C in 50% formamide, three
times in 2X SSC, pH 7.0, for 5 minutes each; once in 2X
SSC, pH 7.0, for 5 minutes; twice in 0.1X SSC, pH 7.0, for
5 minutes each; and finally in 4X SSC, 0.2% Tween, pH
7.0 (Sigma), at room temperature for 5 minutes. For de-
tection of signals, fluorescein isothiocyanate-conjugated
avidin (Vector Laboratories Inc., Burlingame, CA) was
used. The signals were then further amplified with anti-
avidin D/avidin-fluorescein isothiocyanate (Vector Labo-
ratories Inc.). Finally, slides were counterstained with
diamidino-2-phenylindole (Sigma), and mounted with an
anti-fade solution (Vector Laboratories Inc.). From each
preparation a minimum of 100 morphologically intact and
nonoverlapping nuclei were scored using a Leitz fluores-
cence microscope (Laborlux D, Germany).

Immunohistochemistry

Immunohistochemistry for cyclin D1 was performed on
deparaffinized 3-um sections. Deparaffination was done
at room temperature with Autostainer XL version 1.10
(Leica, Nussloch, Germany). The procedure involves
treatment with xylene 2 X 7 minutes, a descending alco-
hol series (100% for 2 minutes, 100% for 1 minute, 94%
for 30 seconds, 50% for 30 seconds, and aqua for 30
seconds). Antigen demasking was performed by heating
the samples in a microwave oven in 1 mmol/L of ethyl-
enediaminetetraacetic acid buffer, pH 8.0, 2 X 5 minutes
with 1000 W and 5 minutes with 700 W. Methanol-perox-
idase (1.6%) was used to inhibit endogenous peroxidase
activity. For immunohistochemistry, the specimens were
incubated overnight at room temperature with a 1:100
diluted mouse monoclonal antibody for human cyclin D1
(Novocastra Laboratories Ltd., Newcastle, UK). A perox-
idase-conjugated secondary antibody was used to de-
tect binding of the primary antibody using the Vectastain
Elite ABC kit (Vector Laboratories, Inc.). The sections
were counterstained with hematoxylin. A positive control
with cyclin D1 expression was included in each experi-
ment. Overexpression of cyclin D1 was considered to be
present if ~40% or more of the sample cells showed
nuclear immunopositivity. In cases classified as negative,
the proportion of the stained cells never exceeded 10%.

Statistical Analysis

Frequency tables were analyzed with Fisher’'s exact test.
Differences between two groups in parathyroid gland
weight, serum parathyroid hormone levels, and serum
calcium levels were compared using Mann-Whitney’s U
test because of nonnormal distributions. All P values are
two-tailed.
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Figure 1. A summary of gains and losses found in parathyroid hyperplasias
and adenomas. Gains are shown on the right side of the chromosomes and
losses on the left. Each line represents a genetic aberration seen in one
tumor. Primary hyperplasias are marked with dashed lines and adenomas
with solid lines. High-level amplifications are marked with a thick bar.
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Results
DNA Copy Number Changes Detected by CGH

A summary of gains and losses detected by CGH is
shown in Table 1. DNA copy number changes were more
frequent in adenomas (10 of 16, 63%) than in primary
hyperplasias (4 of 24, 17%; P = 0.0059). In hyperplasias
and adenomas the changes were clearly associated with
particular chromosomes (Figure 1).

In primary parathyroid hyperplasias six of the seven
changes detected were losses, and they were found in
four different chromosomes only, 4, 6, 11, and 13. Losses
dominated also in tertiary and MEN1-associated hyper-
plasias. Loss of chromosome 11 or a part of it (11g14-
g23.1) was found in two (8%) of the 24 glands with
primary hyperplasia and in one of the three glands with
tertiary hyperplasia. Loss of chromosome 11 was present
in all four MEN1-related cases. Loss of chromosome 13
was found in two glands of one patient with primary
hyperplasia, and in one tertiary and one with MEN1-
related hyperplasia. Other losses found were losses of 4q
(one primary and one tertiary hyperplasia), 6g (one pri-
mary and one tertiary hyperplasia), and 15q, 18, and X (in
one MENT1-related hyperplasia). Gain of chromosome
129 (1 MEN1-associated hyperplasia) and 19 (one pri-
mary hyperplasia) were also detected.

Two to four glands of the same patient were studied by
CGH in five cases with primary hyperplasia (cases 2, 3, 5,
7, and 8, Table 1), and in three of these five patients no
DNA copy number changes were present in any of the
glands. However, in one case (case 2) deletions of 6g14-
gter and 11g14-g23.1 and a gain of chromosome 19
were found in one of the four glands investigated,
whereas no DNA copy number changes were present in
the three other glands. In another case (case 7) deletion
of 4925-q30 and loss of chromosome 13 were found in
one gland, a loss of chromosome 13 in another gland, but
no changes were found in the third gland investigated.
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We found as many as 29 DNA copy number changes
in the 16 adenomas investigated. As in hyperplasias,
losses (n = 20, 69%) were more common than gains (n =
9, 31%). Chromosome 11q or a part of it was the most
common loss (5 of 16, 31%) with the minimum common
deleted region at 11922-g23. Other frequent losses were
detected at chromosomes 13qg and 6q (n = 3 for each,
19%), 15 and 18 (n = 2 for each, 13%). The most frequent
gain was gain of chromosome 7 (n = 3). In one case
(case 18) high-level amplifications were found at 7g21-
g35, 8p12-p22, and 8g21.2-qter.

None of the five histologically normal parathyroid
glands had any DNA copy number changes by CGH.

FISH Results

We investigated 18 parathyroid lesions by FISH for the
presence of 11923 deletion or amplification to confirm the
results obtained with CGH. In all four cases with a dele-
tion of 11q in a CGH analysis (cases 2a, 27, 28. and 29;
Table 1), only one hybridization signal was obtained one
in >75% of the cells with YAC 755b11 (1.6 Mb) that
hybridizes to 11g23. Two of these cases (cases 27 and
28) with a deletion of also 11p in CGH showed only one
hybridization signal for YAC 953e4 that hybridizes to
11p13. In the rest of the cases that consisted of four
hyperplasias (cases 1, 2b, 3a, and 4) and 10 adenomas
(cases 17, 19-26, and 30) and with no detectable
changes in chromosome 11 in CGH analyses, two signals
for both YAC 755b11 and 953e4 were seen in >80% of
the cells.

We also analyzed nine lesions that did not have dele-
tion of 11913 in CGH with FISH to investigate the copy
numbers of the MENT gene. In all nine cases two hybrid-
ization signals were present in >85% of the cells. Al-
though 11923 was deleted in three of these cases (cases
2a, 28, and 29) by both CGH and FISH, both alleles of
MENT were present (Figure 2). Hence, the results ob-
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Figure 2. A CGH profile from a patient with parathyroid adenoma (case 28,
Table 1) showing a deletions of —11p and —11ql4-qter. A: FISH of the same
case demonstrating deletion of 11q23.1 (only one green signal obtained
using Yac 755b11). B: No deletion of 11q13 is present (location of the MEN1
gene, two green signals obtained with cosmid ¢10B11). Diamidino-2-phe-
nylindole blue counterstaining.
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Figure 3. Immunostaining for cyclin D1. A: Adenoma overexpressing cyclin
D1 (case 206, Table 1). B: Cyclin D1-negative hyperplasia (case 7a). Original
magnification, X300.

tained by FISH were fully concordant with those of CGH.

Associations between Serum Calcium and
Parathyroid Hormone Levels, Gland Weight,
and DNA Copy Number Changes

There was no difference in the parathyroid gland weight,
serum calcium levels, or serum parathormone levels
measured at diagnosis between primary parathyroid hy-
perplasia patients with a DNA copy number change and
those without such a change (P = 0.23, 0.47, and 0.64,
respectively). Similarly, no difference in gland weight or
serum calcium or parathormone levels was found among
parathyroid adenoma patients between those with a DNA
copy number change and those without (P = 0.19, 0.11,
and 0.18, respectively).

Cyclin D1 Expression

Forty-seven glands were immunostained for cyclin D1
(Table 1). None of the 27 hyperplasias studied overex-
pressed cyclin D1, whereas cyclin D1 immunostaining
was positive in six (40%) out of the 15 adenomas studied
(P = 0.0010, Figure 3). The samples that contained his-
tologically normal parathyroid tissue (n = 5) did not over-
express cyclin D1. Either chromosomal deletion or cyclin
D1 overexpression was present in 13 (81%) of the 16
adenomas, and either deletion of 11923 or cyclin D1
overexpression was present in 10 (63%) adenomas (Ta-
ble 1).

Only one of the five adenomas with 11g deletion
showed positive staining for cyclin D1 (case 29). How-
ever, the cyclin D1/PRAD17 oncogene is located on 11913
and the 11q deletion in case 29 was located at 11g22-
23, so none of the cyclin D1-overexpressing adenomas
showed loss of 11g13. There was no difference in serum
calcium or parathyroid hormone concentrations between
patients with cyclin D1 overexpressing adenoma and
those with cyclin D1-negative parathyroid adenoma (P =

0.34 and 0.69, respectively), and no difference in para-
thyroid gland weight was found between these two
groups (P = 0.75).

Discussion

In the present series DNA copy number changes were
relatively infrequent in primary parathyroid hyperplasias
(17%) as compared with parathyroid adenomas (63%).
However, DNA copy number changes were seen in same
chromosomes in adenomas and hyperplasias, notably in
chromosomes 11, 6, and 13. We found a clear-cut differ-
ence between hyperplasias and adenomas in cyclin D
overexpression that was present in 40% of adenomas but
in none of the hyperplasias. Frequent overexpression of
cyclin D1 in adenomas suggests that pericentromeric
inversion of chromosome 11, which places the PTH gene
transcriptional regulatory sequences adjacent to the cy-
clin D71 proto-oncogene resulting in inappropriate cyclin
D1 overexpression and enhanced cell proliferation, is
common in parathyroid adenomas unlike hyperplasias.
Of note, either DNA copy number deletion or cyclin D1
overexpression was present in as many as 81% of ade-
nomas, suggesting that the pericentromeric inversion of
chromosome 11, which cannot be detected by CGH, and
suppressor gene loss are important mechanisms in the
molecular pathogenesis of parathyroid adenomas. Al-
though pericentromeric inversion and suppressor gene
loss are different molecular genetic mechanisms, they
might both favor cell proliferation over apoptosis, and
result in genesis of morphologically similar parathyroid
adenomas. Based on the present results these two mech-
anisms might explain the molecular pathogenesis of the
majority of parathyroid adenomas, but these findings
need to be confirmed in other series.

Pathogenesis of nonfamilial parathyroid hyperplasia is
poorly understood. It has been assumed that the disease
results from polyclonal nonneoplastic proliferations in-
volving multiple glands, but recent studies focusing on
clonality of cell proliferation suggest that this view may be
oversimplified. In one study on renal failure-associated
hyperparathyroidism, all four specimens from diffuse
parathyroid gland hyperplasia were found to be poly-
clonal, whereas all seven specimens from nodules in
nodular hyperplasia were monoclonal based on restric-
tion fragment length polymorphism analysis of the X-
chromosome-linked phosphoglycerokinase gene, and
random inactivation of the gene by methylation, suggest-
ing that nodular hyperplasia may represent monoclonal
parathyroid neoplasia.®? In another study in which clonal-
ity of hyperplastic parathyroid lesions was assessed with
X-chromosome inactivation analysis and by searching for
monoclonal allelic losses, seven of 11 (64%) informative
patients with uremic refractory hyperparathyroidism har-
bored at least one monoclonal parathyroid tumor, and
tumor monoclonality was demonstrated in six of 16 (38%)
patients with primary parathyroid hyperplasia.*

Large changes in the cellular DNA content are com-
mon in adenomas of endocrine organs.® Most changes
in the present study were losses of the genetic material,



which is in line with previous studies on parathyroid ad-
enomas.'®?"22 The CGH profiles of parathyroid adeno-
mas are clearly different from those of thyroid adenomas,
where losses of genetic material are seldom found, but
DNA copy number gains of several chromosomes are
frequent.®* Moreover, parathyroid hyperplasias and ad-
enomas showed more DNA copy number changes in
CGH analysis than papillary thyroid carcinomas, sug-
gesting that the molecular genetic mechanisms that lead
to benign endocrine tumors may vary in different endo-
crine organs, and that the association between the
amount of DNA lost or gained has poor association with
the tumor malignancy potential.

Deletion of the entire chromosome 11 or a part of it was
present in 8% of primary hyperplasias and 31% of ade-
nomas with a common minimum deleted region in 11g22-
q23. The number of secondary, tertiary, and MEN-related
hyperplasias studied was too small to allow for meaning-
ful conclusions, but a loss of whole chromosome 11 was
present in all four MEN1-related cases, where somatic
loss of the remaining MENT allele probably resulted in
parathyroid hyperplasia. These CGH findings were in line
with those obtained with FISH. Importantly, all three
cases that had 11923 deletion by CGH and FISH and that
were further investigated with FISH to determine the
MENT1 allele copy number, had both MENT alleles located
at 11913 present, suggesting the possibility that 11923
might contain an important suppressor gene that is dis-
tinct from MEN7.2® This hypothesis is supported by the
frequent deletion of 11922-g24 in several human can-
cers, such as ovarian and colorectal carcinoma, and
mantle cell lymphoma.®*~3° One candidate tumor sup-
pressor gene located at 11923 is PPP2R1B that encodes
the B isoform of the A subunit of the serine/threonine
protein phosphatase 2A (PP2A), and deletion of
PPP2R1B may lead to colon or lung cancer.*®*' The ATM
(ataxia-telangiectasia mutated) suppressor gene located
at 11922.3 has a role in the cell-cycle check-point con-
trol, genome surveillance, and cellular defense against
oxidative stress.*?

Apart from loss of 11g and 11p many other losses or
gains may also be important in the pathogenesis of para-
thyroid adenomas and hyperplasias. We found DNA loss
in chromosome 13 in four hyperplasias and three adeno-
mas with a minimal common deleted region at 13921.3.-
g31.3. Loss of chromosome 13q has been detected more
often in parathyroid carcinoma than in parathyroid ade-
noma,'® 843 and it contains several candidate suppres-
sor genes such as RB7 (13q14) and INGT1 (13934). We
also found DNA loss in chromosome 6 in two hyperpla-
sias and three adenomas with a minimal deleted region at
6022-g24. Loss of chromosome 64 is frequent in human
cancers,®® and studies on breast and ovarian cancer
have implicated the chromosomal regions 6923-g25 and
6q24-g25 as locations for putative tumor suppressor
genes.44'45

Although gains of genetic material were less common
than losses, high-level amplifications were found at 7g21-
q35, 8p12-p22, and 8g21.2-gter in one adenoma. These
amplifications have not been described previously in
parathyroid neoplasms. Amplifications of 8qg are fre-
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quently seen in many other tumor types, and one of the
most important target genes in this amplicon is MYC at
8424.%® However, in this oxyphilic adenoma tumor blood
vessel invasion was seen in one small vein, which might
have been interpreted as a sign of carcinoma. As the
tumor did not fulfill other criterias of malignancy, it was
diagnosed as atypical adenoma. The association be-
tween this amplification and genesis of parathyroid car-
cinoma requires further study.

In conclusion, both DNA copy number loss and cyclin
D1 overexpression are common in parathyroid adeno-
mas unlike in primary parathyroid hyperplasias. This sug-
gests that pericentromeric inversion of chromosome 11
and suppressor gene loss are important underlying
mechanisms in the molecular pathogenesis of parathy-
roid adenomas. The region 11923 is frequently lost in
parathyroid adenomas and occasionally in parathyroid
hyperplasias, and this finding suggests the possibility
that this region may contain a tumor suppressor gene that
is important in their pathogenesis.
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