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Abstract

Background The molecular bases for parathyroid carci-
nomas present in conjunction with sporadic primary
hyperparathyroidism are not fully elucidated. Gene copy
number variations (CNVs) play an important role in
tumorigenesis. The aim of the current study was to explore
whether the CNVs of specific tumor-associated genes are
involved in parathyroid carcinogenesis.

Methods A multiplex ligation-dependent probe amplifi-
cation method was used to compare differences in copy
number in 39 common tumor-associated genes among 7
patients with parathyroid carcinoma and 14 age- and sex-
matched subjects with parathyroid adenoma.

Results It was shown that amplification of CCNDI, a gene
encoding cyclin D1, was more prevalent in parathyroid
carcinomas than in adenomas (71 vs. 21 %, p = 0.056).
This result was confirmed quantitatively by real-time poly-
merase chain reaction. Expression of CCNDI mRNA level
was significantly higher in carcinomas than in adenomas
(»p = 0.003). Western blot and immunohistochemical
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analysis also demonstrated higher expression of CCNDI in
carcinoma specimens than in adenoma samples.
Conclusions 1t is thus inferred that gain in copy number
of CCNDI] is implicated in the molecular pathogenesis of
parathyroid carcinoma.

Introduction

Sporadic primary hyperparathyroidism (PHPT) is a com-
mon endocrine disease caused by over-production of
parathyroid hormone (PTH) by functioning benign or
malignant parathyroid tumor(s) [1]. Pathologically, spo-
radic PHPT can be distinguished as adenoma (85 %),
hyperplasia (10-15 %), or carcinoma (<1 %). Although
parathyroid carcinoma is a rare cause of PHPT in most
Western countries, in Asian populations such as Japan,
Korea, India, and China (including our own cohort) it
accounts for 4-6 % of PHPT cases [2-5].

The clinical manifestations, biochemical abnormalities,
and prognosis of parathyroid carcinoma are much severer
and poorer than benign cases [5, 6]. The initial en bloc
resection represents the best chance for cure of parathyroid
carcinoma [6, 7]. The etiology of parathyroid tumor is still
largely unknown, although several oncogenes—cyclin D1/
parathyroid adenoma 1 gene (PRADI)—and tumor sup-
pressor genes—e.g., retinoblastoma (Rb), p53, and hyper-
parathyroidism type 2/cell division cycle 73 (HRPT2/
CDC73) gene—are involved in the development of para-
thyroid adenoma and carcinoma [1, 6, 8].

In recent years, the importance of gene copy number
variations (CNVs) in the initiation and progression of tumors
[9] and in other human diseases [10—12] has been increasingly
recognized. Previous comparative studies using genomic
hybridization (CGH) have found that loss of chromosomes 22,
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Fig. 2 CCNDI mRNA expression in parathyroid carcinomas and
adenomas

11, and 17 might be associated with the development of
parathyroid adenoma, and the loss of chromosome 1q and the
acquisition of chromosome 5 segments might be associated
with parathyroid carcinoma [13, 14]. However, such a tech-
nique cannot map the disease to a specific gene.

Multiplex ligation-dependent probe amplification
(MLPA) is a more sensitive and high throughput approach to
identify gene CNVs in the chromosomes, including small

and those with adenoma, with the aim of exploring whether
the CNV of a specific gene is involved in carcinogenesis in
the parathyroid.

Materials and methods

Patients and samples

From 2000 to 2010, a total of 235 PHPT patients were oper-

ated on in our center. Overall, 14 of them proved to be para-
thyroid carcinoma [5]. However, only 7 malignant
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Fig. 3 a, b CCND1
immunostaining in parathyroid
carcinoma tissue: negative

(a) and positive (b). ¢,

d CCNDI immunostaining in
benign parathyroid adenoma
tissue: negative (c¢) and positive

(@

parathyroid specimens were available for current study. The
other tumor samples had insufficient material to investigate
after pathological analysis. Another 14 sex- and age-matched
benign PHPT cases were selected as controls for a 1:2 ratio.

The diagnosis of parathyroid carcinoma was established
pathologically based on surgically dissected tumor speci-
mens: the presence of prominent trabecular growth, the
presence of thick fibrous bands within the tumor, increased
mitotic activity, capsular penetration, vascular invasion,
extraparathyroid spread, or distant metastases [28]. Geno-
mic DNA was extracted from fresh-frozen tumor speci-
mens by standard procedures using the Qiagen DNA
extraction Kit (Qiagen, Hilden, Germany) .

The Ethics Committee of Rui-jin Hospital, Shanghai Jiao-
Tong University School of Medicine approved the study.

Multiplex ligation-dependent probe amplification

MLPA analysis was carried out using SALSA P006
Chromosomal Aberration MLPA Kits (MRC-Holland,
Amsterdam, The Netherlands). The P006 kit contains
probes for 39 loci. Among them are many genes frequently
involved in the pathogenesis of various tumors and span-
ning almost all chromosomes (e.g., CCNDI, RB, P53). All
of the reactions were carried out in PTC-225 DNA Engine
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Tetrad (MJ Research, San Francisco, CA, USA). PCR
products were analyzed using a Beckman Coulter CEQ
8800 sequencer (Beckman Coulter, Fullerton, CA, USA).

Data analysis was performed with a fragment analysis
module with the detailed method introduced in the litera-
ture [25].

Real-time polymerase chain reaction

Total RNA was isolated with Trizol reagent (Invitrogen,
Carlsbad, CA, USA) and reverse transcribed from a Random
Primers (Promega, Madison, WI, USA) according to the
manufacturer’s instructions. The real-time polymerase chain
reaction (RT-PCR) was performed with a Roche Light Cycler
480 system using SYBR-Premix Ex TaqTM (Takara, Otsu,
Japan). PCRs were performed in triplicate, and the glycer-
adehyde-3-phosphate dehydrogenase (GAPDH) gene was
amplified as an internal control. The primers sequences used
to detect mRINA expression levels were as follows: GAPDH,
forward primer 5-ATGGGGAAGGTGAAGGTCG-3' and
reverse primer 5-GGGGTCATTGATGGCAACAATA-3;
CCNDI; forward primer 5-GTGCTGCGAAGTGGAAACC
-3’ and reverse primer 5'-ATCCAGGTGGCGACGATCT-3'.

Real-time PCR was also used to quantitate the CNVs
with the following primers: albumin (ALB) forward primer
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Table 1 Clinical features of PHPT patients with carcinoma or adenoma

Feature Carcinoma Adenoma p
No. 7 14

Age (years) 550+ 144 55.5 £ 13.6 NS
Sex (M/F) 3/4 6/8 NS
BMI (kg/m?) 21.20 £ 4.14 24.13 £+ 4.76 NS
Serum Ca (mmol/L) 3.37 £ 041 2.96 £ 0.18 0.034
Albumin-corrected serum Ca (mmol/L) 3.98 + 0.61 324 £ 0.44 0.006
Serum phosphate (mmol/L) 0.84 £ 0.31 0.67 £ 0.21 NS
Serum PTH (pg/dl) 1,457.7 (885.2-2,954.6) 691.9 (311.23-1,149.7) 0.033
Serum AKP (IU/L) 107 (80-520) 169 (96.5-767) NS
Serum creatinine (pmol/L) 106.43 £ 58.69 97.71 £ 46.84 NS
Serum 25(OH)D (nmol/L) 41.7 £ 22.5 36.3 £ 189 NS
Hemoglobin (g/L) 118.9 £ 19.9 121.6 £ 234 NS
Albumin (g/L) 324 +£17.0 36.4 £45 NS
BMD 1.2-4 (g/cm?) 0.87 + 0.42 0.96 + 0.17 NS
BMD femoral neck (g/cm?) 0.66 = 0.30 0.75 + 0.12 NS
BMD total hip (g/cm?) 0.69 £ 0.37 0.78 £ 0.13 NS
Tumor size (cm) 3.86 £ 0.90 2.89 £ 0.85 0.025
Duration of disease (year) 0.33 (0.17-1.00) 0.79 (0.08-3.25) NS
eGFR (mL/min) 74.86 £ 52.01 75.79 £+ 43.96 NS

BMI body mass index, PTH parathyroid hormone, AKP alkaline phosphatase, 25(0OH)D 25-hydroxyvitamin D, BMD bone mineral density, eGFR

estimated glomerular filtration rate

|
Cyciin D1 | G o \
RPN i -
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Cyclin D1 - “
GATTH R oo . SRR

Fig. 4 Cyclin D1 protein expression in parathyroid tumors. M malig-
nant (carcinoma), B benign (adenoma), GAPDH glyceraldehyde-3-
phosphate dehydrogenase (control)

5'-ACACGCCTTTGGCACAATGA-3' and reverse primer
5'-CCCTGGAATAAGCCGAGCTA-3’; CCNDI forward
primer 5'-AGGACGTAATTGGTGGCAGG-3’ and reverse
primer 5'-GCCAGATACTGGGCTCATCC-3'.

Immunohistochemistry

Immunohistochemistry (IHC) analysis was performed to
confirm the gene changes revealed by MLPA. The 4- to
5-pm sections were cut from paraffin blocks and heated at
60 °C overnight. Slides were deparaffinized and heated in
citric acid 0.01 mol/L (pH 6.0) for 15 min at 95 °C fol-
lowed by slow cooling for antigen retrieval. Slides were
treated with 0.3 % hydrogen peroxide to block endogenous
peroxidase activity. To reduce nonspecific background
staining, slides were incubated with 2 % goat serum for
10 min at room temperature. They were then incubated for
60 min at 37 °C with rabbit monoclonal anti-cyclin D1
(CCNDI) diluted 1:100 (Thermo Fisher Scientific,
Loughborough, Leicestershire, UK), stained using Envi-
sion-Plus reagents (Dako, Carpinteria, CA, USA) and di-
aminobenzidine as chromogen, then counterstained with
hematoxylin. Positive CCND1 immunoreactivity showed
nuclear staining. The cutoff parameters used for classifi-
cation of normal and overexpression are <10 % nuclear
positive and >30 % nuclear positive, respectively [29].

Western blot

Western blot analysis was performed on 6 parathyroid
carcinoma and 12 adenoma tissue samples. Parathyroid
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Table 2 Summary of clinical patterns in parathyroid tumors

Patient no. Sex Age Size Invasion Recurrence Duration of Serum Ca Serum P PTH 25(0OH)D  Follow-up
(years) (cm) disease (mmol/L) (mmol/L) (pg/dl) (nmol/L) (years)®
(years)

Carcinoma
1 M 53 4.0  Vascular - 0.05 3.48 0.92 828.8 63.0 7
3 F 45 3.0 Distant metastasis =+ 0.17 3.95 0.79 1,457.7 509
5 M 73 3.0  Extraparathyroid — 0.50 343 0.88 1,125.0 257 5
6 F 71 3.0  Vascular + 0.33 3.11 1.43 3,000.0 22.8 0.08
8 F 52 4.0  Extraparathyroid — 2.00 2.95 0.83 885.2 333
13 F 32 5.0  Capsular - 0.17 3.78 0.61 2,763.7 715
14 M 59 5.0  Distant metastasis + 1.00 2.92 0.45 2,954.6 18.8 1.5

Adenoma
4 F 42 35 - - 1.00 3.15 0.61 1,905.3 11.8 8
7 F 69 20 - - 0.05 3.05 0.61 1,063.0 82.6 7
9 F 54 30 - - 0.08 2.93 1.20 694.6 393 7
10 M 74 20 - - 4.00 3.09 0.80 203.0 54.6 6
11 F 55 40 - - 10.00 2.81 0.60 675.8 329 6
12 F 56 43 - - 3.00 3.36 0.70 1,409.8 57.1 5
16 F 51 30 - - 2.00 3.05 0.50 7214 18.5 5
17 M 79 25 - - 0.58 2.89 0.64 689.2 36.5 5
18 M 59 20 - - 0.50 3.00 0.76 356.7 - 5
19 M 55 35 - - 0.08 2.92 0.78 635.1 - 4
21 F 65 20 - - 0.17 2.62 0.58 187.9 384 4
22 F 34 40 - - 4.00 2.92 0.62 7319 - 4
23 M 32 25 - - 3.00 2.87 0.24 1,824.5 39.8 4
24 M 52 20 - - 0.25 2.75 0.74 200.5 23.0 4

* Patient 3 died 1 year after surgery, patient 6 died 1 month after surgery, and patient 14 died 1.5 years after surgery

tissues were lysed in radioimmunoprecipitation (RIPA)
buffer containing 50 mM Tris—HCI (pH 8), 150 mM NaCl,
5 mM MgCl,, 2 mM EDTA, 1 Mm NaF, 1 % NP40, and
0.1 % sodium dodecyl sulfate (SDS). The cell lysates were
loaded onto 10 % SDS-polyacrylamide gel electrophoresis
and transferred to polyvinylidenedifluoride membranes
(Millipore, Bedford, MA, USA). The membranes were
blocked with 10 % nonfat milk and then incubated with
CCNDI1 antibodies (Thermo Fisher Scientific) followed by
incubation with horseradish peroxidase-conjugated sec-
ondary antibodies. The proteins were visualized with
enhanced chemiluminescence (ECL) reagents (Amersham
Pharmacia, Little Chalfont, Buckinghamshire, UK)
according to the manufacturer’s protocol.

Statistical analysis

Data are expressed as the mean £ SD or median (inter-
quartile range). Group comparisons were performed using
Student’s ¢ test. Differences in frequency of variables were
tested by the > test or Fisher’s exact test. A value of
p < 0.05 denoted the presence of a significant difference.

@ Springer

Results

The clinical features of benign and malignant PHPT
patients in this study as a group or individually are
described in Tables 1 and 2, respectively. Vascular, cap-
sular, or extraparathyroid invasion or distant metastasis
was present in malignant parathyroid tumors based on
histologic examination (Table 2). Patients with parathyroid
carcinoma had significantly higher serum calcium, albu-
min-corrected serum calcium and PTH levels as well as a
lager tumor size than those with benign disease (Table 1).
In our series, three of the seven patients with a malignancy
died because of recurrent hypercalcemia within 2 years
after surgery. The PHPT carcinoma patients were followed
for 5 years (0.08-7.0 years). The adenoma patients were
also followed for 5 years (4-8 years) (Table 2).

It was revealed that all of the 21 tested specimens had
multiple copy number losses or gains (Fig. 1). The average
total genetic copy number aberrations in malignant and
benign disease were 7.86 £ 1.95 and 5.79 + 3.39, respec-
tively. There was no significant difference between two
groups (p = 0.168).
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Table 3 Summary of MLPA, RT-PCR, and IHC results in parathy-
roid tumors for the CCNDI gene

Patient no. MLPA  mRNA [HC  Copy number variation
Carcinoma
1 i + 3.06

3 1 i + 1.96
5 1 i + 2.01
6 1 1 + 2.52
8 - i + 0.89
13 - - - 1.11
14 1 i + 2.37

Adenoma
4 - - - 1.17
7 - - - 1.04
9 1 i + 1.96
10 - - - 1.10
11 1 1 + 3.25
12 1 1 + 2.25
16 - i - 1.09
17 - - - 1.24
18 - i + 1.25
19 - - - 1.30
21 - - - 091
22 - - - 1.01
23 - - - 1.31
24 - - - 1.00

MLPA multiplex ligation-dependent probe amplification, RT-PCR
real-time polymerase chain reaction, /HC immunohistochemistry,
1 increase, — no change, + positive, — negative

The most obvious difference between parathyroid carci-
noma and adenoma was amplification of the CCNDI gene
locus, which is located on chromosome 11q13. In parathy-
roid carcinoma, amplification of the CCND1 gene locus was
detected in 5 of the 7 (71.4 %) samples, whereas only 3 of
the 14 (21.4 %) benign samples showed gain of a CCNDI
gene locus (p = 0.056) (Fig. 1; Table 3). Although 71.4 %
carcinoma samples demonstrating loss of the 7P53 gene
locus on 17p13.1, 4 of 14 (28.6 %) benign samples also had
such a change. The difference between the two groups was
not significant (p = 0.159).

It was also revealed that CCND1 mRNA level was sig-
nificantly higher in carcinoma than in adenoma (p = 0.003)
(Fig. 2). To further quantitate CCND1 gene copy number in
the malignant and benign tumor specimens, the RT-PCR
method was applied. The results derived from this method
were consistent with those found with the MLPA approach
(Table 3). In addition, IHC analysis revealed that 6 of the 7
malignant tumors (85.7 %) showed positive CCND1 immu-
noreactivity, whereas it was seen in only 4 of the 14 benign
tumors (28.6 %) (p = 0.024) (Table 3; Fig. 3). Western blot
analysis showed that 5 of 6 (83.33 %) parathyroid carcinoma

showed positive CCND1 immunoreactivity, and only 2 of 12
(16.67 %) benign tumors did so (p = 0.013) (Fig. 4).

Discussion

The present investigation revealed that gain in copy num-
ber of CCNDI is implicated in the molecular pathogenesis
of sporadic parathyroid carcinoma.

CCNDI1 encodes the protein cyclin D1. As early as
during the 1990s, its role in the pathogenesis of parathyroid
tumors as an oncogene and later as a major regulatory
protein in the cell cycle was established [30]. It was
demonstrated that cyclin DI gene expression is signifi-
cantly higher in parathyroid adenomas and carcinomas than
in normal parathyroid gland [31, 32]. Mice overexpressing
cyclin DI exhibited enlarged parathyroid glands and ele-
vated serum calcium and serum PTH concentrations [33].
In the present study, we noted that nearly 70 % of para-
thyroid carcinoma samples had increased CCNDI copy
numbers, whereas an increase was present in only 20 % of
parathyroid adenomas, which was further confirmed
quantitatively by RT-PCR. In line with this observation,
both the mRNA and protein expression level of this gene
were significantly higher in the parathyroid carcinomas
than in the adenomas. It is thus fair to hypothesize that
gene amplification is the principal mechanism of CCNDI
overexpression in parathyroid carcinomas.

Indeed, previous studies have suggested a greater role of
cyclin D1 overexpression in parathyroid carcinoma relative
to adenoma [32, 34]. In one series, it was shown that up to
90 % of parathyroid carcinoma specimens had overex-
pressed cyclin DI, whereas only 40-60 % of benign
parathyroid specimens displayed cyclin D1 overexpression
[35]. However, these findings, including ours, still could
not establish the causality between cyclin DI and para-
thyroid carcinoma. More in-depth molecular studies are
needed to address this question.

The underling mechanism responsible for the increased
CCNDI copy number in parathyroid carcinomas was not
clear. It has been noted that parafibromin, a protein encoded
by HRPT2/CDC73 gene can block cyclin D1 expression and
thus inhibit cell proliferation. Also, loss of parafibromin
causes overexpression of cyclin DI [32]. We compared the
HRPT2 mRNA expression levels between parathyroid car-
cinomas and adenomas but failed to find any difference
between the two groups (data not shown). However, because
of the limited number of cases in the current study, no con-
clusion can be drawn as to the relation between HRPT2/
CDC?73 mutation and CCNDI CNVs. Our data should be
interpreted with caution. Because germline DNA was not
collected from all of the patients, we could not exclude the
possibility that some areas of DNA gain and loss in the
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CCND1 gene shown by MLPA in parathyroid tumors could
be germline variants rather than somatic mutations. On the
other hand, the genes included in this MLPA panel are not
necessarily the pathogenically relevant gene in an amplicon
or area of loss of heterozygosity. They may only be markers
for a region of DNA gain or loss, with the true pathogenic
target being elsewhere in the same region.

This study has several other limitations. First, the sample
size is very small. Second, this study was performed without
normal controls because of the difficulty of obtaining normal
parathyroid tissues. It was reported that the frequency of
cyclin DI expression in normal parathyroid tissue is rarely
low (<6 %) [35]. Third, only common genes associated with
cancers were selected for MLPA analysis. Some other genes,
such as HRPT2 and multiple endocrine neoplasia type 1
(MENI), which are also involved in the molecular patho-
genesis of parathyroid tumor [27], were not tested in this
study. It was known that 11q13 allelic loss occurs frequently
in 25-40 % of parathyroid adenomas. The loss of this region
in parathyroid adenomas is closely linked to the MEN1 gene
[36, 37], but this target sequence was not included in the
MLPA kit that we used. Thus, all of the limitations of our
study may bias its results.

Conclusions

Our study provided some clues that the copy number increase
in the CCNDI gene may be one of the underlying mecha-
nisms responsible for sporadic parathyroid carcinogenesis.
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