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Introduction and outline

Introduction

History

The parathyroid glands, the last major organ to be discovered in humans, were first
recognized by Virchow (1863); however, it was Ivar Sandstrém (1852-1889) who is
generally acknowledged as the first to describe these glands in detail.** Sandstrom
demonstrated that the glands were structures separate from the thyroid and gave
these organs their name of glandula parathyreoidea. He reported the number and
histology of these glands, but the function of these glands remained unknown until
1891, when von Recklingshausen®® reported the association between bone disease
and hyperparathyroidsim (HPT).

Parathyroid glands

Normal gross anatomy and embryology

In the majority of cases, the parathyroid consists of four oval bone-shaped glands®,
two superior and two inferior. Five percent of people have supernumerary glands
(defined as weight >5 mg and located apart from the other 4 glands).* The superior
parathyroid gland arises from the fourth branchial (pharyngeal) pouch and descends
into the neck with the thyroid gland. The inferior parathyroid glands, together with
the thymus, are derived from the third branchial pouch.

The superior glands are most commonly localized in the fatty tissue on the middle
third of the posterior lateral border of the thyroid gland, while the inferior glands are
located on the lower thyroid poles close to the inferior thyroid artery.®

The mean weight of all four glands is approximately 120 mg in men and 130 mg in
women.!%2> Each gland has an average size of 4x3x1.5 mm, with the lower glands
generally larger than the upper glands.! The colour varies from reddish brown to a
yellow tan depending on the amount of stromal fat.

The arterial supply of the glands is derived from branches of the superior thyroid
artery (upper parathyroid) and the inferior thyroid artery (lower parathyroid).
Venous drainage is achieved by the superior thyroid vene (upper parathyroid) and
the inferior thyroid vene (lower parathyroid).®

Normal histology

The parathyroid glands are microscopically composed of three types of parenchymal
cells interspersed with a varying amount of stroma surrounded by a thin connective
tissue capsule. The parenchyma is composed of chief cells, oncocytic or oxyphilic
cells and water clear cells.

Chief cells are small and regular cells with an amphophylic and relatively lucent
cytoplasm. The nuclei are centrally located, with uniform chromatin and small
inconspicuous nucleoli. They are often moulded and show overlap. These cells
synthesize, transport, store, and secrete parathyroid hormone (PTH).27:4

Oncocytic or oxyphilic cells have a more abundant cytoplasm, which is deeply
granular and acidophilic. These types of cells appear at puberty and increase in
number as age progresses. The cells are often present in the form of clusters or
nodular collections.

Water clear cells have an abundant and optically clear cytoplasm and sharply defined
cell membranes. It is suggested that the water clear cells are inactive chief cells.®
The stromal component is composed of mature fat cells, blood vessels and a varying
amount of connective tissue. Stromal fat cells begin to appear late in the first decade
of life and increase throughout life, reaching a maximum in the third to fifth decades
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Chapter 1

of life.®
Parathyroid cells have a lifespan of approximately 20 yrs eventually undergoing
apoptosis>2. Mitoses are almost never seen in normal parathyroid cells.*°

Physiology

Calcium plays a central role in a number of physiological processes that are essential
for life including neuromuscular transmission, muscle contraction, cardiac
automaticity, nerve function, cell division and movement and certain oxidative
processes. Normal calcium concentrations are maintained as a result of tightly
regulated ion transport by the kidneys, intestinal tract, and bone (see Figure 1). This
is mediated by calcaemic hormones, in particular the parathyroid hormone (PTH) and
the active form of Vitamin D.?*

Figure 1

+ PEH -

b Vitamin D

1«
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PTH is a linear polypeptide containing 84 amino acid residues, whose major function
is to increase extracellular Ca?* concentration. It is synthesized in the chief cells in
parathyroid gland, in the form of a large precursor molecule: preproPTH, which is
processed and shortened in the parathyroid cell. Once secreted, PTH has a half-life of
approximately 2 minutes.

The primary function of PTH is to increase serum Ca?* concentration and in this way
maintain the extracellular fluid (ECF) calcium concentration within a narrow normal
range. Secretion of PTH is regulated by extracellular calcium, via a G protein-coupled
calcium-sensing receptor.®
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The hormone stimulates calcium release from bone, reabsorption from the kidneys
and uptake from the intestines.’”? The latter process is mediated by 1,25-
dihydrocholecalciferol, which is the biological active form of Vitamin D3
(cholecalciferol). PTH is required to metabolise Vitamin D3, which is formed in the
skin through the action of UV light, to 1,25-dihydrocholecalciferol in the liver.

A defect in the calcium sensing signalling cascade mentioned above can lead to
hyperparathyroidism, characterized by inappropriately high levels of PTH in relation
to extra cellular calcium levels and hyperplasia or increased cell proliferation.ti!

Hyperparathyroidism

Etiology

Increased cell proliferation manifests as hyperplastic or neoplastic parathyroid
lesions. HPT may develop as a primary disorder, either idiopathic or familial, or as a
secondary disorder in response to a biochemical imbalance, generally due to renal
impairment. It may also arise in response to lithium treatment as a therapy for
bipolar disorder. Secondary HPT may in turn progress to a tertiary disorder; the
parathyroid hyperactivity becomes autonomous and is no longer responsive to
physiological regulation. The mechanism and molecular pathway(s) underlying this
phenomenon are unclear.

Parathyroid gland lesions

Primary hyperparathyroidism (PHPT) is caused by adenomas in 80% of the cases,
hyperplasia in 20% and carcinoma in 1% of the cases

Hyperplasia is defined as an absolute increase in parathyroid parenchymal cell mass
resulting from proliferation of chief cells, oncocytic cells and transitional oncocytic
cells in multiple parathyroid glands in the absence of a known stimulus for PTH
hypersecretiont®

A parathyroid adenoma is a benign encapsulated neoplasm usually involving a single
gland with an adjacent rim of normal glandular tissue. The presence of a
microscopically normal second gland is thought to represent the best evidence that a
given parathyroid lesion is an adenoma rather than hyperplasia.t®

Carcinomas are malignant neoplasms derived from parathyroid parenchymal cells.?¢

Histology

Parathyroid tumours are genetically, clinically and histologically very heterogeneous
lesions, which often makes the diagnosis difficult if not impossible.

Benign tumours (adenoma and hyperplasia) are treated with simple
parathyroidectomy; however, there is an important distinction between adenoma and
hyperplasia in that hyperplasia will recur or persist if only one gland has been
removed. Intraoperatively, parathyroid carcinoma usually appears as a large, firm,
whitish-gray tumour that commonly has invaded surrounding structures. Despite
these defining characteristics, parathyroid carcinoma is often not recognized at the
time of initial surgery.** In patients who undergo routine parathyroidectomy, as
cancer is not suspected, 50% or more will develop local recurrence.>* Furthermore,
almost 90% of all patients with recurrent hyperparathyroidism will eventually die of
the disease.3! In contrast, patients where an adequate diagnosis was possible
intraoperatively and treated by en bloc resection, local recurrence ranges from 10-
33%, and long-term survival improves significantly.3:>3

In summary, a quick (intra-operative) diagnosis of the three parathyroid tumours is
essential as it has implications for (surgical) therapy.

However, intraoperative diagnosis is difficult, as there are almost no reliable
differences between the tumours histologically. All three tumour types are
characterized by the absence of intraparenchymatous fat and are composed of chief
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cells, oncocytic cells or mixtures of these cell types. The only difference between
adenoma and hyperplasia is the amount of affected glands and thus it is virtually
impossible to differentiate between these two benign tumours purely on histological
grounds.t®

The distinction between parathyroid carcinoma and adenomas based on histology and
morphology alone is also difficult. Some authors have claimed that trabecular growth,
dense fibrous bands, spindle shape of tumour cells, mitotic figures and nuclear
atypia*® are helpful criteria to diagnose parathyroid carcinomas, but all these criteria
can also be observed in benign parathyroid lesions.”:344¢ Therefore, none of these
characteristics are specific, although the presence of several in the same tumour
increases the possibility of malignancy.?®> An unequivocal diagnosis of parathyroid
carcinoma is only possible by demonstration of distant or local regional metastasis,
characterized histologically by blood vessel invasion and/or capsular invasion.*?

In conclusion, diagnostic accuracy of parathyroid tumours up until now has relied on
multiple markers including the recognition of the constellation of macroscopic and
microscopic features in combination with multidisciplinary correlation and not by
histology alone. Based on recent insights, including work described in this thesis,
histology might be supplemented by molecular investigations.

Primary hyperparathyroidism

PHPT is one of the most common endocrinopathies, with a prevalence of
approximately 1-3 per 1000 individuals.? Sporadic PHPT is most common in post-
menopausal women, with an estimated prevalence of 34 per 1000 individuals from
this population subgroup.3* The majority of tumours in primary hyperparathyroidism
are sporadic. However, approximately 5% are associated with the autosomal domi-
nant hereditary cancer syndromes Multiple Endocrine Neoplasia type 1 (MEN 1; OMIM
#131100) and type 2A (MEN 2A; OMIM #171400), Hyperparathyroidism-Jaw Tumour
Syndrome (HPT-JT, OMIM #145001), and Familial Isolated Hyperparathyroidism (FIHP,
OMIM #145000).3>

MEN1 syndrome is characterized by the occurrence of tumours of the parathyroids,
pancreatic islet cells and anterior pituitary. PHPT represents the most common
endocrinopathy in MEN1, reaching nearly 100% penetrance by age 40.%8 Parathyroid
tumours occur in 95% of the MEN1 patients.*

The MEN1 gene consists of 10 exons that encode a 610 amino acid protein, referred
to as MENIN. MENIN appears to have a large number of potential functions through
interactions with proteins that alter cell proliferation mechanisms.* The MEN1 gene
represents a tumour suppressor gene (TSG) and is located on chromosome 11q13.
The majority of tumours (95%) show additional LOH consistent with Knudsen’s two hit
theory. MEN2 (OMIM 171400) is a rare autosomal dominant disorder of multiple
endocrine neoplasms, including medullary thyroid carcinoma, pheochromocytoma,
and parathyroid adenomas. Medullary thyroid carcinoma is the most prominent
feature, as parathyroid tumours are found in 10-20% of affected family members.3°
MEN2 is caused by germline activating mutations of the RET proto-oncogene at
10q11.217:38,

HPT-JT (OMIM 145001) is an autosomal dominant syndrome characterised by
parathyroid adenoma or carcinoma, ossifying fibroma of the mandible or maxilla, and
renal lesions including Wilms tumour, renal cysts and tumours and uterine
tumours.422 About 80% of the patients present with hyperparathyroidism in late
childhood or early adulthood?>. The incidence of carcinoma in HPT-JT syndrome is
reported to be 10-15%.133> The high incidence of cystic change is another unique
feature of parathyroid neoplasia in this syndrome.3*

The gene causing HPT-JT is localized at chromosome 1g24-gq32 and is known as the
HRPT2 gene (also known as Cdc73) and is thought to function as a tumour
suppressor gene.?
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A number of families with HPT alone (known as FIHP) have been described. A disease
with an autosomal dominant pattern of inheritance, FIHP is known to be a genetically

heterogeneous condition with germline mutations in CASR but also linkage to MEN14®

and the HRPT2 region.?”

Sporadic parathyroid tumours

The etiology of sporadic HPT has long been unknown, until recently when several
genetic mechanisms have been revealed that play a role in the development of
sporadic parathyroid tumours. CCND1 and MEN1 have been established as having
important roles in parathyroid tumourigenesis.

A translocation between CCND1 and PTH resulting in the overexpression of CCND1
has been found in a number of parathyroid adenomas. ¢ Furthermore mutations in
MEN1 are reported in up to 30% of sporadic parathyroid adenomas.!8:28:3¢

Chromosomal aberrations and genetic abnormalities in parathyroid
tumours

Chromosomal losses and gains have been characterized in parathyroid tumours
using comparative genomic hybridization and LOH studies. In general, parathyroid
carcinomas show more chromosomal aberrations compared to adenomas (1.3x more
losses and 3x more gains). In adenomas, more losses (2.7x) than gains have been
found.

Regions frequently (in >10% of cases) lost in carcinomas are 1p, 13q, 6q, 9p, 4q,
189 and 2q. Regions frequently (in >10% of cases) gained in carcinomas are
chromosomal regions xq, 1q, 16p, 9q, xp, 19q, 20q, 17q and 5g. Adenomas show
frequently loss of chromosomal regions 11q, 11p, 15q, 1p, 13q and 22qg. Gains are
only seen in adenomas in chromosomal region 19p.4i20:32;39

Reports considering chromosomal changes in hyperplasia show conflicting results.
Several studies using CGH?! and LOH? report a relative lack of numerical
chromosomal alterations (besides a gain of 12q in 11% of cases as reported by
Imanishi et al). Other reported changes occurred in less than 10% of the cases,
although Afonso et al® found by CGH analysis several regions with numerical chan-
ges.

Regions frequently lost in secondary hyperparathyroidism according this last study
are 1p, 19p/q, 22p/q, 20q, 16qg and 17p/q. Tertiary hyperplasia show in the same
study losses in 1p, 20q, 12q, 19p/q and 22pg3.

Gains are described in chromosomal region 6q, 13q, 59, 4q and 12q in secondary
hyperparathyroidism, tertiary HPT show gains in 4q and 6q. See Figure 2 for an
overview.
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FIGURE 2A
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FIGURE 2C
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Figure 2 A, B and C depict the regions frequently (in >10% of cases) lost and gained
in carcinomas (A) ,adenomas (B) and hyperplasia (C) found by CGH
analysis.34i20i32:39 In C percentages of gains and losses are indicated in a similar way
as in A/B.
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Scope of this thesis

HPT-JT syndrome is a rare disease characterized by parathyroid tumours (with a high
percentage of carcinomas), jaw and kidney tumours.

In this thesis, the clinical and genetic features of the HPT-JT syndrome and the
relationship between the HRPT2 gene and parathyroid tumours were investigated.
Furthermore, we tried to gain insight in the molecular mechanisms of parathyroid
tumourigenesis to improve the accuracy of diagnosis of these tumours.

Chapter 2 describes a clinical and histopathological study of a large kindred in which
affected members presented with either parathyroid adenoma or carcinoma,
although additional tumours were also found. Linkage analysis was performed to
determine the genetics of this disease and the HRPT2 region (locus associated with
HPT-JT) was narrowed.

In chapter 3, we refined the HRPT2 region to 1g25-q32 by genotyping 26 affected
kindreds. Furthermore, we report the identification of the gene responsible for the
hyperparathyroidism-jaw tumour (HPT-JT) syndrome. The proposed role of HRPT2 as
a tumour suppressor was investigated by mutation screening in parathyroid
adenomas with cystic features.

The HRPT2 mutation status was determined in several types of parathyroid tumours
in chapter 4 including adenomas, carcinomas and hyperplasia both in a sporadic and
familial context. Loss of heterozygosity analysis at 1q24-q32 was also performed on
a subset of these tumours.

In chapter 5, we hypothesize that loss of parafibromin, the protein product of the
HRPT2 gene, would distinguish carcinoma from benign tissue. We describe the
immunohistochemical analysis of a newly generated antiparafibromin monoclonal
antibody in mostly unequivocal carcinoma specimens, benign tumours en HPT-JT
related tumours

In chapter 6, morphological characteristics of primary parathyroid carcinomas and
metastases were studied. Furthermore, immunohistochemical expression profiles
were determined for parathyroid carcinomas, adenomas and hyperplasia using a
tissue micro array. Loss of heterozygosity (LOH) of the chromosome 1q region
containing the HRPT2 gene and

chromosome 11q (MEN1) was determined in the carcinomas.

The aim of the study described in chapter 7 was to further evaluate the role of MEN1
and HRPT2 mutations in sporadic formalin fixed paraffin embedded parathyroid
tumours fulfilling histological criteria for malignancy. HRPT2 and MEN1 were analyzed
by direct DNA sequencing in formalin fixed paraffin embedded parathyroid carcinoma
tissue.

Chapter 8 describes a study based on microarray expression profiling of hereditary
and sporadic benign and malignant parathyroid neoplasms to better define the
molecular genetics of parathyroid tumours. A class discovery approach was used to
identify distinct groups and gene sets able to distinguish between the groups. Several
antibodies, selected based on the RNA profile, were analysed to discover potential
useful markers for parathyroid carcinomas.

The aim of the study described in chapter 9 was to find a method to rapidly screen
parathyroid tumours for chromosomal aberrations. We applied a newly developed
multiplex ligation-dependent probe amplification assay (MLPA) especially designed to
detect genomic deletions and duplications in parathyroid neoplasms. Adenomas,
carcinomas and normal tissue were analyzed.

Finally, chapter 10 and 11 cover the concluding remarks, English summary and
summary in Dutch, respectively.
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Familial primary hyperparathyroidism is the main feature of 2
familial endocrine neoplasia syndromes: multiple endocrine neopla-
sia type 1 (MEN 1) and hyperparathyroidism-jaw tumor syndrome
(HPT-JT). The latter is a recently deseribed syndrome that has been
associated with ossifying fibroma of the jaw and various types of renal
lesions, including benign cysts, Wilms’ tumor, and hamartomas. To
further illustrate the natural history of this syndrome, we describe a
large, previously unreported Dutch kindred in which 13 affected
members presented with either parathyroid adenoma or carcinoma;
in 5 affected individuals, cystic kidney disease was found. Addition-
ally, pancreatic adenoearcinoma, renal cortical adenoma, papillary
renal cell carcinoma, testicular mixed germeell tumor with major
seminoma component, and Hiirthle cell thyroid adenoma were also
identified. Linkage analysis of the family using MENT-linked mie-

rosatellite markers and mutation analysis excluded the involvement
of the MEN1 gene. Using markers from the HPT-JT region in 1g25—
31, gregation with the di was found, with a maximum log-
arithm of odds score of 2,41 obtained for 6 markers using the most
conservative calculation. Meiotic telomerie recombination between
D15413 and D15477 was identified in 3 affected individuals, and
when combined with previous reports, delineated the HPT-JT region
to 14 centimorgan. Combined comparative genomic hybridization and
lozs of heterozygosity data revealed complex genetic abnormalities in
the tumors, suggesting different possible genetic mechanisms for the
disease.

In conelusion, we report a family with hyperparathyroidism linked
to chromosome 1q, and exhibiting several types of renal and endocrine
tumors that have not been previously described. (of Clin Endocrinol
Metab B5: 14491454, 2000)

FAMILIAL PRIMARY hyperparathyroidism (HPT) oc-
curs in the context of familial isolated hyperparathy-
roidism or in families in which a hereditary tumor syndrome
is coupled with primary hyperparathyroidism (1). In mul-
tiple endocrine neoplasia type 1 (MEN 1), primary hyper-
parathyroidism is associated with additional endocrine tu-
mors of, e.g. pancreas, anterior pituitary, and stomach (2).
The disease is associated with mutations inactivating the
tumor suppressor gene MEN1, located on chromosome (chr.)
11q13 (3, 4). In MEN 2a hyperparathyroidism may occur
together with medullary carcinoma of the thyroid or pheo-
chromocytoma caused by germ-line activating mutations of
the RET protooncogene on chr. 10q11 (5).

A distinct disorder, hereditary hyperparathyroidism-jaw
tumor syndrome (HPT-JT), with an autosomal dominant
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mode of inheritance, has been described in which primary
hyperparathyroidism caused by parathyroid adenoma is as-
sociated with ossifying fibroma of the jaw (6). In a number
of families, parathyroid carcinoma has been noted (7-12). In
addition, renal disease has also been described, including
renal hamartomas, Wilms' tumor, polycystic kidney disease,
and degenerative cysts (8, 11-14). The HPT-JT gene (HRPT2)
has been mapped to the long arm of chr. 1g25-q31, later
narrowed down to a 14.7-cm (centimorgan) region. Addi-
tionally, a 0.7-cm candidate region was recently suggested,
based on shared haplotypes found in two Northern Amer-
ican families (15).

The nature of the HRPT2 gene is still unresolved, although
[based on the presence or loss of the wild-type alleles in
several renal hamartomas and some parathyroid tumors (13,
16)] the HRPT2 gene is considered a putative tumor sup-
pressor gene. However, loss of heterozygosity (LOH) in
HPT-JT is not always as evident as in MEN 1, in which the
majority of familial tumors show loss at 11q13. For example,
LOH has only been demonstrated in parathyroid tumors
from a subset of families (11, 13, 14), possibly suggesting an
alternative mechanism for tumorigenesis of parathyroid tu-
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mors in HPT-]T patients. To further understand the natural
history and genetic involvement of this relatively new syn-
drome, we have studied the clinical, histopathological, and
genotypic characteristics of a large Dutch kindred in which
primary hyperparathyroidism is associated with other
neoplasia.

Subjects and Methods

The pedigree of the family with the clinical phenotypes is shown in
F:g 1. To date, 13 family members have been documented with primary
hyperparathyroidism caused by parathyroid adenoma. Five individuals
(102, 111-5, 111-8, 111-10, and 111-11) had multiple renal cysts. Four of them
(-2, -5, M-10, and 11-11) developed renal insufficiency requiring
dialysis. The sex distribution of affected individuals is roughly equal.
Additional tumors were found in four patients. These were Hiirthle
cell adenoma of the thyroid gland with cystic changes (111-2 at age 44),
clear cell adenocarcinoma of the pancreas (I11-2 at age 48, Fig. 2), pap-
illary renal cell carcinoma and multiple cortical renal cell adenomas in
the nhhl kidney (I11-5 at age 54, Fig. 2}, parathyroid adenoma with atypia
(I1-11 at age 32) and parathyroid carcinoma (111-11 at age 36, Fig. 2), and
left testicular mixed germeell tumor with a major seminoma component
(IV-4 at age 32}, Clinically unaffected carriers with the disease haplotype
that were screened by renal ultrasonography (111-21, IV-7, V-9, IV-12,
and IV-13) showed no apparent abnormalities. Also the renal ultra-
sonography of carriers IV-11 and 1V-14 was normal. Current biochemical
testing of Ca®* and PTH of individuals [11-4, 111-21, IV-7, IV-8, V-9, 1V-11,
1V-12, IV-13, and IV-14 was normal. Of the four individuals (IV-11,1V-12,
I\-’-IJ. and IV-14) that were radiographically screened, only two (IV-13
and 1V-14) were suspect for carrying a small jaw tumor; however, this
has not been histologically documented.

Linkage analysis

Informed consent was obtained from all participating members of the
family or their legal representatives.

Htg’h mul«'u]ar -weight DNA was isolated from leukocyies using
5 For two patients (I11-2 and [11-11) from whom a blood
sarnp]e cuu!d not be obtained, constitutional DNA was extracted from
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nontumorous formalin-fixed paraffinembedded tissue, as described
(17). Eight microsatellite markers in and flanking the MENI gene in
1113, cen-D1154945-PYGM-D1154946-D1154940-D1 154947-D1151783-
D1154937-D1154936-tel, were used (4, 18), The 3-7th markers mentioned
are intragenic, the other three are flanking the MENT locus. Eleven
microsatellite markers from a 26-cm region in 1q25-g31, between D1S215
and D15249, encompassing the HPRT2 locus (12), cen D15215, D15466,
D15191, D1S254, D1S422, D15428, D15222, D1S412, D15413, DIS477,
215510 (Genome Database: www. gdb.org) were used for linkage.

Genotyping was carried out by two methods: one using radiolabeled
markers and the other fluorescent markers, PCR reactions were per-
formed in a total vol of 10 ul, containing 100 ng genomic tumor DNA,
50mmol/L KCL, 10mmol/L Tris-HCL (pH 8.3), 1.5 mmol /L MgCI2, 125
mmol/L of each deoxynucleotide triphosphate, 2 pmol of each oligode-
oxynucleotide primer (one of which was end-labeled with “Phosphate
in the case of radiolabeled markers), and 0.2 U DNA C polymerase
(Dynazyme/Tag polymerase). Samples were amplified for 30 cycles
(denaturation at 9% C for 30 sec, annealing at 55 C for 30 sec, and
elongation at 72 C for 30 sec; and the products were run on 1% poly-
acrylamide gels.

With the fluorescent markers, the PCR products were pooled into
three panels, according to the emission spectra of fluorescent dyes and
the expected sizes of the amplified products, Electrophoresis was per-
formed on 6% polyacrylamide gels, running on an ABI 377 laser-fluo-
rescent sequencer (Perkin-Elmer Corp., Foster City, CA), and electro-
phoresis data were analyzed with the Genescan 3.1 computer software
(Perkin-Elmer Corp.).

Two point logarithm of odds (lod) scores were generated using the
LINKAGE (version 5.1) program adopting a conservative approach.
Only patients with primary Hi‘l‘ were scomd as affected, whereas other
members at risk were consid
mode of inheritance and a p

it
1

Tumaor analysis

Formalin-fixed, paraffin-embedded tumor tissue was obtained from
4 patients (I11-2, 115, [1-11, and [V-1) and fresh frozen tumor tissue
samples from 2 other patients (IV-11 and 1V-14), Whenever possible,
different tumor foci, as selected by a pathologist (H. Morreau), were
microdissected  from 10 10-pm-thick hematoxylin-stained sections
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Fic. 1. Pedigrees and phenotypes of the family in this study. ©, ¥, Hyperparathyroidism; ®, [®, renal cysts, &, [d, jaw tumor; O, ], unaffected;
©, wl, additional neoplasm; S, mixed germcell tumor with major seminoma component; RCC, renal cell carcinoma; PC, parathyroid carcinoma;
HC, Hiirthle cell adenoma of the thyroid. The affected haplotype is indicated by black bars.
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FiG. 2, Light microscopic pictures of three different tumors from individuals 111-2, 111-5, and IT1-11. IT1-2, a glandular area of the clear-cell

adenocarcinoma of the pancreas (fap left, thick arrow) is shown. In the sur

i preexistent p ic tissue, atypical ductal hyperplasia

was present, Clear cells, similar to the infiltrating carcinoma cells, can be seen in islets of Langerhans (top left, small arrow), Positive staining
with antibodies against neuron-specific enolase (NSE) is shown, indicating neuroendocrine features (fop right), The islets stain positive also
with antibodies against insulin and glucagon (data not shown), Bottom left, the papillary renal cell carcinoma from individual TI1-5 is shown;
bottom right, the parathyroid carcinoma from individual I111-11. The arrow indicates vasoinvasive growth of tumor cells.

mounted on glass-slides. Genomic DNA was extracted from the paraf-
fin-embedded and fresh frozen specimens using standard methods.
Matched pairs of constitutional and tumor DNA were genotyped and
analyzed for allelic imbalance, using markers as deseribed under linkage
analysis. For the chr.1q region, additional markers D152125, DIS1653,
Dis408, DISI{:N D15533, and D1S1660 were u~cd Allele status was
identified on autoradi hic films and confirmed by digital images,
which permitted mmpumrm:d caleulations of relative allele intensities.
LOH was considered present when the signal intensity of one allele was
reduced by more than 50%, in comparison with the corresponding allele
in normal DNA.

Comparative genomic hybridization (CGH)

DNA from tumor samples was labeled with Fluorescein-12-deoxyuri-

Germany) equipped with three single excitation filters, a multi-bandpass
dichraic mirror, a multiband pass emission filter (P-1 filter set; Chroma
Technology, Brattleborough, VT), and a cooled CCD camera (Photo-
metrics Inc., Tueson, AZ). The green, red, and blue images were collected
sequentially by changing the excitation filter. Images were analyzed
using the QUIPS XL software from Vysis (Downers Grove, IL).

Losses of DNA sequences were defined as chromosomal regions
where the average green-to-red ratio and its 95% confidence interval
were below 0.8, whereas gains were above 1.2, These threshold values
were based on measurements from a series of normal controls

Mutation analysis of the MEN1 gene

Mutation analysis was performed using single-stranded conforma-
llcrrlal polymorphism analysis and direct sequencing of all 10 exons and

dine 5-triphosphate and DNA from the normal control with Li
S-deoxyuridine 5-triphosphate (both from NEN Life Science Products,
Boston, MA) by standard nick-translation.

The CGH was then performed according to the protocol described by
Kallioniemi ¢t al.(19), with a few modifications. Briefly, 200 ng of each
labeled tumor and control DNA and 10 pg of human Cot-1 DNA (Life
Technologies/BRL, Gaithersburg, MD) were dissolved in 10 pl hybrid-
ization buffer (50% formamide/2 x S5C/10% dextran-sulphate) and
hybridized to normal male metaphase spreads at 37 C for 4 days. Post-
hybridization washes were performed with 2 % 55C at 37 C (3 % 10 min)
followed by 0.1 % SSC at 60 C (3 ¥ 5 min). Chromosomes were coun-
terstained with 4,6-diamidine-2- phunyhndoll' (05 ;lg!rnLJ in Vectash-
ield antifade solution (Vector Labc Inc., CA). Im-
ages were captured with a DM microscope (Leica Corp., Heidelberg,

g intronic seq es after ation of gy DNA, as
described (20).

p

Results

No germline mutations in the MEN1 gene were detected.
Furthermore, no linkage could be demonstrated for markers
chosen in the 11q13 region. No LOH for markers at 11q13 was
identified in eight tumors tested (data not shown).

Analysis of 11 markers indicated that primary HPT in this
kindred was linked to the 1q25-31 HPT-[T region. The max-
imum 2-point lod score of 2.41 was obtained with markers
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TABLE 1. Lod scores for linkage to chromosome 1q21-q32 markers in the family

Recombination fraction (@)

Locus
0.000 0.010 0.056 0.100 0200 0,300
D15215 1.202 118 1.081 0.974 0.719 0.438
D15466 2,405 2.362 2.182 1.948 1.437 (.865
D1s191 2405 2.362 2,182 1.948 1.437 0.865
D15254 2.405 2.363 2.182 1.948 1.437 0.865
D1s222 1.202 118 1.081 0.974 0.719 0.438
D15428 1.202 118 1.091 0.974 0.719 0.438
D15422 2405 2.363 2.182 1.948 1.437 0.865
D15412 2.405 2.963 2,182 1.848 1.437 0.865
D15413 2.405 2.363 2.182 1.948 1.437 (.865
D15477 ~5.423 ~1.614 -0.370 0.0047 0.245 0.224
D18510 ~5.492 ~1.619 -0.372 ~0.420 0.245 0.182
428 + 422 2.405 2.362 2.182 1.948 1.437 0.865
412 + 413 2.405 2.362 2,182 1.948 1.437 0.865
TABLE 2. LOH on chromozome 1q in different tumors from obligate gene-carriers
1.2 e _ Bl V-1 v-11 v-14 &
Pancreatic Renal Papillary F I Parathyroid Parathyroid Parathyroid e .
carcinom cortical renal cell adenomu carcinoma adenoma adenoma adenoma pathology
adenoma carcinoma
Locus
LOH R R - R - D152125
LOH R R i - R - - D1S1653
- R R R = R = - D1S215
- - - - - - R R D15254
LOH - - - - - - D1S428
LOH R R - - R R D1S422
LOH R LOH d R - i R D1S408
LOH - - - LOH w R R R D1S412
LOH - - R LOHd R R R D1S1614
= = = = = R R R D15533
LOH - - - R R R D15413
- <= ~ - ~ R R R D151660
= - - - - - - - DIS477
- - - - - - = - D18510

R, Retention; w, wild-type allele; d, defective allele; —, not informative.

D15466, DIS191, DIS254, D15422, D15412, and DI1S413
(Table 1). Considering that the most conservative approach
was used in our calculation, i.e. all individuals at risk were
labeled as unknown, the lod score obtained is the maximum
possible in this family. All affected individuals carried the
disease haplotype (Fig. 1).

Meiotic recombination of the mutated chromosome was
seen in patient [11-8 (between D15413 and D15477), and the
same telomeric recombination was t itted to her off-
spring IV-11, IV-13, and 1V-14 (Fig. 1). Her clinically unaf-
fected son (IV-12) exhibited a recombination between D15222
and D15428. The unaffected male I11-21 (at age 50) exhibited
a recombination between D15428 and D15422.

LOH studies (Table 2) with markers from the HPT-JT
genomic region identified no LOH at chr. 1q21-32 in any of
the parathyroid adenomas or in a renal cell cortical adenoma
studied. Only different foci of the pancreatic adenocarci-
noma (I11-2), the papillary renal cell carcinoma (I11-5), and the
parathyroid carcinoma (III-11) exhibited LOH in the chr.1q
region, involving either the defective or wild-type chromo-
some (Table 2). CGH of fresh-frozen tissue from two para-
thyroid adenomas of the family (IV-11 and IV-14) revealed
amplification of chr.16 for the tumor from [V-11 and deletion

28

of chr.13q, as well as amplification of chr.1q and chr.17p for
the tumor from 1V-14.

Discussion

The familial inheritance of parathyroid adenoma/carci-
noma and cystic kidney disease, its genetic exclusion of MEN
1, and the lod score of 2.41 with 6 markers at 125-31 strongly
point to the diagnosis of HPT-JT syndrome. The latter is
relatively new, and the spectrum of its clinical features is far
from fully understood, as exemplified in this family. Several
types of tumors occurring in this family (including pancreatic
adenocarcinoma, renal cortical adenoma, papillary renal cell
carcinoma, testicular mixed germcell tumor with major sem-
inoma component, and Hiirthle cell thyroid adenoma) have
not been previously described in this syndrome. Although
coincidence can not be ruled out, their occurrence in affected
patients with parathyroid tumors and their multiplicity (e.g.
renal cortical adenoma) indicate their association with the
syndrome. Some of these tumors have been associated with
or reported in other familial neoplasia syndromes. For ex-
ample, papillary renal cell carcinoma is the main feature of
hereditary papillary renal carcinoma syndrome involving
chr.7; and in one such family, two cases of pancreatic car-
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TABLE 3. Dingram illustrating recombination events defining
the HRPTZ2 region.
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A seale and the approximate loeations of markers on chromosome
1q are given on the left, The first vertical bar represents the recom-
bination data of the family obtained by linkage analysis of affected
individuals, The second and third bars denote the recombination data
of two (yet) clinically unaffected individuals (IT11-21, IV-12). The fourth
and fifth bars illustrate the 14.7 and 0.7 em proposed candidate region
for HRPT2, as described by Hobbs ef al. (15).

eM, Centimorgan; L, linkage data; C, proposed candidate region.

cinoma have been described (21, 22). Of interest is that a
subset of papillary renal cell carcinomas is known to carry a
H(X;1)(p11;q21) as the sole cytogenetic abnormality present
(23, 24). The breakpoint locus at 1q, however, does not seem
to be located within the HRPT2 region. Additionally, renal
cortical adenomas have been described in von Hippel-
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Lindau syndrome (25); and testicular cancer, in familial
testicular cancer syndrome (26).

The HRPT2 region has been narrowed to 14.7 cm by the
identification of recombinations in affected cases (15). A
0.7-cm candidate region was proposed, based on shared hap-
lotypes in two Northern American families, but this data
warrants confirmation. In the present studies, a number of
recombinants have been identified. Three clinically affected
cases (IT1-8, IV-11, and IV-14) carry a telomeric recombination
between D15413 and D15477 which is the closest telomeric
border found in affected cases. Therefore, when combining
previously published data, the HPT-JT locus can be delin-
eated to 14 cm bordered by marker CHLC.12F10 (15) and
151632 (present study) (Table 3). Interestingly, two critical
re-combinants were identified in two members who remain
disease-free to date. The first one is ina 50-yr-old man (I11-21)
who carries a telomeric recombination between markers
15428 and D15422, and the second is in a 34-yr-old man
(IV-12) with recombination between D15222 and D15428.
However, reduced penetrance is not uncommon in HPT-T
(9, 11), as evidenced by six other diseased haplotype carriers:
1114 (aged 62), IV-4 (aged 30), IV-7 (aged 24), IV-8 (aged 32),
IV-9 (aged 30), and IV-13 (aged 33). As such, we are treating
the two disease-free recombinants with great caution, al-
though they may potentially further narrow the region. The
HRPT2 gene has been proposed as a putative tumor sup-
pressor gene based on LOH involving the wild-type alleles
in a subset of 1g-linked tumors (11, 13, 16). However, in the
present study, we were unable to demonstrate consistent
LOH of 1q21-32 in the tumors analyzed. This is in keeping
with other published data that indicates that an imbalance at
1q is not always found in HPT-JT-related tumors (13, 14). It
may be that the LOH detected in our study on chr.1 is a late
somatic event during tumorigenesis, because only the ma-
lignant tumors exhibited this pattern. In addition, our CGH
results, which showed amplification of chr.1q in one of the
two parathyroid adenomas, are consistent with the CGH
results of two other 1g-linked parathyroid tumors (16). Taken
together, these complex data may suggest a different sce-
nario: the involvement of an oncogene in which loss of the
wild-type copy was a secondary event and followed by du-
plication of the mutated copy. A similar mechanism has been
found in hereditary papillary renal cell carcinomas involving
the MET locus on chr. 7 (21, 22, 27). Finally, the gain at chr.
16q and the loss at chr.13q by CGH analysis in the parathy-
roid adenomas in our family have also been described by
athers (16), suggesting a role for these regions in parathyroid
tumorigenesis and progression. Future identification of the
HRPT2 gene will lead to a better understanding of the mech-
anisms causing this interesting disease to have a wide spec-
trum of clinical features.
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HRPT2, encoding parafibromin, is mutated in
hyperparathyroidism—-jaw tumor syndrome
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We report here the identification of a gene associated with the
hyperparathyroidism-jaw tumor (HPT-IT) syndrome. A single
locus associated with HPT-IT (HRPT2) was previously mapped to
chromosomal region 1q25-q32. We refined this region to a critical
interval of 12 ¢M by genotyping in 26 affected kindreds. Using a
positional candidate approach, we identified thirteen different
heterozygous, germline, inactivating mutations in a single gene
in fourteen families with HPT-IT. The proposed role of HRPT2 as a
tumor supp was supp d by ion sc ing in 48
parathyroid adenomas with cystic features, which identified
three somatic inactivating mutations, all located in exon 1. None
of these mutations were detected in normal controls, and all were
predicted to cause deficient or impaired protein function. HRPT2
isa ly exp d i ily conserved gene encod-
ing a predicted protein of 531 amino acids, for which we propose
the name parafibromin. Our findings suggest that HRPT2 is a
gene, the inactivation of which is directly
involved in predisposition to HPT-IT and in development of some
sporadic parathyroid tumors.
Parathyroid tumors affect 1 in 1,000 individuals in the general
population in whom the resulting primary hyperparathyroidism
(1°HPT) occurs as the only clinical feature or as part of a com-
plex syndrome. The HPT-JT syndrome (OMIM *145001) is an
autosomal dominant, multiple neoplasia syndrome primarily
characterized by hyperparathyroidism due to parathyroid
tumors'?, Thirty percent of individuals with HPT-JT may also
develop ossifying fibromas, primarily of the mandible and max-
illa, which are distinct from the ‘brown’ tumors associated with
severe hyperparathyroidism'~-5. Kidney lesions may also occur

tumor-

in HPT-JT as bilateral cysts, renal hamartomas or Wilms
tumors™7, Linkage analysis previously assigned the locus asso-
ciated with HPT-]T (HRPT2) to a region of roughly 15 cM
within 1q24-q32 (refs 5,6,8). Some parathyroid carcinomas and
renal hamartomas from individuals with HPT-JT, as well as
some sporadic parathyroid adenomas, show somatic 1q loss of
heterozygosity (LOH), in ag with the inactivation of a
tumor-suppressor gene in the region®"*11,

To facilitate the identification of the gene associated with
HPT-|T, we studied a total of 26 kindreds, sixteen of whom have
been described elsewhere and most of whom showed linkage to
1q24—q32 (refs 2,5-7,10,12-16). Twenty-four kindreds were
affected with HPT-JT, and two were affected with familial iso-
lated hyperparathyroidism (FIHP). The latter had a familial
occurrence only of 1°HPT and showed linkage to 1q24—q32, but
not to MENI. (multiple endocrine neoplasia I; ref. 9). We geno-
typed 26 microsatellite markers within 1q24—q32. Key recombi-
nants further narrowed the candidate interval to 12 cM flanked
by [}15238 and D15477 (Fig, 1a). Using existing transcript map-
ping information from this region'” and the UCSC draft human
genome sequence browser, we identified 67 potential candidate
genes including known genes, full-length ¢cDNAs with no
homologies to known genes, spliced expressed sequence tags
(ESTs) and predicted genes. Fig. 1b shows a partial transcript
map of the critical candidate region highlighting the initial set of
candidate genes selected for mutational screening. We carried
out mutational analysis using double-stranded DNA sequencing
on a panel of 26 lymphocyte DNA each
one affected individual from each kindred.
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After analysis of sequence data from the initial set of priori-
tized candidate genes, only the Clorf28 gene (Unigene cluster
Hs.5722) had probable disease-causing mutations. Unigene clus-
ter Hs.5722 is represented in cDNA libraries from all tissues of
interest (parathyroid, kidney and bone), but is probably ubiqui-
tously expressed. The Clorf28 gene consists of 17 exons, all of
which are coding (Fig. 1¢). Alignment of EST and full-length
cDNA sequences from Unigene cluster Hs.5722 identified an
open reading frame of 1,596 nucleotides encoding a protein of
531 amino acids. The combined coding sequence data suggested
a full-length message of approximately 2.7 kb for this transcript,
which correlates well with the major band of roughly 2.7 kb that
we detected by northern-blot analysis using the Clorf28 coding
region as a probe (Fig, 1d). Other bands present on the northern
blot could represent alternative forms of the protein and are cur-
rently under investigation. Following the OMIM nomenclature
for *145001, we refer to this gene as HRPT2.

supporting their pathogenetic importance. Inheritance of five
liffe ions is detailed in Fig. 2. One frameshift muta-
tion, an insertion of 2 bp in exon 7 (Fig. 2d), was found in indi-
viduals of two independently identified, seemingly unrelated
kindreds (kindred-01 and kindred-33) who were later found to
share an identical disease haplotype through the entire 26-
marker interval, suggesting that these individuals have a com-
mon ancestor, In all 14 affected families, all affected and some
currently unaffected members of the 14 families harbored muta-
tions. None of the mutations were present in 150 normal diploid
control individuals,

HRPT2and its encoded protein are evolutionarily conserved, as
we found potentially ortholog quences in mouse, Drosophil

lanog and Caenorhabditis elegans in the National Center
for Biotechnology Information non-redundant nucleotide data-
base using the BLAST algorithm. We propose the name parafi-
bromin for the encoded protein, owing to its involvement in the

We identified a total of 13 h ygous germline ions in
HRPT2 in 14 of the 26 index cases screened (Table 1). Each
germline mutation in HRPT2 is expected to lead to impaired
protein function owing to truncation or premature stops, further

devel of parathyroid tumors and ossifying jaw fibromas.
Human parafibromin shares 54% identity and 67% similarity
with the D. melanogaster ortholog and 25% identity and 45%
similarity with the C. elegans ortholog (see Web Fig. A online).
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Fig. 1 Genetic analysis of kindreds affected with HPT-IT and partial transcript map of the critical region. a, inati P 5P,

ing 26 mi lite mark-

ers from the 1924-q32 genetic interval showing key recombination events. Marker regions shaded in red represent regions shared among affected individuals
within families. b, A partial transcript map of the critical region defined by recombinants. Genes highlighted in blue were initially prioritized for mutational
analysis. Clorf28 is labeled in red as the gene of interest (HRFT2). Known genes and full-length cDNAs are shown with GenBank accession numbers, and ESTs are
shawn with Unigene cluster ID numbers. ¢, Genomic structure of HRPTZ. Sizes of exons are given in base pairs (bp). ATG and TGA represent the initiation codon
and i codon, ively, of HRPT2. d, Northern-blot analysis using Clorf28 (HRPT2) as a probe. Clorf28 (HRPTZ) was expressed at varying levels in all
tissues examined. Molecular weight markers are given in kb,
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Table 1+« and i di d in HRPT2
Kindred or Clinical data (number) Mutation in HRPT2
tumor sample HPT PTC JT KL Location  Nuclectide change Coding change Type
Mutations in kindreds affected with HPT-IT
kindred-05 4 ] 2 4 exon 1 3G—A Metilleu germline
kindred-15 7 0 3 1 exon 1 25C—T Arg9x germline
kindred-16 7 2 5 [1] exon 1 41-bp duplication/i tion f hiff germline
kindred-24 2 [1] 1 1 exon 1 34del AACATCC frameshift germline
kindred-12 4 0 3 0 exon 1 30delG frameshift germline
kindred-19 2 1 2 0 exoni 39delC frameshift germline
kindred-10 6 1 5 4  exon2 165C-G Tyrs5x germline
kindred-20 7 1 2 1 exon 3 fel gtacttitt f hift / splice mutation germline
kindred-09 10 3 0 0 exon 4 356dela frameshift germline
kindred-22 3 0 2 1 exon 5 A06A—T Lys136X germline
kindred-07 4 ] 2 2 exon 7 636delT frameshift germline
kindred-01 5 3 o 3 exon 7 679insAG frameshift germline
kindred-33 2 o 1 o exon 7 B79insAG frameshift germline
kindred-11 3 L] 2 1 exonl1d  1238delA frameshift germline
Mutations in parathyroid tumors
tumor sample 9 sporadic exon 1 126del24 frameshift / splice mutation somatic
tumor sample 10 FIHP-1q linked exon 1 128G—A Trpd3x somatic
tumeor sample 31 di exon 1 53delT frameshift somatic
HNucleotide and aminc-acid positions start from initiation codon. *Lower case i intrenic HPT, PTC, parathy-

roid carcinoma; IT, jaw tumor; KL, kidney lesion.

There were no homologies to known protein domains, but mod-
erate identity (32%) and similarity (54%) to a protein of Saccha-
rontyces cerevisiae known as Cde73p, which is an accessory factor
associated with an alternative RNA polymerase Il important in
transcriptional initiation and elongation in yeast'®20,

To evaluate further the probable tumor-suppressor effect of
HRPT2, we analyzed LOH and screened for mutations in HRPT2
in tumor and normal DNA from 48 individuals with parathyroid
adenomas with cystic features (47 sporadic and 1 familial). Six
sporadic tumor samples (12.5%) showed LOH at 1q without
involvement of 11q13, two with LOH at 1q encompassing the
HRPT2 locus. We identified a total of three inactivating muta-
tions in HRPT2, two in sporadic tumors and one in a tumor from
a 1g-linked FIHP kindred. Details on mutations and LOH at 1q
for the three tumor samples can be found in Table 1 (also see
Web Fig. B online). None of the mutations were detected in adja-
cent normal tissue or in 150 normal diploid control individuals,
suggesting that they were pathogenic for these tumors,

LOH at 1q has been previously reported in tumors from kin-
dreds affected with HPT-JT in whom we identified germline
mutations in this study, including kindred-07, kindred-09, kin-
dred-10 and kindred-20, suggesting that biallelic inactivation of
HRPT2 is associated with HPT-JT*%15, These findings are in
agreement with inactivation of a tumor-suppressor gene in the
region. But the frequency of demonstrated LOH at 1q in parathy-
roid tumors related to HPT-JT is relatively low, especially com-
pared with LOH of MENI, which is inactivated in more than
70% of the associated parathyroid =3 Our d
tion of a somatic inactivating mutation in a parathyroid ade-
noma from a kindred affected with FIHP that showed linkage to
1q indicates that small mutations in HRPT2 could be one expla-
nation for the relative lack of LOH at 1q in parathyroid tumors
related to HPT-JT. Other possible mechanisms for inactivation
of HRPT2 include hypermethylation and regulatory inactivation.

The identification of deleterious disease-associated germline
mutations in HRPT2 in 14 kindreds affected with HPT-JT indi-
cates that this gene is directly associated with the pathogenesis of
the HPT-JT syndrome. Somatic inactivating mutations in
parathyroid tumors suggest an important role for HRPT2 in

678

parathyroid tumorigenesis. With the identification of HRPT2,
the primary gene involved in each of the complex syndromes
associated with 1°HPT is now known!, This finding is expected
to be of clinical relevance for early risk assessment in individuals
from families with HPT-JT and possibly a subset of individuals
with FIHP. As parathyroid tumors are malignant at a higher fre-
quency in HPT-JT than in MEN1 and MEN2, mutations in
HRPT2 are probably an important precursor for increased risk of
parathyroid carcinoma. Further experimentation is also war-
ranted to determine the actual role of parafibromin in normal
cellular function and the exact mechanisms by which abnormal
parafibromin leads to the development of tumors. In conclusion,
the identification of HRPT2 and further analysis of parafibromin
may ultimately contribute to understanding parathyroid tumor
development, and e Iy to the devel of novel thera-
pies for 1°HPT and, possibly, other neoplasms.

Note added in proof: Recent analyses of additional bers of kin-
dred 08, an FIHP kindred, has identified a germline L64P mutation
inexon 2 of HRPT2,

Methods

Linkage analysis and recombination mapping. All samples used in this
study were collected with proper consent and approved for study by insti-
tutional review boards and ethics committees at all affiliated institutions.
We genotyped genomic DNA samples using 26 short tandem-repeat
microsatellite markers in the region of interest of chromosome 1. Primer
sequences for the microsatellite repeat markers used in this study are avail-
able upon request. PCR reactions were set up using a TECAN Genesis200
robot. PCR amplification was done in 15-pl reactions using GeneAmp
9600 thermocyclers (PE/Applied Biosystems). Depending on the PCR
yield, we pooled 5-15 pl of PCR product from up to 12 individual markers
of appropriate size and fi label. We d PCR products using
the ABI 377 DNA sequencer [ PE/Applied Biosystems), which allows multi-
ple fluorescently-labeled markers to be co-electrophoresed in a single lane.
We used the ROX 400 size standard as an internal size-standard in each
lane (PE/Applied Biosystems). We calculated allele sizes using the local
southern algorithm available in the GENESCAN software program
(PE/Applied Biosystems). Allele calling and binning was done using the
GENOTYPER software (PE/Applied Biosystems). We included a control
individual (CEPH 1347-02) in the genotyping analysis for quality control.

nature genetics » volume 32 = december 2002

35



Chapter 3

® 2002 Nature Publishing Group http:/fwww.nature

&

36

letter

Fig. 2 Mutations in kindreds affected with
HPT-IT. Shaded upper left quadrant represents a
upper right rep-
resents ossifying fibroma of the jaw, lower left
quadrant represents renal cysts or other kidney
tumors, and lower right quadrant represents
parathyroid carcinoma. A line drawn through a
symbol represents a deceased individual, Com-
pletely open symbols represent individuals who
are currently unaffected. Small superseript circles
to the upper right of family member symbals rep-
resent those individuals for whom DNA was avail-
able for mutational analysis. Small superseript
circles with an asterisk {*} in the middle mpresent
those individuals who are confirmed
carriers. a, Kindred-10 and chromatogram show-
ing the heterozygous 165C—G nonsense muta-
tion in exon 2. b, Kindred-22 and chromatogram
showing the heterozygous 406A—T nonsense
mutation in exon 5. ¢ Kindred-07 and chro-
matograms showing the normal allele and corre-
sponding 636delT mutated allele in exon 7. o
d, Kindred-01 and chromatograms showing the
normal allele and corresponding  67%insAG
mutated allele in exon 7. e, Kindred-11 and chro- o
matograms shawing the normal allele and corre-

kindred-10

b kindrad-22

Eﬂéf %%’éf

A
A TAGH

|
|

28" g = u =
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sponding 1238delA mutated allele in exon 14. For
c-e, PCR products from single affected individuals
cafrying mutations were subcloned and subse-
qguently sequenced to obtain sequences for both

[\GGAGT TTTOTGGA TOC

| Ay

TIGIC AGEAGAGAGAGAGTATGGA

normal ||

i

the mutated and normal alleles from the same

individual.

AGGAGTTTGTGOATGE

e | sl

TTGTC AGC AGAGAGAGAGA GTATGGA

M e Nﬁf\ ){MMM

We created the genetic map of the typed
markers using the GAS package version 2.3, €
applying the genetic model previously used®. We
identified critical recombinants by constructing

kindred-11

o

affected haplotypes using Genehunter™, after '
inspecting the pedigrees to check that the pro- ossitying fboromas
gram had enough information for this task. ABATGCNACC ADGO © Db
normal & DaA
PCR  amplification aml su]m:nung of A /}ill vy
germl g the L
genomic structures for cxnduda!: genes and M RAETDCIES A DS A4
i il
renal cysts.

designed primers from intronic sequence flank-
ing coding exons (primer sequences are avail-
able upon request). We added M13 tails to all

A Am ﬁﬂ Mﬁ

l_ parathyroid carcinoma

PCR primers for subsequent sequence analysis.
We carried out PCR reactions for individual
exons in 50-pl reaction volumes containing 20 ng of genomic DNA, PCR
buffer (Invitrogen Life Technologies), 225 mM Mg**, 250 nM dNTPs,
10 pmaol forward/reverse primer mix, 0,06 unit Platinum Tag DNA poly-
merase (Invitrogen Life Technologies) and 0.06 unit AmpliTag Gold (PE
Biosystems). PCR cycles consisted of an initial denaturation at 94 °C for
12 min; 10 cycles of 94 °C for 20 5, annealing for 20 s and 72 °C for 20 5; then
25 cycles of 89 °C for 20 s, annealing for 20 s and 72 °C for 20 5; and a final
extension at 72 "C for 10 min. Anneali imized for all
primer sets, and this information is availabie upon request. Wc analyzed a
5l aliquot of PCR product from each reaction on 246 agarose gels to deter-
mine robustness of amplification. PCR amplicons were purified using the
QiaQuick PCR purification kit on the BioRobot 8000 Automated Nucleic
Acid Purification and Liquid Handling system (Qiagen). We carried out
double-stranded sequencing using quarter-volume cycle-sequencing reac-
tions prepared in 96-well format using standard M13 forward or reverse
primers with the BigDye Terminator Chemislr)' (PE/Applied Biosystems).
Aftter Seph purification, d sequence products on a 3700 Cap-
illary DNA Analyzer [PUApphed Bnosystmls} using manufacturer’s proto-
cols. We aligned and anal ) using Sequencher
version 4.1 (Gene Codes). For PCR pmduux containing potential frameshift
mutations, we subcloned PCR products from affected individuals using the
TOPO TA dunmg system (In\nl.mg:n Life Technologies) according to the
s Teo Positively selected subcl.oncs were grown
in 3 ml of Luria-Bertani broth suppl 1 with the approg
selection. We prepared DNA from subclones using the Qiagen Miniprep
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Plasmid Purification System, We sequenced plasmid DNA with the standard
T7 and M13 reverse primers using BigDye Terminator Chemistry (PE/Applied
Biosystems), We separated and analyzed samples as described above,

ik blot analysis. To d

the transcript size(s) and tissue dis-
tribution pattern of HRPT2, we hybridized PCR products spanning the
cnding region of the HRPFT2 mRNA sequence to a commercially available
multiple-tissue northern blot, MTN1 {Clontech). The probes were labeled
with a-*?P-dCTP by random priming (Stratagene) following the manufac-
turer’s recommendations. We carried out hybridization at 42 °C overnight
in Hybrisol | hybridization buffer (Intergen) followed by stringent wash-
ing. We then subjected filters to autoradiography.

Detection of mutations in HRPT2 and LOH in tumors, Parathyroid
tumors and matched leukocytes were obtained with informed consent in
direct connection to surgery at the Karolinska Hospital, Tumor samples
1-9 and 1148 were from individuals with a sporadic form of the disease
and no personal or family history of MENI, HPT-IT or other familial
forms of 1°HPT. Tumor sample 10 was from a member of kindred-06, who
was affected with FIHP linked 1o 1%, Following the procedure and eriteria
previously described for tumor cases 1-30 (ref. 11), we confirmed that
tnmur samplcs 3148 u:l“ttltd here were cystic parathyroid adenomas. By

ical of ive sections from the frozen
tllll'JOTS. we confirmed that all s&mplc.i used contained a sufficient propor-
tion of tumor cells for DNA analyses (that is, >70%).
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We screened HRPT2 for mutations by sequencing the coding region in
all 48 tumors (primers and conditions are available on request). We
designed the primers to detect mutations in the coding region as well as at
the exon-intron junctions. We carried out cycle-sequencing reactions
using the BigDye Terminating cycle sequencing kit (Perkin Elmer). Reac-
tions were separated either using an ABI 377 automated sequencer or a
3700 Capillary DNA Analyzer (PE Applied Biosystems).

We genotyped 48 matched blood and tumor DNA samples using seven
microsatellite markers located within the critical region encompassing
HRPT2 (Fig. 1). The typed loci included cen-D15222-D15461-D15542-
HRPT2-D15412-D152794-D152840-D152622-1el. In addition, we geno-
typed tumor samples 3148 for three microsatellites at the MENT locus in
11q13: cen—{ D1154946/MEN1}-D115493-D1154937-1el. For tumor sam-
ples 1-30, LOH analyses of 11q13 have been previously published'!. We
analyzed the markers using fluorescence detection, and determined the
LOH status both visually and by calculating the peak ratios between the
constitutional and twmor alleles.

Accession numbers. Clorf28, AF312865; Cdc73p, NP_013522,

Note: Supplementary information is available on the Nature
Genetics website,
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ORIGINAL ARTICLE

HRPT2 mutations are associated with malignancy in
sporadic parathyroid tumours

V M Howell, C J Haven, K Kahnoski, S K Khoo, D Petillo, J Chen, G J Fleuren, B G Robinson,
L W Delbridge, J Philips, A E Nelson, U Krause, K Hammie, H Dralle, C Hoang-Vu, O Gimm,
D J Marsh, H Morreau, B T Teh

J Med Genet 2003;40:657-663

Background: Hyperparathyroidism is @ common endocrinopathy characterised by the formation of
parathyroid tumaurs. In this study, we determine the role of the recently identified gene, HRPT2, in
parathyroid fumorigenesis.
Methods: Mutafion analysis of HRPT2 was undertaken in 60 parathyroid tumours: five HPT-JT, three FIHP,
three MEN 1, one MEN 2A, 25 sporadic adenomas, 17 hyperplastic glands, two lithium associated
tumours, and four sporadic carcinomas. Loss of heterozygosity at 1q24-32 was performed on a subset of
3 ese lumours.
?ﬂ:’r‘ad' %?gfgior Results: HRFT2 were detected in four of four sporadic parathyreid carcinoma samples,
eeseseniiin and germline mutations were found in five of five HPT-IT parathyroid tumours (two families) and two
parathyroid tumours from ene FIHP family. One HPT-JT tumour with germline mutation also harboured a
somatic mutation. In total, seven novel and one previously reported mutation were identified. *Two-hits”
{double mutations or ane mutafion and loss of heterozygosity at 1g24-32) affecting HRPT2 were found in
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endocrinopathies, believed o affect approximately

three individuals per 1000 adults.” HPT is characterised
by the formation of parathyroid wmours and, il left
untreated, patients develop bone disease, renal stones, and
neuromuscular dysfunction. The majority of tumours are
sporadic, but approximately 5% are associated with the
amosomal dominamt hereditary cancer syndromes multiple
endocrine neoplasia type | and 2A (MEN | and 2A), lamilial
isolated hyperparathyroidism (FIHP), and hyperparathyroid-
ism-jaw tumour syndrome (HPT-JT).”

Sporadic HPT may occur as primary, secondary, or tertiary
disease. Primary HPT can be attributed 1o a single adenoma
in 80-85% of cascs, multiglandular hyperplasia in 15-20% of
cases, and carcinoma in less than 1% of cases.! Secondary
HPT arises in response o 1,25-dihydroxyvitamin Dy defi-
ciency, hyperphosphatemia, or hypocalcemia, due to renal
failure, and presents as multiglandular hyperplasia. Tertiary
HPT is defined as autonomous parathyroid hyperfunction in
a patient with a previously well documented history of
secondary HPT. Its presentation has been described as
nodular hyperplasia or multiple adenoma. HPT may also
arise in response to lithium treatment as a therapy lor bipolar
disorder.*

Our understanding of the molecular basis of parathyroid
tumourigenesis has increased over the past 10 years. It has
been clearly established that increased expression of the
oncogene awlin D (formerly named PRADI) is associated
with the formation of parathyroid hyperplastic glands,
adenomas and carcinomas.” The MEN 1 gene, MENI,
located at 11q13." 7 has also been shown to play a major role

I |}'pcrpar.3lhymidi5m (HPT) is one of the most common

radic corcinomas, two HPT-JT-related and two FIHP related tumours.

support the role of HRPT2 as a tumour suppressor gene in sporadic
e further evidence for HRPT2 as the causative gene in HPT-JT, and a
subset of FIHP. In light of the strong association
carcinoma demonsirated in this study, it is hypothesised that HRPT2 mutation is an early event tha
lead to parathyroid malignaney and suggest intragenic mutation of HRPT2 as a marker of malignant
potential in both familial and sporadic parathyroid tumours.

between mutations of HRPTZ and sporadic parathyroid
t may

in both familial™ " and sporadic'* parathyroid tumourigen-
esis, functioning as a tumour suppressor. However the
genetic basis of many sporadic and familial parathyroid
wmours s still unknown, Parathyroid carcinoma, for
example, is not a feature of MEN 1, and neither loss of
heterogygosity (LOH) at gl 3, nor mutations in MENI have
been  reported.” '™ The  tumour  suppressor  gene,
Retinoblastoma (Rb1), located at 13q14, was suggested 10 have
a primary role in parathyroid carcinogenesis [ollowing the
finding of allelic loss of RA in the majority of parathyroid
carcinomas but rarely in benign parathyroid tumours,™ ™
However, subsequent immunohistochemical studies found
decreased Rbl expression to be unreliable as a marker of
malignancy.”"

Recently, germline mutations in a newly ldr."nnlt::d gene,
HRPT2 (AF312865, Hs.5722), previously
Chromosome | open reading frame 28° have been identified in
14 of 24 HPT-JT kindreds and one of two FIHP kindreds.”™
HREPT2 maps 1o 1925, consists of 17 exons, containing 1596
nucleotides and encodes a 531 amino acid protein termed
parafibromin with unknown function.” Patients with HPT-IT
present in childhood or early adulthood with HPT, and are
also at risk of developing fibro-osscous jaw tumours and
renal lesions, ™ While sporadic parathyroid carcinoma is
rare, the incidence of parathyroid carcinoma is reported to be

Ahbrwuimns. FIHP fofml:ul 1salc|lud hyPerpnmrhymldlyn, HPT,
w fumaur
s‘_mdrnme LOH, lo;s aF huterozygcsury, MEN, mthple endocrine
neoplasia
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15% in HPT-JT. The majority of parathyroid tumours in these
patients are aggressive, occasionally recurrent adenomas,
notable also for their cystic histology.”™ LOH studies at 1q24-
32 have identified allelic loss in some, but not all, HPT-JT
associated tumours, suggestive of a tumour suppressor role
for HRPT2." ™ Similar loss of the HRPT2 locus in tumours
from members of a FIHP family has been reported,” Studies
in sporadic parathyroid wmours report that 9-13% of
adenomas have LOH at 1924-32." % " In addition to germline
HRPT2 mutations in HPT-JT and FIHP kindreds, Carpten er al
also detected somatic HRPT2 mutations in two of 47 sporadic
cystic parathyroid adenomas.™ One of these was also found
to have LOH at 1g24-32." LOH at this locus has not been
identificd in lithium-associated  parathyroid tumours™ or
secondary HPT."

To determine the role of HRPI2 in parathyroid wmour-
igenesis, mutation analysis was undertaken in both sporadic
and familial parathyroid neoplasms. A subset of tumours was
also assessed for LOH at the HRPT2 locus, 1q24-32.

MATERIALS AND METHODS

Subjects and samples

Sixty parathyroid samples were obtained from subjects (31
female and 29 male) who underwent parathyroidectomy for
hyperparathyroidism at Royal North Shore Hospital, Sydney,
Australia; Leiden University Medical Centre, Leiden,
Netherlands; or Martin Luther University, Halle-Wittenberg,
Germany. Peripheral blood samples were also available from
42 of these patients. Patients gave informed consent
according to protocols approved by each cenire’s human
ethics committee,

The tumours were classified as familial or sporadic,
including lithinm-associated. Further classification of ade-
noma, hyperplasia {secondary or tertiary), or carcinoma was
established according 1o detailed WHO guidelines.” Twelve
familial twmour specimens were collected. Three were from
two FIHP families, five from two HPT-JT families, three from
three MEN | familics and one from an MEN 2A patient.
Orthopentography of the jaw and renal ultrasound were
performed on all affected members of the FIHP families. No
case of jaw or renal tumour was found, Twenty-five sporadic
adenomas, two lithium-associated tumours, 11 secondary
and six tertiary hyperplastic glands, as well as four
parathyroid carcinomas were also collected. The percentage
of neoplastic tissue in each sample was assessed histologi-
cally from a paraffin embedded representative picce of tissue.
All samples were composed of at least 70% neoplastic cells.

A panel of 65 anonymised peripheral blood samples
collected from healthy volunteers constituted the normal
germline DNA panel.

DNA/RNA preparation

Parathyroid tissue was frozen in liquid nitrogen immediately
after surgical removal and stored at —70°C or below,
Peripheral blood was collected into EDTA anti-coagulant
tubes and stored at =70°C. DNA was extracted from the
frozen tissue and peripheral blood leucocytes according 1o
standard procedures. RNA was extracted from frozen tissue
using TRI Reagent (Sigma-Aldrich Corporation, St Louis,
MO) according to the manufacturer’s protocol,

LOH studies

Where DNA was available from matched tumour and blood
samples, allelic deletion of the chromosome 1g24-32 region
flanking HRPT2 was assessed using a selection of the
following  microsatellite  markers:  centromeric-D18218-
DIS238-D18422-D152625-DI1S081-HRPT2D15533-D152757-
DIs2794-D15477-1elomeric.”™ ™ PCR - was  performed  in
a 7.5 ul reaction volume comtaining 0.17 pM cach of

www. jmedgenet.com
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HEX-labelled forward and unlabelled reverse  primer
(Invitrogen, Life Technologics, Carlsbad, CA), 4 mM MgCl,,
0.3 units AmpliTaq Gold polymerase and 1 = Buffer 11
(Applied Biosystems, Foster City, CA). 250 uM  dNTPs
(Invitrogen, Life Technologics), and 15 ng of genomic DNAL
Amplification was performed in a DNA Engine Tetrad (MJ
Research, Incline Village, NV) with an initial denaturation of
95°%C for 10 min, followed by 10 cyeles of 947 for 15 seconds,
55°C for 15 seconds, 727 for 30 seconds, and 20 cycles of
89 for 15 seconds, 55°C for 15 seconds, 72°C for 30 seconds,
and a final extension at 72°C for 10 min. The resulting
microsatellite PCR products for each specimen were then
pooled, and 1 uL was added to 10 pl of Hi-Di formamide
(Applied Biosystems) and 0.2 pl of ROX 400HD size standard
(Applied Biosystems), denatured at 95°%C for 5 min and
loaded into an ABI Prism 3700 Genetic Analyser (Applied
Biosystems), Assessment of LOH was performed  using
Genescan v, 3.7 and Genotyper v, 3.7 software (Applied
Biosystems). LOH was defined according to the following
formula: LOH index = (T2TI)/(N2/N1), where T was the
tumour sample, N was the matched normal sample, | and 2
were the intensities of smaller and larger alleles, respectively.
1f the ratio was <0.5 or = 1.5, the result was determined 1o be
LOH."

HRPT2 mutation analysis

Initially, normal thyroid tissue RNA was sequenced in 4
overlapping segments between 5'UTR and 3"UTR 1o clarify
the intron/exon boundaries and confirm  the  published
sequence of the recently identified HRPT2 gene™ cDNA was
synthesized using the SUPERSCRIPT First-Strand Synthesis
System for RT-PCR (Invitrogen, Life Technologies) and
amplified in a 20 pL reaction containing 200 ng of cDNA,
200 uM dNTPs (Invitrogen, Life Technologies), 1.5-4 mM
MgCly, | pM of cach primer, | unit of Platinum Tag DNA
Polymerase and | = PCR buffer {Invitrogen, Life Technolo-
gies). F ing an initial d. ition at 94°C for 5 minutes,
35 cycles of 15 second steps at 947, 55-60°C (depending on
the primer set) and 72°C were performed in a DNA Engine
Dyad (MJ Rescarch), linishing with an extension at 72°C for
10 minutes. The PCR products were purificd using the
QlAquick PCR Purification kit (QIAGEN Pty Lid, Clifton Hill,
Vic, Australia), cycle sequenced using the ABI PRISM BigDye
Terminator Cycle Sequencing Ready Reaction kit (Applied
Biosystems) and sequenced on an ABI PRISM 3700 Genetic
Analyser, according to the manufacturer’s recommended
protocol. The organisation of the gene is detailed in table 1
and primer sequences are available on request.

Sequencing of HRPT2 was then performed for all tumour
samples. All 17 exons and the intron-exon boundaries were
amplified in 15 separate reactions for cach sample, PCR was
performed in 40 pl reactions containing 75 ng of template
DNA. 200 pM dNTPs, 1.5 mM MgCl,. 0.5 pM cach primer,
1.5 units of Tag DNA Polymerase, and | x reaction buffer
(Invitrogen, Life Technologies). Following an initial dena-
turation at 24 for 5 minutes, 35 cycles of 30 second steps at
94°C, 55°C, and 45 seconds at 72°C were performed, finishing
with an extension at 72%C for 10 minutes in a DNA Engine
Tetrad. Primer sequences are available on request. The PCR
products were purified through a Multiscreen PCR Filter
plate (Millipore Corp., Billerica, MA) and sequenced as
above.

Where matched blood was available, the status of mua-
tions identified in the wmours were determined as either
somatic or germline by sequencing ol the germline DNA.

RNA was available from three tumours 1o test whether
there were aberrant splicing products of the gene, cDNA was
synthesised, amplified and sequenced as above.
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HRPT2 mutations in parathyroid tumours 659
Table 1 HRPT2 {Unigene cluster HS.5722] exon/intron organisation
Exon Intron
Genomic sequence  3'splice accoplor
No Bp Nucleotides Amino acids  no” region 5'splice donor region No Kb
I 131 1-131 1-44 2583-2713 oggaanaggocal ATG 1 28
2 106 132-237 45-79 5494-5599 aMicog/GACT AGCT/ghoog 2 50
3 70 238-307 B0-102 10,556-10,625 gittog/ACTG GCGT/gigog 3 51
4 &3 08370 103-123  15773-15835  cheog/CAAC CAAG/glolg i 0.1
5 53 371-423 124-141 15919-15,971 chtffalog/ TCAA ATIGAG/ gloao 5 25
é 89 424-512 142-170 18,467-18,555 'GATG ATTAG/ghoog & 37
ik 217 513-729 171-243 22,232-22 448 GICT GGAAAG/ gactt 7 58
8 9 730-828 244-276 28,249-28,347 atag/AATTTIT TGTG/ghoog a8 2.4
9 7% B29-907 277-302 30,484-30,784 aittfftocog/GATC GAAG/ geoogh 9 20
10 &5 208-972 303-324 32,762-32,826 chtititegion/ AAAC AACG/glaog 10 513
11 58 973-1030 325-343  B4177-84234  ooog/GAGGIGIC  CCAG/glog n 82
1236 1031-1066 344-3155  92.447-92.482 teocog/TITCT GAAAG/giga 12 03
13 B8 1047-1154 356-385  92772-92859  ciiolog/GATC TGAA/ gioog 13 205
14 162 1155-1316 385-438 113,375-113,538  gititttcocog/ATTT ACTG/gloog 14 3.1
15 101 1317-1417 439-472 116,638-116,738 m@ﬁc TAAAA /gloog 15 13.41
16 142 1418-1559 473-51% 9248-9389 A4 ACAG/gloat 14 08
17 Az 1560-1596 520-531 10,194-10,230 atttteng/GTAC CTGA/anatt IUR 07
“The genomic sequence no. is faken from clones RP11-239111 (AL390863/AF312845) and RP11-185C19 [AL139133/AF312865).
tPasition of overlap of thesa clones,
$Base found to be discrepant with the published sequence is in bold.

Polymorphism scanning of the normal DNA panel

All amplifications were performed with 1 pM of each primer
(Invitrogen, Life Technologies), 200 uM dNTPs (Invitrogen,
Life Technologies), 2 units of AmpliTag Gold polymerase
(Applied Biosystems). 1 = Bulfer 11 {Applied Biosystems),
1.5-4 mM MgCly, and cycling conditions as stated for PCR of
C¢DNA above, with an annealing temperature of 55°C, unless
otherwise stated. Primer sequences are available on request.

Rsal digest for detection of ¢.33C—T [Y11Y)

DNA was amplified in a 20 pL volume with exon | primers
and 1 unit of AmpliTaq Gold polymerase. Four microlitres of
the resulting 228 bp amplicon was digested with | unit of
restriction  endonuclease  Rsal  (Fermentas  AB, Vilnius,
Lithuania) in 1 = Bulfer Y+/Tango (Fermentas AB) with a
final volume of 8 pL, and incubated at 37°C for & hours, One
microlitre of the resulting digest was mixed with 1 pL of
Ioading dye (5 g/I. Bromophenol Blue, 12.5 mM EDTA, 50%
formamide) and electrophoresed in a Corbett Research Gel-
Scan 2000 Real-time  Electrophoresis  System  (Corbett
Research, Mortlake, NSW, Australia) through a 5% poly-
acrylamide, 0.6 = TBE gel under suggested non-denaturing
conditions. Wild 1ype amplicons were distinguished by the
presence of bands at 109 bp and 119 bp. Heterozygotes
contained an additional band at 228 bp.

dHPLC detection of polymorphisms

DNA was amplified in a 50 pL. volume using exon 2, 7, or
13 primers and following amplification the resulting
products underwent enhancement of heteroduplex forma-
tion, This involved a denaturation at 94°C for 5 min
immediately followed by a slow ramp over 35 cycles, starting
ar 4% and decreasing 2°C/1 min cycle, finishing with
| min incubation at 25°C. Five microlitres of amplicon was
then injected into the flowpath of a DNASep-MD cartridge
in the WAVE-MD Mutation Detection  System  Maodel
2000 denaturing HPLC (Transgenomic, Omaha, NE) under
WAVE-MD Standard Method  gradient  conditions  and
WAVEMAKER (Transgenomic) predicted temperatures for
cach amplicon. Eluted fragments were detected by the
system’s UV detector and  analysed as chromatograms.
Wild ype amplicons cluted as a single homoduplex peak
whereas heterozygous samples presented with up o four
peaks representing homo- and  heteroduplexes, For the

1V52+28C—T variant, homozygotes for cither the C or T
allele were mixed with an equal aliquot of an exon 2
amplicon homogzygous for the C allele, denatured, slowly
reannealed and re<injected into the dHPLC 10 determine
which allele was present.

Statistical analysis

The y* contingency test was performed to compare the
occurrence of mutations between four cases of sporadic
carcinomas and 44 cases of sporadic non-carcinomas. A p
value less than 0,05 is considered as significant.

RESULTS

HRPT2 mutation analysis

HREPT2 mutations were detected in the DNA from four of four
sporadic parathyreid carcinoma samples, five of five HPT-JT
parathyroid tumours (two families) and parathyroid tumours
from one of two FIHP families (fig 1). No muations were
detected in any of the other 49 tumours sequenced. Eight
different HRPT2 mutations were detected. With the exception
of L64P, that has been previously published.” all the
mutations identified were novel (fig 2). One of the mutations
(c.76delA) was detected both in a sporadic carcinoma and in
a HPT-JT family. Where available, matched constitutive DNA
was analysed to determine the germline versus somatic
nature of these mutations (fig 1). HPT-JT wumour #1613
harboured both a germline and a somatic HRPT2 mutation,
and two somatic HRPT2 mutations were detecied in
carcinoma #2077,

LOH studies

LOH analysis of 1g24-32 was performed on 42 of the 60
tumours. All samples tested were informative for at least one
of the markers (data not shown), LOH was detected in six
samples: one sporadic carcinoma (#10977), one HPT-JT
tumour (#1763), two FIHP tumours (#4 and #54) and two
sporadic adenomas (#9 and #101) (fig 1). LOH ar 1q24-32
has been previously reported in two of these samples (#9%
and #4"). LOH was confirmed in sporadic carcinoma sample
#10977, HPT-JT sample #1765 and FIHP samples #4 and
#54 by the presence of only the mutant allele in tumour DNA
sequence. Retention of heterozygosity was demonstrated in
the remaining 18 twmours not assessed for LOH by the
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Microsatellite markers |
1

v

Tumaur type 1q24-32
Specimen ond Age Sex Histology HRPT2 mutations @ = oo g HM E‘ § I
family ID maam§§am%a
5 iy acaadalXlaaaa
carcinoma

219 42 M Corcinoma 162056 [¥54%) O

1798 34 F Corcinome c PbdelA O

2077 56 M Corcirome WS61delG [S], c165CoAfyssx (5] [ OooOm
10977 32 M Corcinoma/cpic €.165delC | | |

HPTJT

[Fomiy£3] 1613 20 M Corcinomo c.76delA [G), c.686deiGAGT[S] [ ][] miimy ¥ |
[Family F3] 1765 51 M Corcinomay/cystic e 76dalA [G] | B | EEEE
[Family Fa] V3 27 F  Adwoma/cptic €.6790lAG (G] | [} =]
[Fomily FA[INA 38 F  Adencma <.679dolAG |G ] ][] -]
[Fomily FA[ 5771 36  F  Adanomo/cystic ©.679dolAG [G] O

FIHP

[Family F1] 54 19 F  Adenoma < 1911>C |47 [G) | Bl |

[Family F1] 41 22 M Caorciroma 1911 |1647] (G) E Em Bm | |
Sporadic

adenoma

94 55 F  Adencen No mutations detected om EDER
10 68 M Adanoma/fbrosls Na mutations deteced e EEEN

M Loss of heterozygosity
(] Retention of heterozygosity
[ Uninformative marker due to homozygosity

Figure 1 Mutations defected W’l"‘llﬂ HRPT? ond LOH anolysis of flanking markers. Age is the nge in years o the fime of parathyroidectomy. HRPT2

mutations detected are listed as nucleotide and amino acid changes where relevant. Where two mutations were detected in the same potient,
both are listed. Germline mutations are dann "[G]" and somatic muluhons are denoted “[S]", For the microsatellite markers, see key in figure
Blank spoces indicate LOH testing not perFurmed {germline DNA not o *The apy hmlmn of HRPT2 within the 124~ 32 reglan T11e
results in this shoded column rep o loss of heterozygosity o the HRFT? locus by combined lite and i results.
1015218 ond D15477 have been reported previously.” 3Frevlousb f | as having LOH at 1q and 1p and CGH loss at 1q31 ~gter.™
presence of a heterozygous mutation or polymorphism in maitched constitutive DNA (table 2). An additional variant,
HRPT2. not detected in the tumours, was found in the normal panel
(fig 3). Twenty six of the 54 parathyroid tumour samples not
Polymorphisms displaying LOH were heterozygous for the common poly-

Five intronic and one exonic sequence variants, five of which morphism, 1IVS2+28C—T, confirming retention of heterozyg-
were also identified in a screen of 65 normal subjects, were osity for HRPT2. A dinucleotide repeat variant in intron 7,
identified in parathyroid lesions, and where available, IVST+33({GA ). (wild tvpe IVST+33 (GA)g) was found in five

AG—A M1 Figure 2 Distribution of HRPT2
i ol mutations and po};nn?:;:hsms_ Exons
V512 - 109T=G 8-12 inclusive, 15, and 16, have not

Y
191TC (L64P) shown Underlined
‘ V52 + 26C—T IVS12 - 86C—T m“‘g;“::“ﬁ:;m;m;;

V513 + 204~C fobe rphisms are italicised.

|
7 ) 14 _/,A_I_

-
c.1238delA
c.39delC ; VS6-1delG
Sasar | c.636dell
. =
. chOS'C-—bGIY 5% 679insAG
|| le165CA [Y55%) C.686deIGAGT
¢ 126del24) == . B =
. 128GA [W43X)| ¢ 163delC c.679delAG
41bp duplication/insarfion IVS7 + 33 (GAJg
c.406delA—T [K136X)
www. jmedgenet.com
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Table 2 HRPT2 predicted polymorphisms found in this study
Heteroxygote frequency in Heterozygote frequency in
tumour DNA® (allele Classification of tumours mmm.w
Polymarphism harbouring a polymorphism p-ﬂ frequency]
YI1Y(c33C-T)  1in 56 (0.01] l:pom&:ndwm[ 0in
IV52:28delCCTA  2iin 56 (0.02) 1 secondary hyperplasia [G] 5 in motm
1 tertiary hyperplasia (7]
V52+28C-T '2;5&56 [Heterozygous]  all tumour types [G] 33 in 65 [Heterozygous) (0.32)
4in 56 4in 85
IVS7+33(GAly 4in 56 (0.04) : lithium [G] o 1in 85 {0.01)
1 MEN 1 (MM
| FHPt 2
members [G])
IV512-86C—T 3in 56 (0.03) 1 sporadic adenoma (7] 3in 65 (0.02)
. 2 secondary hyperplasia [7]
W512-109T—G  5in 56 (0.05) :wduvhmrﬂus[-ﬁiﬁi & in 65 {0.05)
3 sparadic ndu!um; 7
V513+20A4—-C Qin 56 1 in 65 {0.01)
Flomeud!hml included in the heterozygote fraquency estimatian.
[G]’ms‘:I: ity was in el
[?1Germline stotus nulmmrhnnd
1The voriant IV57+33{Gl was found in umour and in germline in two affecied members of the same family. Both
tumaours demonstroted LOH of 1524-32 and the polymorphism was found on the mutated allsle in umour DINA.

tumours., We were unable 1o detect aberrant splicing in
transcripts generated from three of these tumours (#4, #54,
and #76).

Statistical analysis

A y* contingency test showed that the occurrence of muta-
tion in sporadic parathyroid carcinomas is highly significant
compared with sporadic non-carcinomas (3* = 48; p<0.001).

A Exon2 \

s i WT
IV52+28delCCTA /WT
IV52+28delCCTA/IVS2+28C> T

- A\ IV$2+28C>T/WT

B Exon7
WT
A
i J\ IVS7+33(GA),
—_— T
C Exon 13 .
1
AN Wi
IVS13+20A— C/WT
N_SI?-WGT-}G/WT
o AN AN IVS12-86C > T/WT
Figure 3 Denaturing HPLC ct of HRPT2 hi

The chromalograms plot the absorbance af 260 nm in mV’alh v elution
time in minutes for the various amplicons and show the different pruﬁ1es

that distinguish between the wild (WT) and various isms
for eud'l ampflcon Wild 1 type amy icons elute asa smgle plex
peak, ples ygous for o polymory present with
up o four peaks, r i and | upl

hisms in intron 2 [A) are ako n‘.mngu.sl\d:le
from thase helarozygous for a single infron 2 polymorphism

DISCUSSION

Here we report the first finding of HRPT2 mutations in 100%
(four of four) of sporadic parathyroid carcinomas studied
(fig 1), All are predicted to prematurely truncate the
parafibromin protein, No HRPT2 mutations were found in
any of the 44 sporadic, non-carcinoma samples in this study.
These results demonstrate a strong association  between
intragenic mutation of HRPT2 and malignancy in parathyroid
wmours (p<0.001). Furthermore, our findings of wo
somatic mutations as well as one muation with LOH at
1q24-32 in two of four carcinomas are consistent with
Knudson's “two-hit” hypothesis, and suggest the role for
HRPT2 as a tumour suppressor gene in sporadic parathyroid
tumorigenesis.

Our finding of germline mutations in two of two HPT-JT
families and confirmation of a germline mutation in one of
two FIHP families support the conclusions of Carpten e al,”
that HRPT2 is the causative gene in HPT-JT and in a subset of
FIHP (fig 1). Of additional significance was our finding of the
“second-hit” in four of the seven samples with germline
mutations. Three familial tumour samples demonstrated loss
of the wild-type allele, and one tumour contained a somatic
frameshift mutation (fig 1). These results provide evidence of
a role for HRPT2 as a tumour suppressor gene in familial as
well as sporadic parathyroid tumorigenesis,

The two germline mutations in the HPT-JT families are,
like those found in the sporadic carcinomas, predicled o
prematurely truncate the protein, whereas the FIHP mutation
is a missense mutation of unknown consequence. Whether
there is a phenotype/genotype correlation between mutation
type and the presence of parathyroid disease alone, or
in conjunction with jaw tumours or renal lesions (that
is, FIHP v HPT-JT) will require a larger cohort of FIHP
families with HRPT2 mutations to establish. Similarly, it is
uncertain whether the severity or number of “hits” affecting
HRPT2 determines the presentation of familial tumours as
benign, cystic, or malignant, An alternative scenario may be
that intragenic mutation of HRPT2 is an carly event in a
subset of patients with parathyroid lesions, and that
additional, yet unknown events are required for the progres-
sion to malignancy. It is noteworthy that HRPT2 mutations
have been previously detected in two of 47 (4%) sporadic
cystic adenomas, and one (2%) had additional 1q24-32
LOH.” Given the strong association demonstrated between
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intragenic mutation of HRPT2 and malignancy in the current
study, such a finding in a benign tumour might be considered
a marker of malignant potential and long term monitoring is
suggested for these patients.

Twenty four different HRPT2 mutations have now been
reported,” including seven in this paper (fig 2). Over 80% (20
of 24) of HRPT2 mutations are located in exons 1, 2, or 7 or
flanking intronic sequences, Exon 1 contains 42% (10 of 24)
of all muations detected to date, and exon 2 appears to
contain a mutation hot spot at ¢.165C. Exon 7 is by far the
largest exon, hinting at an importamt role for this exon, and
to date, has been shown to harbour 21% (five of 24) of all
HRPT2 mutations detecied. This exon contains a repeat
clement (AG)s. and three different frameshift mutations
altering this motif have been detected, This study also
detected seven apparent polymorphisms. We found these,
in particular, IVS2+428C—T, to be uselul markers for
exclusion of LOH at the HRPT2 locus,

The consistent detection of LOH at 1924-32 in 9-13% of
sporadic adenomas™ ¥ " is interesting. Our finding of LOH in
two of 25 (12.5%) sporadic adenomas is in agreement with
these previous reports, as is our finding of no LOH in 17
hyperplasia or two lithium-associated tumours.” ™ We have
previously shown that extensive loss of both arms of
chromosome 1 occurs in approximately 10% of sporadic
adenomas,' ™ including adenoma #9* from this study. We
did not find a HRPT2 mutation on the remaining allele of
either of the sporadic adenomas with LOH at 1q24-32 in this
study and suggest that the LOH at 1g24-32 in the majority of
sporadic adenomas may in fact be targeted at a wmour
suppressor gene elsewhere on chromosome 1. To date, there
is no evidence that LOH at 1q24-32 alone confers a higher
likelihood of malignancy.

In conclusion, the results in this study support a role for
HRPT2Z as a wumour suppressor gene in agn_um_nl “uh
Knudson's “two-hit” hypothesis in sporadi yroid
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carcinoma. These results also provide further u:vld:.-nu' for
HREPT2 as the causative gene in HPT-JT, and a subset of FIHP.
Efficient detection of HRPT2 mutations should begin with
exons 1, 2, and 7, which together harbour 80% of mutations
found 10 date. In light of the strong association between
mutations of HRPT2 and sporadic parathyroid carcinoma
demoenstrated in this study, we hypothesise that HRPT2
muation is an ecarly event that may lead 1w parathyroid
malignancy and therefore suggest intragenic mutation of
HRPT2 as a marker of parathyroid malignant potential in
both familial and sporadic tumours, Further studies will
clarify the exact nature of the relationship between intragenic
mutation of HRPT2 and parathyroid malignancy.
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ABSTRACT

Purpose: A reliable method for diagnosing parathyroid
carcinoma has remained elusive over the years, resulting in
its under-recognition and | therapy. Obtaining an
accurate diagnosis has become an even more pressing mat-
ter with recent evidence that germline HRPT2 gene muta-
tions are found in patients with apparently sporadic para-
thyreid carcinoma. There is a high prevalence of HRPT2
gene mutations and biallelic inactivation in parathyroid car-
cinoma. We hypothesize that loss of parafibromin, the pro-
tein product of the HRPT2 gene, would distinguish carci-
noma from benign tissue.

Experimental Design: We generated a novel antiparafi-
bromin monoclonal antibody and performed

hants

Resules: We report that the loss of parafibromin nu-
clear immunoreactivity has 96% sensitivity [95% confidence
interval (C1), 85-99%] and 99% specificity (95% CI, 92—
100%) in diagnosing definite carci Inter-observer
agreement for evaluation of parafibromin loss was excellent,
with unweighted kappa of 0.89 (95% CI, 0.79-0.98). Two
equivocal carcinomas misclassified as adenomas were high-
lighted by parafibromin immunostaining. One of these tu-
mors has since recurred, satisfying criteria for a definite
carcinoma. Similarly, eight of nine HPT-JT syndrome-
related adenomas showed absent nuclear immunoreactivity.

Conclusions: Parafibromin is a promising molecular
marker for diagnosing parathyroid carcinoma. The similar
loss of parafibromin immunoreactivity in HPT-JT syn-
drome-related adenomas suggests that this is a pivotal step
in parathyroid tumorigenesis.

INTRODUCTION

Primary hyperparathyroidism is a commeon disorder, diag-
nosed with increasing frequency (1), The prevalence of para-
thyroid carcinoma has ranged in various studies from <1 to 5%
of cases of primary hyperparathyroidism (1, 2) with especially
high rates reported in Japan (3) and Italy (4). The causes of this
variation are unclear but may reflect a true geographical differ-
ence, referral bias, or differences in the histologic criteria used.
Apart from the presence of local invasiveness or metastasis,
there is no definitive standard for pathologic diagnosis of par-
athyroid carcinoma; in the absence of these features, such a
diagnosis may have subjective elements (1, 2, 5). As a result of
this difficulty in recognition, up to 86% of cases are not initially
recognized intra-operatively even in expert institutions and re-
ceive inadequate surgical resection (6). The diagnosis of carci-
noma is often retrospectively made after relapse (2, 7), when
treatment options are limited. In one series, half of all recurrent

staining on 52 definite carcinoma specimens, 6 equivocal
peci 88 benign sp and 9 hyperpar-
athyreidism-jaw tumor (HPT-JT) syndrome-related adeno-
mas from patients with primary hyperparathyroidism from
nine worldwide centers and one national database.

car
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or ic carcinomas were initially diagnosed as benign (8).
Indeed, it has been concluded by some authors that systematic
diagnosis of parathyroid carcinoma may rest upon ongoing
postoperative follow-up of patients who have undergone resec-
tion of apparently benign adenomas (9, 10). About 20% of
patients with an apparently sporadic carcinoma may be mani-
festing a forme fruste of hyperparathyroidism-jaw tumor (HPT-
JT) syndrome (11), a hereditary multitumor syndrome charac-
terized by HRPT2 gene mutations (12). In this light, an accurate
diagnosis is even more critical, Timely diagnosis would allow
definitive surgery and targeted genetic screening of individuals
and their families (13). From a clinical viewpoint, it is unsatis-
factory to rely on tumor extension for diagnosis, as early rec-
ognition and treatment by en-bloc resection are the main deter-
minants of prognosis (2, 3, 6, 14).

TheHRPT2 gene is a recently identified tumor suppressor
gene in parathyroid carcinoma, encoding a novel protein product
named parafibromin (15). Somatic HRPT2 gene mutations occur
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in 66 to 100% of sporadic parathyroid carcinomas, and biallelic
inactivation is present in the majority of these cases (11, 16). We
thus hypothesized that loss of parafibromin immunoreactivity
would distinguish parathyroid carcinoma from benign patholo-
gies of primary hyperparathyroidism.

Studies of Diagnostic Markers.
tive method for diagnosis started in 1 30 years ago, when
initial hi holog idelines for the diagnosis of carcinoma
described uniform sheets of cells arranged in a lobulated fashion
separated by fibrous trabeculae, capsular or vascular invasion,
and the presence of mitotic figures (17). Unfortunately, mitotic
features, fibrous bands, and uniform sheets of eells were found
not to be pathognomonic for parathyroid carcinoma (5, 14). As
a result of the limited applicability of these guidelines, many
adjunct investigations for parathyroid carcinoma have been
studied, including electron microscopy, immunohistochemistry,
DNA flow cytometry, and in situ hybridization (2). Immuno-
histochemical markers that have been studied include retino-
blastoma tumor suppressor gene protein (pRb), calcium-sensing,
Ki-67, cytokeratin-14, p27, mdm2, Bel-2, cyclin DI, p53, and
p21 (5, 18-24). However, many markers have not been shown
to be useful in this regard (19).

The most extensively studied marker to date is the retino-
blastoma tumor suppressor gene B8 and the RE protein (pRb).
Contrary to initial reports, recent evidence suggests that loss of
heterozygosity is not specific to parathyroid carcinoma. Studies
of pRb immunostaining have also yielded conflicting results.
Some studies have reported that it may be a helpful marker (25,
26), but several other studies have contradicted these findings
(22, 23). A recent review of RE gene abnormalities in parathy-
roid carcinoma concluded that no definitive conclusion could be
drawn with regards to pRb staining (26).

Other markers studied include cell cycle 4 anti-
gens. Erickson er al, (21) and Stojadinovic er al. (19) report that
although carcinomas, relative to adenomas, have a lower per-
centage of p27-positive nm.lm. lhm is & considerable overlap in

perc Stojadinovic et al. also report that a mul-
tiple-marker phenotype including p27, Bel-2, Ki-67, and mdm2
was useful in defining a subset of benign tumors but that
carcinoma displayed a complex range of multi-marker pheno-
types, some of which were not specific. Furthermore, DNA

The quest for a defini-

4 ad

ardization. We additionally from p

from HPT-JT syndrome, in view of a common expression pro-
filing sig ishing these ad and carcinomas
from other types of benign tissue that we recently reported (32).

disting

MATERIALS AND METHODS

Patient Samples. We conducted a multi-center, retro-
spective study involving anonymized formalin-fixed, paraffin-
embedded parathyroid specimens from primary hyperparathy-
roidism cases. The participating centers were Ohio State
University, Leiden University Medical Center (Netherlands),
Northwestern University, University of Chicago, Seinidjoki Cen-
tral Hospital (Finland), Singapore General Hospital (Singapore),
National University Hospital (Singapore), Shared Pathology
Informatics Network (West Michigan), and University of Tas-
mania (Australia). The study was reviewed and approved by the
Van Andel Institute Institutional Review Board.

Adtotal of 160 sp were L. One hundred and
twenty-three full sections were studied, including sporadic pri-
mary carcinomas (n = 19), sporadic metastatic tissue (n = 1),
sporadic equivocal carcinomas (n = 2), sporadic adenomas (n =
50), sporadic primary hyperplasia (n = 25), MEN l-associated
tumors (n = 13), HPT-JT primary carcinoma (n = 1), HPT-JT
adenomas (n = 7), and normal tissue (n = 5). A tissue array
containing an additional 37 specimens obtained from the Dutch
National Pathology Database (PALGA) was also studied: spo-
radic primary carcinomas (n = 23), sporadic metastatic tissue
(n = 7). sporadic equivocal carcinomas (n = 3), HPT-JT pri-
mary carcinoma (n = 1), HPT-JT adenomas (n = 2), and normal
tissue (n = 1). Triplicate tissue cores with a diameter of 0.6 mm,
as selected by a pathologist (H. M.}, were taken from each
specimen (Beecher Instruments, Silver Spring, MD) wherever
possible, and a standard procedure was used to array tissue cores
on a recipient paraffin block (33). The full sections of all arrayed
specimens were examined (H. M.) to ensure concordance with
criteria. In all cases (both full sections and arrays), lesions were
diagnosed as definite carcinomas only if vascular invasion,
invasion of surrounding tissue, or distant metastasis were evi-
dL‘I‘Il I—quwoc'll carcinomas were defined as tumors exhibiting

pathologic features of carcinoma without the presence of

cytometry was shown to be of prognostic but not d ic use.
It distinguishes a subset of parathyroid carcinomas that are
aneuploid and that may behave in a more aggressive fashion
(27-29) but is not specific (2, 3, 30, 31) or sensitive (27-30),
In summary, despite many studies over the years, diagnos-
ing parathyroid carcinoma remains a major challenge for the
expert pathologist. As there is a high prevalence of HRPT2 gene
mutations in parathyroid carcinoma (11, 16). we investigated
parafibromin immunoreactivity as a means of differentiating
parathyroid cancer from benign tissue, including adenomas,
hyperplasias, and multiple endocrine neoplasia types | (MENIT )
associated tumors, As the prevalence of parathyroid carcinoma
varies geographically for uncertain reasons (2), we selected a
geographically diverse, multi-center approach, with a variety of
pathologies that may be encountered in the evaluation of pri-
mary hyperparathyroidism. As histologic criteria varies because
of the lack of standard guidelines, gold-standard criteria of
invasion or metastasis was imposed on case selection for stand-

vascular invasion, invasion of surrounding tissue, or distant

is (22, 28). Clinicopathologic data for the definite and
equivocal carcinoma cases, following reclassification as de-
scribed below, are shown in Table 1. In summary, 52 definite
carcinoma specimens were obtained from 48 patients; multiple
specimens from single patients were obtained at separate clini-
cal events. 49 of 52 definite carcinoma specimens had surmlmd-
ing tissue or vascular invasion on histopathologi ion
For 25 specimens from 21 patients wtlh available data, 19
specimens were from 15 patients who initially or eventually
developed metastases, 5 specimens were from 5 patients who
relapsed locally, and only 1 patient, who was followed up for 1
year, did not have local or systemic relapse during follow-up.
Twenty-cight arrayed definite carcinoma specimens had been
further characterized previously (5): 10 of 28 were cystic; 4 of
28 trabecular; 19 of 28 had fibrotic bands; 8 of 28 had =1 of 10
mitoses’high power ficld; 14 of 28 showed positive cyclin D1
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Tuble | Clinicopathologie data and evaluation of i g for P
Presence of local Presence of  Clinical
Histo-pathological or vascular metastasis  progression  Presence of metastasis
assessment of invasion at initial  at initial during or relapse during Parafibromin
Patient carcinoma Tumeor location surgery Surgery follow-up clinical history immunoreactivity

| Definite Primary, local Y N Local relapse ¥ Diffuse staining/intensity 3
2 Definite Primary, local N N Metastasis ¥ Diffuse loss

3 Definite Primary, local Y N Unknown Unknown Focal loss

4 Definite Primary, local i 4 N Linknown Unknown Focal loss

5 Definite Primary, local Y N Local relapse Y Focal loss

[ Definite Primary, local Y N Local relapse Y Focal loss

7 Definite Metastasis, initial Y Y Metastasis : § Focal loss

8 Definite Primary, local ¥ N Unknown Unknown Focal loss

9 Definite Metastasis, initial N X Metastasis Y Diffuse loss

10 Definite Relapse, local o N Local relapse Y Miffuse loss

1 Definite Metastasis, initial Y Y Metastasis i Diffuse loss

12 Definite Metastasis, initial Y Y Metastasis Y Focal loss

12 Definite Metastasis, relapse Y 4 Metastasis Y Diffuse loss

12 Definite Metastasis, initial Y Y Metastasis Y Diffuse loss

i3 Definite Primary, local Y N Ink Link Diffuse loss

14 Definite Metastasis, relapse Y : § Metastasis s Diffuse loss

15 Definite Metastasis, initial ¥ h 4 Metastasis X Focal loss

16 Definite Primary, local Y N Unknown Unknown Focal loss

17 Definite Metastasis, initial Y Y Metastasis Y Focal loss

18 Definite Primary, local Y N No relapse N Focal loss

19 Definite Primary, local Y N Metastasis Y DifTuse staiming/intensity 2
20 Definite Primary, local N N Local relapse Y Diffuse loss
21 Definite Primary, local Y N Unknown Unknown Diffuse loss
22 Definite Primary, local Y N Unknown Unknown Focal loss
23 Definite Primary, local ' N Unknown Unknown Diffuse loss
24 Definite Primary, local ¥ N Unknown Unknown Diffuse loss
25 Definite Primary, local Y N Unknown Unknown Focal loss
26 Definite Primary, local Y N Unknown Unknown Diffuse loss
7 Definite Primary, local ¥ N Ink Ink Diffuse loss
28 Definite Primary, local Y N Unknown Unknown Focal loss
29 Definite Primary, local Y N Unk Link Diffuse loss
30 Defimite Primary, local Y N Unknown Unknown Focal loss
31 Definite Primary, local Y N Unknown Unknown Diffuse loss
32 Definite Primary, local Y N Unknown Unknown Focal loss
33 Definite Primary, local Y N Metastasis Y Focal loss
33 Definite Metastasis, relapse b Y Metastasis Y Focal loss
34 Definite Metastasis, initial ¥ 3 Metastasis Y Diffuse loss
34 Definite Metastasis, relapse Y Y Metastasis e Diffuse loss
35 Definite Primary, local Y N Unknown Unknown Focal loss
36 Definite Metastasis, initial Y Y Unknown Y Diffuse loss
7 Definite Primary, local Y N Unk Unk Diffuse loss
38 Definite Primary, local Y N Unknown Unknown Focal loss
39 Definite Primary, local Y N Metastasis Y Focal loss
40 Definite Primary, local Y N Unknown Unknown Diffuse loss
41 Definite Metastasis, initial Y Y Unknown Y Diffuse loss
42 Definite Primary, local Y N Unknown Unknown Diffuse loss
43 Definite Primary, local Y N Unknown Unknown Diffuse loss
44 Definite Primary, local ¥ N Unknown Unknown Focal loss
45 Definite Metastasis, initial Y Y Unknown Y Diffuse loss
46 Definite Primary, local ¥ N Unknown Unknown Focal loss
47 Definite Primary, local Y N Unknown Unknown Focal loss
48 Definite Primary, local Y N Unknown Unknown Diffuse loss
49 Equivocal Local N N No relapse N Diffuse staining/intensity 3
50 Equivocal Local N N No relapse N Diffuse staining/intensity 3
51 Equivocal Local N N No relapse N Miffuse staimingintensity |
52 Equivoeal Local N N Unknown Unknown Focal loss
53 Equivocal Local N N Unknown Unknown Diffuse loss
54 Equivocal Local N N No relapse N Focal loss

20 of 27 sh I positive calciur ing receptor 0.1 to 27.5. All HPT-JT adenomas had been sequenced previ-

staining; 14 of 22 had loss of heterozygosity of chromosome 1g ously (15, 33) and confirmed to have /RPT2 gene mutations.
(HRPT2 gene loci); 13 of 22 had loss of heterozygosity at All MENI wmors had been confirmed previously to have
chromosome 11q (MENT gene loci); Ki-67 index ranged from MEN] gene mutations.
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Monoclonal Antibody Generation and Validation. We
first generated a novel murine monoclonal antibody to parafi-
bromin targeting the peptide RRPDRKDLLGYLNC, corre-
sponding to amino acid positions 87 to 100, BALB/c
immunized with intraperitoneally administered keyhole limpet
hemocyanin-conjugated synthetic peptides in complete Freund's
adjuvant, followed by two additional injections in incomplete
Freund’s adjuvant at an interval of 2 weeks. After a month,
injections without adjuvant were administered both intrave-
nously and intraperitoneally. Spleen cells were fused with
P3IX63AFR/653 myeloma cells 3 days after the final injection.

mice were

An immunofluorescence assay was used to screen positive hy-
bridomas with COS7 cells transfected with a green fluorescent
protein (GFP)}-HRPT2 DNA fusion construct, validated by
ELISA, subcloned to establish stable monoclonal antibody-
secreting hybridomas, and revalidated by ELISA. The antibody
was purified by fast performance liquid chromatography in a
protein G affinity column.

Indirect immunofluorescence was used to show antibody
specificity (Fig. 1). HEK293 cells transfected with a GFP-
HRPT2Z DNA fusion construct and control cells transfected with
GFP-empty vector were fixed by immersion in cold acetone

methanol (1:1) for 10 minutes and rehydrated through 70%
ethanol, 50% ethanol, and PBS. Anti-parafibromin antibody was
applied and washed off, followed by Rhodamine Red-conju-
g at antimouse 12G (Jackson ImmunoResearch Lab, West
Grove, PA) at 1:100 dilution for 1.5 hours at 37°C. Nuclei were
counterstained with 4',6-diamidino-2-phenylindole. In addition,
Western blotting was done on COS7 cells transfected with
empty pcDNA3J vector and pcDNA3-HRPT2 (Fig. 2). To further
characterize parafibromin immunoreactivity, we did immuno-
histochemical studies in a variety of formalin-fixed paraffin-
including lung, kidney, testis, thyroid,
adrenal, thymus, and lymph nodes.

embedded human tis

Immunochistochemistry. Immunohistochemistry was done
with standard procedures: deparaffinized 5-pm sections were
steamed in citrate buffer (pH 6) for 30 minutes. Sections were

incubated in succession with 0.3% hydrogen peroxide in water
for 30 minutes; 5% goat serum for 30 minutes; Avidin D
solution for 15 minutes (SP2001, Vector Labs, Burlingame,
CA); biotin solution for 15 minutes (SP2001, Vector Labs);
primary antibody diluted in diluting buffer (M35, Biomeda
Corp., Foster City, CA) at 10 pg/mL for | hour; biotinylated
goat antimouse antibody (BA-9200, Vector Labs) at 6 pg/mL
for 1 hour; streptavidin-biotinylated horseradish peroxidase
complex (Vectastain Elite kit, PK-6100, Vector Labs) for 30
minutes; diaminobenzidine tetrahydrochloride for 5 minutes and
counterstained in hematoxylin for 3 seconds. Sections were
washed in 2 cycles of PBS (pH 7.4) between each step. Positive

controls were transfected COS7 cells expressing parafibromin.
i

Negative controls included experiments omitting primary
body and experiments with primary antibody preabsorbed with
a 20-fold excess of immunizing peptide. A random selection of
duplicate slides were stained by a Dako LV-1 automated im-
munostainer (Dako, Carpinteria, CA) by a separate author
(C.M.) in another laboratory.

Pathologic Evaluation.
independently by two blinded investigators (C. M. and J. R.).
The tissue array was examined unblinded by two inve
who reached a common agreement, The staining pattern of each
specimen was classified in three categories: diffuse positive,
focal loss, or diffuse loss. Diffuse positive staining was defined
as staining of all parathyroid tissue nuclei; heterogeneity of
staining without loss was included in this category. Focal loss
was defined as the absence of nuclear staining in variably sized
regions. Diffuse loss was defined as the absence of nuclear
; 1. Where staining was diffuse, the
overall staining intensity was cvaluated on a semi-quantitative

Slide sections were examined

ining in all tumor tis:

Fig. I Confocal images demonstrating co-localization of the GFP-parafibromin fusion protein with anti-
K293 cells. From lgft, GFP-parafibromin fusion protein expression (

fibromin antibody within the nuclei of
arafibromin monoclonal antibody binding, as

; anti-p

detected by secondary Rhodamine-Red goat antimouse antibody (red); Nomarski image of cells; 4" 6-diamidino-2-phenylindole staining of nuclei
(hle); supenmposition of all images demonstrating co-localization within nuclei. All images captured with a Zeiss LSM510 META laser-scanning

confocal microscope.
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Fig. 2 Western blot showing an increase in parafibromin expression in
COS7 cells transfected with peDNAZ-HRPT2, compared with cells
transfected with empty vector, as detected by anti-parafibromin anti-
body. B-Actin is shown as control.

sciale of 1 to 3, with | repr ing weak staining, 2 moderate
staining, and 3 strong g. A third pathologist (H. M.)
provided the tie-breaking assessment, where there was observer
disagreement. Caleulation of sensitivity and specificity were
based on the differentiation of carcinomas from the sporadic
benign proliferations of adenoma and hyperplasia. All statistical
caleulations took into account pathologic reclassification of
specimens. Unweighted kappa statistics were used to caleulate
the inter-observer agreement as to the presence of loss of im-
tivity, and the calculations were restricted to the full

tissue sections that were examined unblinded. Evaluation of all
full sections (n = 123), including MENI-related tumors,
HPT-JT adenomas, and normal tissue were included in this
caleulation. Confidence intervals for sensitivity and specificity
were calculated by the efficient score method with continuity
correction described by Newcombe (35). H&E stained slides of
the benign specimens that at least one pathologist assessed as
having loss (n = 6) were re-eval 1 by two independ
pathologists.

Sequence Analysis. The ScanProSite program (36) was
used 1o search the PROSITE Release 18.26 database.'

' Swiss Institute of Bioinformatics server, Geneva, Switzerland; hitp://
www.expasy.ch.

RESULTS

Antibody Characterization. The anti-parafibromin mono-
clonal antibody co-localized with GFP-parafibromin fusion pro-
tein in the nuclei of transfected HEK293 cells (Fig. 1). Control
cells transfected with GFP-empty vector did not show staining
(data not shown). Westem blotting done on transfected COS7
cells and empty vector control showed increased intensity of a
single erisp band with the expected molecular mass (Fig. 2), We
examined a range of human tissues to characterize its range of
immunoreactivity and observed that parafibromin immunoreac-
tivity was present in all organs but was cell-type specific (data
not shown). Parafibromin was localized to the nucleus in all
tissue examined. Controls with antibody pre-absorbed with a
20-fold excess of immunizing peptide did not show any immu-
noreactivity.

Sequence Analysis.  Analysis of the peptide sequence of
parafibromin showed the presence of bipartite nuclear localiza-
tion signal domains at residues 76 to 92 and 393 to 409,

Parathyroid Tissue Immunohistochemistry. We re-
port that parathyroid carcinoma may be distinguished from
other benign pathologies by the loss of parafibromin nuclear
immunoreactivity (Fig. 3). Table | shows individual case
evaluation alongside clinicopathologic data for carcinoma
cases, and Table 2 shows a summary of the evaluation of all
specimens. Eleven benign cases from the adenoma, hyper-
plasia, and MENI tumor groups displayed heterogeneity of
staining without absence of parafibromin immunoreactivity,
and these were classified as diffusely positive. Loss of para-
fibromin immunoreactivity for arrayed carcinoma specimens
was independent of tissue , frequency of mitoses,
Ki-67 index, loss of heterozygosity, cyclin D1 and calcium-
sensing receptor immunostaining results, The assay had a
caleulated sensitivity of 96% [95% confidence interval (C1),
85-99%] and specificity of 99% (95% CI, 92-100%) for
differentiating parathyroid carcinoma from sporadic benign
proliferations (Table 3). Table 3 also shows the calculated
positive predictive values and negative predictive values with
confidence intervals for common estimates of prevalence
(1% in countries of low reported prevalence, ref. 1; 5% in
countries of high reported prevalence, such as Japan and
Italy, ref. 3, 4). The data showing inter-observer variation is
presented in Table 4. There was exceptional inter-observer
agreement with regards to the blinded assessment of any
immunoreactivity loss, with an unweighted kappa statistic of
0.89 (95% CI, 0.79-0.98). Agreement with regards to stain-
ing pattern was also excellent, with an unweighted kappa
statistic of 0.77 (95% CI, 0.65-0.89). The H&E-stained
sections of benign specimens that had at least one investiga-
tor assess as having a loss of parafibromin immunoreactivity
{n = 6) were re-evaluated by two pathologists. Two adeno-
mas from separate institutions received revised diagnoses of
equivocal, but highly probable, carcinoma based on severe
architectural atypia, nuclear atypia, and abundant mitotic
figures, Neither case had a family history of parathyroid
disease. One of these two cases (Patient 20) had a local
relapse on follow-up, and was re-classified as a definite
carcinoma. Another specimen, diagnosed previously as met-
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astatic carcinoma, showed diffuse nuclear immunoreactivity
and was shown by parathyroid hormone immunostaining (37)
to be of non-parathyroid origin. All but one HPT-JT adeno-
mas exhibited loss of parafibromin immunoreactivity; the
remaining one was evaluated as diffusely weak staining by
one investigator and by the other as diffuse loss. It is impor-

Figd  Immunohistochemical stain-
ing representing the vanous stining
patterns manifested in the different
pathologies through parafi

i ining. A-D, magnifica-
tion, 200, A, diffuse staining
(primary parathyroid hyperplasia):
B, diffuse stoming (sporadic ade-
noma with a nim of rormal tissue),
€, focal loss (parathyroid carci-
noma); and £, diffuse loss (para-
thyroid carcinoma). E-H, higher
magnifications of the respective
parathyroid pathologies at a mag-
nification of 400, All images
were taken with a Spot Insight
Camera on a Nikon Eclipse E600.

tant to note that reclassification has been incorporated into all
tables and statistical calculations.

DISCUSSION
This is the first study on parafibromin, the protein product
of the HRPT2 wmor suppressor gene. Our results localize hu-
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Table 2 y of sp 1
Loss of immunoreactivity Diffuse staining

Pathology Total (N = 159) Diffuse loss (%) Focal loss (%) I (%) 2 (%) 3 (%)

Definite carcinoma (sections) 2 941) 11 {50} 0(0) 1(5) 1(5)
Definite carcinoma (array) 30 17(37) 13 (43) LLR{4] oy 0y
Equivocal carcinoma (sections) 3 0ty 0qty 1(33) oy 2(6T)
Equivocal carcinoma (array) 3 1(33) 2(67) 01 00y L]
HPT-JT adenomas (sections) 7 4(57) 2(29) 114 00 00
HPT-IT adenomas (amy) 2 20100y {0y oy 0im 0ty
‘spumdr: 'ulznonu\ 48 ooy 00y [ER{4] 17 (35) 31 (65)
fic primary hyperplasi 25 0y L (4) 2(8) T(28) 15 (60)
MEh l-related tumors 13 00y 00y (o) 2(15) 11(73)
Normal tissue 6 m 00y 01(0) 11T 5(83)

man parafibromin to the nucleus, which is consistent with pep-
tide sequence analysis, cellular fractionation studies,' and im-
munohistochemistry in a variety of tissues, Parafibromin shares
32% identity with yeast protein ede73p (15), which is also a
nuelear protein and part of the Pafl complex mediating cell
cycle regulation and transcription (38). Its function in humans is
currently unknown,

Pathologic Assessment. This study shows that parafi-
bromin in tivity is a pr g adjunct for differenti-
ating carcinoma from benign tissue. Parathyroid carcinoma is
often not recognized, even after histologic examination (2, 7).
With the approximately 20% (3 of 15) possibility that appar-
ently sporadic parathyroid carcinoma may be a manifestation of
hereditary HPT-JT syndi (11), making an accurate diagno-
sis is now paramount. To our knowledge, no other immunohis-
tochemical marker for parathyroid carcinoma has been previ-
ously assessed in a study of similar size or geographical
diversity. The loss of parafibromin immunoreactivity was true
regardless of architecture, presence of mitotic figures, loss of
heterozygosity, or immunostaining for Ki67, CASR, :md cyclm
D1. In addition, this study fully d 1 the 1
fication of two equivocal among 50 ad one
of which subsequently recurred locally, demonstrating that par-
athyroid malignancy is often under-recognized.

In the assessment of the value of a diagnostic assay, the
positive predictive values and negative predictive value are the
most relevant clinically (39). These depend on the prevalence of a
disease within a certain population, as well as the sensitivity and

recognized on the definitive criteria of invasion or metastasis,
tumors that haw: histopathologic features of malignancy but lack
tumor hall 2 clinical and pathologic prob-
lems. Levin (40) dJshngunhui Ixtu,m.n “typical” and “atypical
adenomas.™ Others have chosen to label this group as “equivocal
carcinomas” (22, 28). We prefer the terminology “equivocal car-
cinoma™ in the research and clinical setting, as gold-standard patho-
logic eniteria does not accommodate a localized parathyroid carci-

noma (2, 27, 40). Considering such patients as having “equivocal
carcinomas” is also logical clinically, because they are followed up
in a similar fashion as | with definite parathyroid carcinoma
(27, 41). Thus, this terminology is more appropriate in view of the
potential malignant behavior of these group of tumors, the under-
recognition of carcinoma, and the fact that current gold-standard
diagnostic eriteria of malignancy of invasion or is is lim-
ited to advanced disease. Our results support the view that this
entity termed “equivocal carcinoma™ is heterogenous (40). OFf the
five cases initially diagnosed as equivocal carcinomas, three dis-
played loss of parafibromin immunoreactivity. No cases showing
pu.mﬁbmmln |rnmumm::|cl|\'|ty relapsed. In addition, two cases
initially d 1 as were ly reclassified
p.nhologmlly as equivocal carcinomas after parafibromin immu-
ne ing and re-eval One case relapsed locally on fol-
low-up and was reclassified clinically as a definite carcinoma. The

Tabfe 3 Calculated diagnostic value indices

specificity. With an estimated prevalence of 1% of primary hyper- Dingnostic indices Value
par:ll_h)fmidism cases, parafibromin immunostaining has a posit?ve Sensitivity (95% CI) 96 (86-99)
predictive value of 49% (95% CI, 10-100%) and an negative Specificity (95% CI) 99 (92-100)
predictive value of 100% (95% CI1, 100-100%, with rounding). In Positive predictive value at 1% prevalence (95% Cl) 49 (10-100)
sountries it snce of 5%, s . Ttaly (3, 4), Negative predictive value at 1% prevalence (95% CI) 100 (100-100)
::_ !'lt,‘\ ith :_'P_“{wf]m? of d g \l.'u:%1_:|5 Jﬂ??,nn_d r{ G 41:] Positive predictive value a1 3% prevalence (95% CI) 83 (36-100)
€ positive predictive value and nepative predictive value wou Negative predictive value at 5% prevalence (95% C1) 100 (99-100)

be 83% (95% CL 36-100%) and 99% (95% CI, 99-100%),
respectively. Should these values be validated in additional studies,
parafibromin immunostaining is likely to be a helpful diagnostic
adjunct for the pathologist. Whereas definite carcinomas may be

Table 4 Results of blinded individual observer evaluation for all
sections (N = 123)

Pathologst |

Staining patterns Diffusely positive  Focal loss  Diffuse loss

e — Pathologist 2
14.C. Zhang, D. Pappas, M-H, Tan, C. N. Qian, J. D. Chen, D, Kong, LRy poaitive o l :
C.F. Gao, H.M. Koo, M. Weinreich, B. O. Williams, B. T. Teh, un- S . .

published results,

Diffuse |

] 12
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classification of this case by parafibromin immunoreactivity shows
a utility exceeding that of current gold-standard criteria, which is
restricted to advanced disease. From a clinical point of view, such
a utility is highly desirable, as current gold-standard criteria only
define ad d di but surgical intervention is most appro-
priate with localized disease (2, 3, 6, 14). In addition, this result
suggests that parafibromin loss occurs at an early stage.

Adenomas with HRPT2 mutations also shows diffuse loss of
parafibromin immunoreactivity in our study. These occur at a very
low frequency in sporadic parathyroid adenomas (15, 16). How-
ever, the loss of parafibromin immunoreactivity is useful in detect-
ing these tumors. For patients with HPT-JT syndrome who are at
high risk of carcinoma, deliberate total prophylactic parathyroid-
ectomy has been considered (42). Whether radical surgery will
benefit the rare patient who has had a somatic HRPT2 mutation
detected in a parathyroid adenoma remains uncertain.

HRPT2 Mutation and Parafibromin Less. Fifty of fif-
ty=two definite parathyroid carcinomas displayed loss of para-
fibromin i sreactivity. This is cc with the high rate
of somatic HRPT2 gene mutations with biallelic inactivation
reported in sporadic parathyroid carcinoma (11, 16). HPT-JT
syndrome is characterized by HRPT2 gene mutations, and pa-
tients with HPT-JT syndrome have a high risk of parathyroid
carcinoma (15, 16). In conjunction with microarray studies
showing a common gene signature for parathyroid carcinomas
and HPT-JT-related adenomas, the loss of parafibromin immu-
noreactivity in both groups suggests that parafibromin down-
regulation is an early and pivotal step in parathyroid tumorigen-
esis. It was interesting that focal expression of parafibromin was
retained in a small subset of parathyroid adenomas with docu-
mented HRPT2 gene mutations, It was observed that in tumors
with focal loss of parafibromin immunoreactivity, parafibromin
expression was markedly higher near blood vessels and margins
(both internal and external) such as fibrous septa and capsular
tissue (data not shown). Whether the antibody was binding to
wild-type or mutant parafibromin remains uncertain, A small
subset of carcinomas display normal parafibromin expression.
This may be because of alternative tumorigenic mechanisms,
and there is evidence that at least one additional umor suppres-
sor gene may exist on chromosome 13q (25, 43-46). A recent
study of two such candidate genes, RB and BRCA2, did not
identify any mutations in seven specimens of parathyroid car-
cinoma (47). Parathyroid carcinoma is a rare manifestation in
MENT (48, 49), but our study showed normal parafibromin
expression in MEN-related benign tumors.

CONCLUSION

Parafibromin i 2 is a promising for
the diagnosis of parathyroid wrcmum'l an often l.ll'll\.ﬁ‘.'l.lg]‘l](cd
entity that may be hereditary (11). This recognition of carci-
noma is critical for genetic screening (13). and our results
provide direct evidence that carcinoma may not be recognized
during initial histopathologic evaluation. Because en-bloc resec-
tion constitutes definitive therapy for parathyroid carcinoma and
86% of carcinomas may not be detected intraoperatively (6),
studying the intra-operative assessment of parafibromin immu-
noreactivity through ultrarapid immunostaining (50) would be
logical. Finally, the shared loss of parafibromin between para-
thyroid carcinoma and HPT-JT-related adenomas, alongside
evidence of a common gene expression signature (32), suggests
novel tumorigenesis pathways mediated by the HRPT2 gene.
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Malignant transformation of parathyroid tumours is rare. Nevertheless, this small subset
of malignant tumours often creates diagnostic and therapeutic problems, In this work, the
morphological characteristics of 26 primary parathyroid carci
have been studied. Furthermore, immunohistochemical expression profiles for the calcium
sensing receptor (CASR), cyclin D1 (CCNDI1), and Ki-67 were determined for parathyroid

and seven

carcinomas and compared with adenomas and hyperplasias using a tissue microarray,

Loss of heterozygosity (LOH) of the chr

lq region ining the HRPT2 gene

and chromosome 1lg (MENI) was determined in the carcinomas. In contrast to the

adenomas and hyperpl

3% of i d

ated down-regulation of CASR.

A significant correlation was found between CASR expression and the Ki-67 proliferation

index. Chr

1qg and chr

11g LOH were found in 12 of 22 (55%) and 11

of 22 (50%) carcinomas tested, respectively. Combined 1g and 11q LOH was seen in 8 of
22 (36%) carcinomas, in contrast to the low percentage of LOH reported in both regions

in adenomas. In conclusion, this study d

ates that combined 1q and 11g LOH in

parathyroid tumours is suggestive of malignant behaviour. Strong down-regulation of the
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Introduction

Parathyroid hyperfunction concomitant with parathy-
roid tumourigenesis is one of the most common
endocrinopathies, with a prevalence of about 1 per
1000 individuals, Although parathyroid carcinoma is
rare (less than 1%) in patients with hyperparathy-
roidism, it creates diagnostic and therapeutic problems,
partly due to its heterogeneous morphological appear-
ance. Classically, the presence of fibrous bands and
mitotic activity are considered to be histological fea-
tures of malignancy. However, a definitive diagnosis
of parathyroid carcinoma can sometimes not be estab-
lished, based on morphology alone, in the absence of
invasion of adjacent structures, vaso-invasive growth,
and/or metastasis. Prognosis is variable, and early
diagnosis and radical surgery seem to be favourable
prognostic factors.

Little is known about the pathways involved in
parathyroid tumourigenesis. The multiple endocrine
neoplasia tumour suppressor gene (MENT ) is mutated
in 30% of sporadic parathyroid tumours (mostly
adenomas), Furthermore, overexpression of the cyclin
D1 oncogene (CCNDI) seems to be involved in
parathyroid tumourigenesis. Analysis of RB and

Copyright @ 2003 |ohn Wiley & Sons, Ltd.

CASR protein is seen in a proportion of parathyroid carcinomas with a high proliferation
index, Copyright © 2003 John Wiley & Sons, Ltd.

Keywords:  parathyroid; parathyroid carcinoma: parathyroid adenoma: immunohisto-
chemistry: tissue micro-array; LOH: CASR

P53 showed wvarying results or ruled out their
importance [1].

An inherited form of parathyroid carcinoma occurs
as part of a rare syndrome, the so-called hyperparathy-
roidism—jaw tumour syndrome (HPT-JT: OMIM:
145001), a syndrome characterized by primary hyper-
parathyroidism due to neoplastic transformation of
parathyroid tissue in combination with rare tumours
such as ossifying fibromas of the maxilla or mandible,
bilateral renal cysts, hamartomas, and Wilms' tumours
[2-8]. In HPT-JT, 10% of all parathyroid tumours
are or become malignant [4-16]. Mutations in the
HRPT2 gene at chromosomelq25-32 are responsi-
ble for HPT-JT and are also found in a selection
of patients with familial isolated hyperparathyroidism
(FIHP) [6.17,18]. HRPT2 mutations are found in a
limited subset of sporadic parathyroid adenomas [18].
This gene is considered to be a tumour suppres-
sor, according to LOH studies, although chromosome
1q21-32 LOH was found in only 17% (in two of
the ten families) of the adenomas. In LOH studies
performed on parathyroid carcinomas from proven
HRPT2-linked patients [4.6,7.16,19], however, all of
the tumours (5) showed chromosome 1q21-32 LOH.
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The latter observation might indicate that chromo-
some lq loss, probably in combination with muta-
tion, plays an important role in parathyroid carcinoma
formation.

As the diagnosis of parathyroid carcinoma is impor-
tant but difficult, we tried to find specific features that
characterize parathyroid malignancy and as such, can
possibly serve as diagnostic markers of these tumours.
We therefore studied the morphological characteris-
tics of a series of parathyroid carcinomas in combi-
nation with immunohistochemistry (IHC) for the cal-
cium sensing receptor (CASR), cyclin D1, and Ki-67
using a tissue micro-array (TMA). Comparison with
a TMA from parathyroid adenomas and hyperplasias
was performed. Furthermore, LOH analysis of the
chromosome 1q region containing the HRPT2 gene
and of chromosome 11g (MENT) was performed on
the parathyroid carcinomas.

Materials and methods

Parathyroid carcinomas

Formalin-fixed, paraffin wax-embedded tumour tissue
from 26 primary parathyroid carcinomas, six regional
lymph node metastases, and one lung metastasis from
30 patients was obtained from different laboratories in
The Netherlands using PALGA (Dutch National Infor-
mation System for Pathology, Utrecht, The Nether-
lands). One parathyroid carcinoma (No 30) came from
a documented HPT-JT family [16]. Thirty samples
had undoubted features of carcinoma, namely the
presence of vascular invasion and/for metastasis [20]
based on evaluation of representative haematoxylin
and eosin-stained slides from each tumour by a pathol-
ogist (HM) and the initial pathology report. Three
cases were diagnosed as carcinomas based on their
clinical presentation; definitive vascular invasion was
not found in these cases. Each tumour was scored
for the overall histological pattern (gross architec-
ture), vascular invasion, cysts, and fibrous bands. Fur-
thermore, variation in nuclear size, the presence of
nucleoli, cytoplasmic characteristics, mitotic activity,
haemosiderin deposition, and the presence or absence
of inflammation were evaluated.

Available data from the pathology reports regard-
ing tumour size, weight, and gross appearance were
incomplete and have not been included except for
additional information regarding the presence of cysis
or vascular invasion. There were 15 males (age range
32-76 years, mean age 56.8 years) and 15 females
(age range 30-83 years, mean age 39 years).

Parathyroid adenoma/hyperplasia

Lesions from 109 patients were used to construct
a TMA (see below). These comprised 93 primary
parathyroid adenomas (87 sporadic and five MEN1)
and 26 hyperplasias [12 primary hyperparathyroidism
(HPT), three secondary HPT, three tertiary HPT, and

Copyright @ 2003 |ohn Wiley & Sons, Ltd.
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eight MEN1]. Of the 109 patients, 39 were males (age
range 18-76 years, mean 41.4 years) and 70 females
(age range 12-81 years, mean 56.5 years).

Tissue micro-array (TMA)

Whenever possible, triplicate tissue cores with a diam-
eter of 0.6 mm, as selected by a pathologist (HM),
were taken from each specimen (carcinoma, adenoma
or hyperplasia) (Beecher Instruments, Silver Springs,
MD, USA) and arrayed on a recipient paraffin block,
using standard procedures [21]. Nine cores of nine nor-
mal parathyroid tissues were added to serve as internal
controls.

Loss of heterozygosity (LOH) analysis

Eighteen primary parathyroid carcinomas, five metas-
tases to regional lymph nodes, and one lung metas-
tasis from 22 patients from whom both tumour
and normal tissue were available were screened for
LOH. Genomic DNA was isolated from the paraf-
fin wax-embedded material using standard meth-
ods. Seven microsatellite markers located in the
HRPTZ region were selected: DI1S428, DI1S492,
D1S384, DISOBL*, DIS556%, DISI73*, DI1S422
(markers with an asterisk were obtained through the
HPT-JT linkage consortium). These markers covered
a 10 Mb area at 1q21-1g41 (source UDB: <URL=>
http://bioinformatics. weizmann.ac.il/udb/).

D1154940, D1154946, and PYGM were the mark-
ers used for analysis of the MEN/ region. Polymerase
chain reactions (PCRs) were performed according to
standard procedures. Fluorescence-labelled PCR prod-
ucts were electrophoresed using an ABI 310 automated
sequencer (Applied Biosystems, Foster City, USA)
and the results were analysed using the ABI prism
GeneScan 3.1 program. As we used paraffin wax tissue
blocks obtained from different hospitals and years, not
all the markers gave interpretable results, even after
repeated experiments.

The threshold for LOH, comparing normal and
tumour DNA, was defined as 40% reduction of one
allele, equating to a ratio of =1.7 or <0.59 [22]. The
density of the tumour cells was greater than 80%.
The threshold for retention ranged from 0.76 to 1.3,
For so-called grey areas with ratios of 0.60-0.75
and 1.31-1.69, no definite decision was made. For
HPT-JT case 30, LOH was concluded using HRPT2
mutation specific primers and therefore not counted.

Immunchistochemical analysis of cyclin DI, CASR,
and Ki-67

1 shistochemical

was performed on
5 um sections of the tissue array, using a paraffin
sectioning aid system (Instrumedics Inc, Hackensack,
NI, USA). Sections were deparaffinized, treated with
0.3% H20: in methanol, and submitied to antigen
retrieval by microwave oven treatment for 10 min in
10 mm citrate buffer (pH 6) for cyclin D1, CASR,
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and Ki-67. Tissue sections were incubated overnight
at room temperature with monoclonal mouse anti-
human CASR (ADD antibody) [23] (1:16 000; NPS
Pharmaceuticals, Inc, Sall lake City, UT, USA),
eyclin D1 (1:500, clone DCS-6; Neomarkers, Fre-
mont, CA, USA), and Ki-67 (1:300, clone MIB-1
[10,11]; DAKO, Denmark). The sections were then
washed (3 x 5 min in PBS) and incubated (30 min)
with biotinylated secondary antibody in 1% BSA in
PBS and washed (3 x 5 min in PBS) and incubated
(30 min) with HRP/streptavidin complex (SABC).
Diaminobenzidine tetrahydrochloride (DAB) was used
as a chromogen, followed by counterstaining with
haematoxylin. As a negative control, the primary anti-
body was omitted. Tonsil served as a positive control
for cyclin D1 and Ki-67, and kidney tissue as a posi-
tive control for CASR. Expression was scored by light
microscopy.

For eyclin DI, both the staining intensity (0, no
staining; 1, weak: 2, moderate; 3, strong intensity, as
related to a positive internal control) and the percent-
age of positive tumour cells (0 = 0% | = <10%:; 2 =
10-30%; 3 = 30-50%; 4 = 50-80%; 5= >80%)
were evaluated and scores of the intensity and the per-
centage of positive cells were added. If 30% or more of
the sample cells showed nuclear immunopositivity for
cyclin DI (and score =3), the sample was considered
to be positive [24]. In cases classified as negative, the
proportion of the stained cells never exceeded 10%.
The calcium sensing receptor was evaluated for the
presence or absence of clear and regular membranous
staining [25]. Ki-67 staining was quantified by count-
ing all the cells in a punch (>600), ensuring a total of
at least 1000 cells as the punches were present on the
tissue array in triplicate. The percentage of positive
nuclei was calculated,

Statistical analysis

Summary statistics were obtained utilizing established
methods: chi-square analysis [26] was undertaken
using the SPSS statistical package (version 9.0.0) to
determine any association between categorical vari-
ables (as shown in Table 1).

Results

Histological parameters of parathyroid carcinomas

We scored the histological pattern (partly shown
in Table 1) at low microscopic magnification of 26
primary parathyroid carcinomas and seven metastases
(the primary tumour was also analysed in three of these
cases). One sample was not scored for some of the
features, as it was only a small lymph node metastasis
(No 19). There were two common patterns. The
majority of the parathyroid carcinoma foci (primary
tumours and metastases) had a sheet-like architecture
(19/32, 59%), 6/32 (19%) had a nodular pattern,
and the remaining 7/32 (22%) had other types of
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architecture. At higher magnification, 6/32 (19%)
tumour foci showed a region with a trabecular tumour
cell arrangement. There was no mitotic activity in
10/33 (30%) wmour foci, sporadic mitotic activity
in 13/33 (39%), and >1/10 HPF in 10/33 (30%). In
23/33 (70%) of the tumour foci analysed, a region with
fibrous bands was seen.

Cystic features were seen in 10/33 (30%) of the
tumour foci. No variation in nuclear size was seen
in 3/33 (9%). 13 (39%) showed little nuclear ani-
somorphism, 11/33 (33%) moderate differences, and
6/33 (18%) had very pleomorphic nuclei. In 9/33
foci (27%), we did not see nucleoli in nuclei; in
17/33 (52%) of foci, we found less than 50% of
the nuclei with nucleoli: and in 7/33 (21%), we saw
nueleoli in more than 50% of the nuclei. The major-
ity (19/33, 61%) of wmour foci showed a granular
cytoplasm reminiscent of chief cells; 4/33 (12%) con-
sisted of oxyphilic cells; 2/33 (6%) of so-called water-
clear cells; 5/33 (15%) had a mixture of water-clear
and granular eytoplasm (transitional water-clear cells);
2/33 (6%) foci a mixture of oxyphilic and water-
clear cells; and 1/33 (3%) a mixture of granular and
oxyphilic cells (so-called transitional oxyphilic cells).

In 2/33 (6%) foci, we found signs of inflammation,
and deposition of haemosiderin was found in 10/32
(31%) tumour foci.

Immunohistochemical analysis

Overexpression of cyclin DI was identified in 17/30
(579%) parathyroid carcinomas (Table 2), 13/90 (14%)
adenomas, and 10/23 (43%) hyperplasias. Nine/29
(31%) parathyroid carcinomas showed an irregular
or absent staining pattern for CASR. In the ‘ade-
noma'hyperplasia® TMA, only 1/104 of the inter-
pretable tumours (an adenoma) showed such irregular
or absent calcium sensing receptor staining. Seventeen
of 30 (57%) carcinomas had Ki-67 nuclear positivity,
a marker of proliferative activity, in 0-5% of cells;
11/30 (37%) had Ki-67 nuclear positivity in 5-20%
of cells; and 2/30 (7%) of the samples had Ki-67
positivity in more than 20% of the cells. In the afore-
mentioned adenoma/hyperplasia TMA, all of the 117
interpretable cases showed Ki-67 positivity in 0-5%
of cells.

The statistical correlation between the determined
parameters was determined using the chi-square test.
A significant correlation was found between CASR
expression and the proliferation (Ki-67) index (p <
0.05). A Ki-67 index =5% was present in eight of the
nine samples that showed down-regulation of CASR.
This observation is illustrated in Figure 1 with three
tumours, one with normal CASR (case 18) and two
with altered CASR staining (cases 4 and 23).

Significant correlations were found between cyclin
D1 and Ki-67 (p < 0.05). In 12/18 (67%) carcinomas
with overexpression of cyclin DI, the Ki-67 index
was =5%, whereas only 3/12 (27%) parathyroid
carcinomas with normal cyclin D1 expression had a
Ki-67 index =5%.
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Table 2. Percentage of parathyroid hyperplasias, adenomas,
and carcinomas that showed overexpression (cyclin D1, Ki-67)
or loss of expression/altered staining (CASR). Significance: p
value of chi-square test comparing the different groups

Hyperplasian Adenoma Carcinoma

Marker n=26 n=93 n=30  Significance
CASR 0 | 3l p <005
Cydin D 43 14 57 p =005
Ki-67 0 0 44 p =< 0.05

As expected, the absence of mitosis was correlated
with a low Ki-67 index (<5%) in 8/10 (80%) samples.

LOH analysis at the MENI/HRPT2 loci

LOH of chromosome lq was found in 12/22 (55%)
cases analysed and 11/22 (50%) showed loss of chro-
mosome 11q (Figure 2). The LOH pattern identified
was identical in different regions of primary tumours
(eg cases 10, 20, and 25) or in comparison between
primary tumours and metastases (cases 15 and 16,
Figure 2). Eight of 22 (36%) cases showed LOH of
both chromosome 1q and 11q, whereas LOH of either
chromosome 1q or 11q occurred in four (16%) and
three samples (12%), respectively. Seven out of 22
(32%) cases tested showed LOH at neither chromo-
some | 1q nor chromosome 1q using the markers inves-
tigated.

No chromosomal boundary of LOH could be iden-
tified with the markers used.

Four of the six parathyroid carcinomas with cystic
features in our series in which LOH status was
determined showed LOH of chromosome lq (67%)
and three of these four showed both chromosome Iq
and chromosome 11q loss. In tumours without cystic
features, we found LOH at chromosome lq in 8/16
and in five of these eight, loss of both chromosome
1q and chromosome 11q.

Discussion

In sporadic parathyroid adenomas, both mutations
in the HRPT2 gene [18] and LOH of chromosome
1q are uncommon [27-32], being present in 2-4%
and 0-9% of cases, respectively. In HPT-JT-related
tumours, the percentage of LOH of chromosome 1q in
adenomas is relatively low (17%) compared with that
in carcinomas (100%). The incidence of carcinoma
in HPT-JT syndrome is approximately 10%, whereas
it is less than 1% in sporadic primary HPT. Taken
together, this suggests an important role for the HRPT2
gene in parathyroid carcinoma tumourigenesis. The
high percentage of LOH at 1q that we found in our set
of sporadic parathyroid carcinomas seems to support
this hypothesis and might underscore the important
role of (LOH of) HRPT2 in the development of
sporadic parathyroid carcinoma. To our knowledge, no
LOH data are available for the 1q region in parathyroid
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carcinoma and the reported percentage of LOH of
chromosome 1q in adenomas is low (8%) [28].

LOH of chromosome 11g13 in 50% of the parathy-
roid carcinomas is higher than reported for parathyroid
adenomas (with LOH of chromosome 11q13 in 30%
of cases) [25,29.32]. This finding might also suggest
involvement of the MEN! gene in the tumourigenesis
of some parathyroid carcinomas.

A striking feature of our cohort of parathyroid car-
cinomas is the combination of chromosome 1q21-32
and 11q13 loss, both of which were lost in 36% of
cases. To our knowledge, this is the first time that this
combination of loss has been described in parathyroid
carcinoma, whereas in parathyroid adenoma such an
event appears to be rare [27,32]. Therefore it might be
concluded that the combined 1g/11g loss can be used
as a supportive criterion in the diagnosis of parathy-
roid carcinoma. The findings also seem to suggest that
inactivation of HRPT2 on chromosome 1q21-32 may
function either independently or in concert with MEN]
gene inactivation to promote parathyroid carcinogen-
esis.

Immunohistochemistry for CASR showed decreased
or absent expression in parathyroid carcinomas (31%),
whereas expression was decreased in only one ade-
noma. So far, no mutations in the coding sequence
of the CASR gene have been described [33-35]. In
parathyroid adenomas, however, a decrease in the
CASR mRNA level of 24-98% has been detected
136,371,

At the protein level, a reduction in the intensity of
staining for the CASR protein (14-60%) has also been
described [34,38]. Our results in parathyroid adeno-
mas appear to be different from the results of the
latter studies. Using expression arrays (Haven et al,
manuscript in preparation), we clearly see that expres-
sion of CASR is greatly diminished in parathyroid car-
cinomas and to a lesser extent in adenomas, support-
ing our immunohistochemical data. The differences
between these observations might also be explained
by the use of different antibodies.

In our study, the Ki-67 proliferation index in
parathyroid carcinomas is, as described previously,
significantly higher in parathyroid carcinomas (=5%)
than in adenomas/hyperplasias (<1%) [39-42).

It is striking that the altered expression of the CASR
protein in 31% of the parathyroid carcinomas seems
to occur concomitantly with a high Ki-67 proliferation
index in these tumours. In contrast, in 119 parathy-
roid adenomas/hyperplasias in our TMA, a very low
proliferation index (mean 0.4%) in combination with
positive staining for the CASR receptor was seen.

The association between the proliferation index and
a decrease in the expression of CASR has been pre-
viously reported for secondary hyperparathyroidism
[43-45]. Ritter er al [43] showed in uraemic rats
that parathyroid cell proliferation triggers a cascade
of effects that leads (directly or indirectly) to down-
regulation of CASR.
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Figure 1. | histochemical of a 5 um section from a tissue micro-array

D: Ki-67

F g the i F of three

different parathyroid carcinomas: one (A. B) shows membranous staining from CASR (A) and no Ki-67 posm\rm_r (B) ‘the second
(€, D) shows no staining for CASR and strong Ki-67 positivity, whereas the third (E, F) shows diminished, but not absent, CASR
staining, concomitant with moderate overexpression (=5%) of Ki-67 (magnification = 100; inserts =200)

The finding that cyclin D1 overexpression is more
common in parathyroid carcinoma (55%) and hyper-
plasia (43%) than in adenomas (14%) is in agreement
with previous studies [46-48], but contrasts with the
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results of Stojadinovic er al, who reported a lower
percentage of overexpression in carcinomas than in
adenomas [42]. The latter observation may be due to
the different antibodies used or the small number of
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Figure 2. Details of LOH analysis. LOH (shaded black): allele ratio = 1.7 or <0.59. Retention (R): allele ratio between 0.76 and
1.3. Grey area (A.L): allele ratio between 0.60-0.75 and 1.31-1.69. n.d. = no data; Hz = homozygous

samples included in the study (n = 8 in the study of
Stojadinovic er al). Using expression arrays (Haven
et al, manuscript in preparation), we clearly see the
same trend that we now describe using immunohisto-
chemistry.

No relationship could be found between the histo-
logical parameters and the genetic or immunaohisto-
chemical features of the parathyroid carcinomas, other
than the recently described relationship between cystic
appearance and chromosome lq LOH. Cystic mor-
phology is linked to HPT-JT wmours and chromo-
some lg LOH. In sporadic cystic parathyroid adeno-
mas, chromosome 1q LOH is present in 20% of the
samples as opposed 1o 0-9% in tumours without cystic
changes [49]. We saw the same trend in the parathy-
roid carcinomas, with 67% of the cystic parathyroid
carcinomas showing chromosome g LOH compared
with 50% of the parathyroid carcinomas without cysts.

In conclusion, our study suggests that the com-
bined loss of chromosomes 1q and 1lg in parathy-
roid tumours might be an indication of malignant
behaviour. Loss of CASR protein expression in com-
bination with an increased proliferation rate seems,
in our hands, an almost typical feature of parathy-
roid carcinoma. Furthermore, TMA is a very powerful
tool for the analysis of a large number of different

Copyright & 2003 John Wiley & Sons, Lud.

tumours at once, the equal staining conditions mak-
ing the comparison easy in such heterogeneous and
cell-rich tumours as those from the parathyroid,
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Summary

Objective Parathyroid carcinoma remains difficult to diagnose.
Recently, it has been shown that mutations in the HRPT2 gene
(encoding parafibromin) are associated with the development of
parathyroid carcinoma. Although MENT is not typically thought to
be involved in carcinoma formation, parathyroid carcinoma may be
an extremely rare feature of the multiple endocrine neoplasia type |
(MEN1) syndrome. We recently concluded that loss of heterozygos-
ity (LOH) of the MENT gene is present in a relatively large number
of parathyroid carci often in combination with LOH at the
HRPT2locus. The aim of this study was to evaluate the role of MENT
and HRPT2 mutations in sporadic parathyroid tumours fulfilling
histological criteria for malignancy.

Patients and design Formalin-fixed, paraffin-embedded (FFPE)
parathyroid carcinoma tissue from 28 cases identified in the period
19852000 in the Netherlands was studied. HRPT2 (27/28 cases) and
MENT (23128 cases) were analysed by direct sequencing.

Results Somatic MENT mutations were found in three of 23 (13%)
sporadic parathyroid carcinoma cases; these consisted of one
missense and two frameshift mutations. One of the latter two cases

displayed lymph-node and lung metastases during follow-up.
Six HRPT2 mutations were found in 4/27 cases (15%): five were
truncating mutations and one was a missense mutation, Consistent
with previously published reports, we found double mutations (2x)
and germline mutations (2x) in apparently sporadic parathyroid
carcinomas,

Conclusions These results suggest that not only HRPT2 but
also MEN] mutations may play a role in sporadic parathyroid cancer
formation.
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finally revised 15 February 2007; accepted 19 February 2007)
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Introduction

Primary parathyroid hyperparathyroidism (PHPT) has an incidence
of one in 1000 and may result from a single parathyroid adenoma
(80—85%) or from hyperplasia (15-20%), but rarely (less than 1%)
from carcinomas,’ Although parathyroid carcinomas are slow grow-
ing, they have a high propensity to recur locally and recurrent disease
is difficult to eradicate. Parathyroid carcinoma is also difficult to
diagnose because its histopathological features can overlap with
those of adenoma.

Whereas PHPT is usually encountered as a nonfamilial disorder,
in a minority of cases (5%) it is part of a hereditary syndrome;
multiple endocrine neoplasia type | (MEN1; OMIM 131100}
and type 2A (MEN2A; OMIM 171400}, hyperparathyroidism-jaw
tumour syndrome (HPT-IT; OMIM 607393) and familial isolated
hyperparathyroidism (FIHP; OMIM 145000) are all hereditary.

MENI, caused by mutations in the MENT gene, is characterized
by the occurrence of tumours of the parathyroid (in 95% of patients’),
pancreatic islet cells and anterior pituitary. MEN] consists of 10
exoms and encodes a 610-amino-acid protein menin. Menin appears
to have a large number of potential functions through interactions
with proteins that alter cell proliferation mechanisms.” MENI
represents a tumour suppressor gene (T5G) and s located on
chromosome 11q13. The majority of tumours (95%) show addi-
tional loss of heterozygosity (LOH) consistent with Knudson's
two-hit theory. The MENI gene is also known to be mutated in a
subset (20-30%) of sporadic parathyroid adenomas.”™ Two com-
parative genomic hybridization (CGH) studies investigating physical
loss show that somatic loss of chromosome 114 is not a frequent
feature in parathyroid carcinomas; however, these studies could not
detect possible loss due to homologous recombi 1" Although
PHPT represents the most common endocrinopathy in MENI,
reaching nearly 100% penetrance by the age of 40,” parathyroid
carcinoma is an extremely rare feature of the MEN1 syndrome.
1M of parathyroid carcinomas in MENT muta-
tion carriers have been reported. Therefore, it is assumed that MENT

1313

So far, only two cases

plays no role in the development of parathyroid carcinomas.
We recently found a considerable percentage of LOH in the
chromosame 1113 region in a cohort of 30 carcinomas by studying
polymorphic markers." This led to the idea that the role of MENI
mutations in the development of parathyroid carcinomas might be
greater than previously believed.
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HFT-IT is an autosomal dominant disorder characterized by par-
athyroid tumours, ossifying fibromas of the mandible and maxilla,
renal hamartomas and cystic kidney disease. The gene causing HPT-
IT, localized at chromosome 1q24-q32, is known as the HRPT2 gene
{also known as Cde73) and is thought to function as a TSG, HRPT2
consists of 17 exons coding for the 531-amino-acid protein para-
fibromin, Subsequent i have revealed that mutations in
HRPT2 are present in 66—100% of sporadic carcinomas.™" This is
in contrast to sporadic adenomas, where these mutations are rarely
found (1-8%).""""

Parathyroid carcinoma isan uncommon cause of PHPT, However,
the HPT-IT syndrome is associated with an increased risk of para-
thyroid carcinoma; 10-15% of the patients develop parathyroid
carcinomas,”

FIHP is a diagnosis per exclusionem. Germline mutations in the
HRPT2(5-3%), MEN1 (17-6%) and CASR (11-8%) genes are reported,

but the majority of FIHP cases have a still unrecognized cause.
It is unknown if these remaining cases have a distinct genetic basis.

In this study formalin-fixed paraffin-embedded tissue (FFPE) of
parathyroid carcinoma was used for mutation analysis. In such
archival tissue, DNA is fragmented, depending on the time of
fixation and the length of storage as paraffin blocks. However, in the
current study this gave us the opportunity to examine a relatively
large number of cases, given the rarity of parathyroid carcinoma.
In this cohort of parathyroid carcinomas,"**** we have identified
somatic mutations in HRPT2 and MEN1.

Materials and methods

Clinical data and tumour samples

We recently studied 30 parathyroid carcinoma cases from the
Netherlands diagnosed in the period 1985-2000." One of these cases
(case 30'") came from a documented HPT-JT family in which the
germline mutation was identified. From the remaining, apparently
sporadic, carcinomas we could further study FFPE tumour tissue
of 28 cases (24 sporadic primary parathyroid carcinomas, three
regional lymph-node metastases, one lung metastasis; 13 females and
15 males in total). Case 22 was not tested for HRPT2 mutations, and
cases 1, 16, 17, 27 and 29 were not tested for MENT, mostly because of
limited availability of tissue. Carcinoma features primarily included
the presence of vasoinvasion, with or without invasion into the capsule
and/or distant metastasis. Three equivocal cases (9, 11 and 25) were
diagnosed as carcinomas based on their clinical presentation; vaso-
invasion was not found in the histological slides of these cases.”

HRPT2 and MEN1 mutation analysis

DNA extracted from FFPE material was used for polymerase chain
reaction (PCR) amplification as described previously.” Primers
for HRPT2 and MEN1 that would specifically amplify and sequence
the degraded DNA from FFPE tissue were designed (Table 1), To
sequence HRPT2, we used 24 primer pairs to cover the 17 exons
of HRPT2and 15 primer pairs to cover the 10 exons of MEN1. Some
of the products failed to amplify from FFPE DNA. This is because
of the limited fragment size that can be amplified from FFPE tissue,
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in which combinations of repetitive sequences, low genomic com-
plexity or either low or high GC content impair possibilities for
primer design.

Immunohistochemical staining of parafibromin

Immunohistochemical staining of parafibromin was described
for 26/28 cases.”

Results

HRPT2 mutation analysis

Twenty-seven of 28 FFPE parathyroid carcinomas were screened
for HRPT2 gene mutations. In 24 of the samples, the sequences of
> 75% of the HRPT2 gene could be analysed in the fragmented DNA,
except in case 25 (66% of the sequence analysable) and cases 16 and
26 (69% analysable; in the latter case, two mutations were identified).
Exons 15 (101 bp, GC content 29%) and 17 (33 bp, GC content 37%),
together comprising 8% of the complete HRPT2 gene, could not be
sequenced in any of the samples. However, exons 1, 2 and 7, known
to harbour 85% of all somatic HRPT2 mutations, were sequenced
completely in all samples.

Six mutations were found in four cases (13%, Table 2). Case 1
harboured a germline mutation in exon 2 (¢.176C>T), resulting in
a change from a serine (an aliphatic amino acid) into a phenylalanine
(an aromatic amino acid). Further studies are required to determine
a possible pathogenic effect of this mutation,

Case 8, with a frameshift mutation in exon 2 (c.165delC), was
described previously in a paper by Howell et al."” In cases 23 and 26,
a somatic mutation in exon 7, ¢.128G>A, resulting in the formation
of a stop codon, was identified. This mutation has also been found
in other studies,”" In both cases, additional frameshift mutations
were found in exon 8: c.692_693insT (germline) and c.693_694insG
for cases 23 and 26, respectively.

In 17 of 27 tumours, a previously described polymorphism
(1VS12-86C>T)" was identified.

MEN1 mutation analysis

Twenty-three of the 28 parathyroid carcinomas were screened for
mutations in the MENI gene. In most cases, more than 70% of
MENT could be analysed. The exceptions were cases 22, 23, 24 and
26, for which 45%, 51% 61% and 62% were analysed, respectively.

The first part of exon 2 (63 bp) and exon 10 (187 bp), could not
be reliably sequenced in any of the samples. Together, these products
cover 19% of the coding exons.

Three somatic mutations were found (see Table 2 and Fig. 1),
consisting of an (unreported) missense mutation in exon 3
(patient 6: ¢.646G>T), changing a valine {an aliphatic amino acid)
into a phenylalanine (an aromatic amino acid) and two as yet
unreported frameshift mutations (patient 18: exon 9, ¢.1271delG
and patient 20: exon 2, ¢.167_170del4).

Three polymorphisms in the MENT gene were identified: nucleo-
tide substitutions in exon 4 (¢.710G>A), resulting in the change
of CGC (arginine) into CAC (histidine), and in exon 9 (¢.1269C>T),

© 2007 The Authors
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Table 1. Primer pair choice for FFPE genomic sequencing of HRPT2 and MEN] (5-3"), with product size in base pairs

Product
Exon size (bp)

Primer sequence

Exon

Product
size (bp)

Primer sequence

HREPT2 mutations

1A 173
1B 160
2A 166
28 172
3 162
4 199
5 199
6A 195
6l 192
7A 195
78 176
3 236
9 225
10 21
1A 171
1B 205
12 216
13A 207
138 219
144 206
148 176
15 178
16 198
17 161

COAGGCGACAAGAGAAGAAG
CAGGAGAACTCCCOGAAGAT
ATTGTGOTGAAGGGAGACGA
GOGAGGGGTTAAGAAAGAGG
TGAATCCAGCCTGAAGAGTTG
CACGTCOGACATAAACAGGA

AGTTGTGTATCATTGTTATTCATTTCA
TGTCTGTTTAAGACTGGGAACAA
AAAAACCTAAAGCATTTCACTTGT
GTTTTOGAATGGGCTTCTGA
CAGAAGCCCATTCCAAAANCT
TCCTCAGGTTACTGCAATCAAA
TTGGCCTAAAGACACTGATACC
CCTTCTTTGTGACCCTCCAA
TGCGCCTTGATAAAGAGAGA
GGUATAAAATGAATCCAAGAGG
GOAATGCCTGCTGTGAAAAT
COGGTCACATCTACCTCAGC
TGACATAACTGCCCTTAAACAGA
TGAAACTTCCACCTAAAAGCAA
TGTAGTAGGGAAGAATCGATAGTAAGA
AATCTACTGTAAAGCAGTAAAGCATT
GGTCATGCTACTGCACTCCA
GCCACACTGOCTCTCAAGTT
GGCTTTGTATATTATTGAACCATCA
TCCCTGGAACAAAAGAACAT
CAGTGGAGTAACCAACTGAGTGAG
GGGCTGCAGGAGTCTGAGT
TTTAAAGGAGGGTGCATCTG
COACAGTCTTCAAAGAAACATGA
GGTTTTTATGACACAGAGTTGTG
TGTGGCTTGGGUACTAATAA
GCCCAAGCCACACTGATTAT
GAGGTGGTAGCTGUAGGAAT
TGTCTTTATAGGATCTCGAACACT
GCCTATAGCACAGAAACCGAAA
CCATTTTCATCACGTGGAAT
GEATAAGTTTAAGGGGCTGGT
GAAGAAAAGACCAGATGCAACC
COTCATCAACGGUAATAACA
CCCCCACCCACTTTTCTACT
CACATCATATGCGCAGAACT
TGATAACTTCTCTCCACCCTCTC
CACAAGCATATTTTAGAATCGGAAT
ATTTGGCTCCTCCATTICTG
GECAAAAAGTTTGUTTATATGGAT

A B and C indicate division of relatively large exons.

© 2007 The Authors
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MENI mutations

w

104

108

63

152

83

163

132

129

41

136

165

103

184

195

GGGCGGGTOGAACCTTAG
ACCAAGGAAAGGAGCACCAG
CCTGTTTOCTIGCCGAGCTGG
GGCGGUGATGATAGACAGGTC
CTGGCGGCCTCACCTACTTTC
GUAGACCTTCTTCACCAGCTCAC
GCCGTCGACCTGTCCCTCTATC

GCACAGAGGACCCTCTTTCATTAC
CTTGCCGTGCCAGGTGAC
CTCGCCCTGTCTGAGGATCATG
TGOGTGGCTTGGGCTACTACAG
GGGOCATCATGAGACATAATG
CTGCCCCATTGGCTCAG
CCTGTTCOCGTGGCTCATAACTC
CTAGGAAAGGATCATAATTCAGGE
GOOTGGUAGCCTGAATTATG
CTCAGCCACTGTTAGGGTCTOC
ATCCTCTGCCTCACCTCCAT
AGGGTGGTTGGAAACTGATG
GTGAGACCCCTTCAGACCCTAC
TCOGAGGCTGGACACAGG
ATCTGTGCCCTCCCTTCC
CACCTOTAGTGCCCAGACCT
COGCAACCTTGCTCTCACC
CCAGGCCCTTGTCCAGTG
GGOAGTCCAAGCCAGAGGAG
GCCCTTCATCTTCTCACTCTGG
GAGGGTCCAGTGCTCACTTT
GOTCCGAAGTCCCCAGTAGT

Table 2. Overview of HRPT2 and MENI mutations found in apparently
sporadic carcinomas, Patient numbers refer to Haven et al.

Nucleotide Amino Somatic/
Case Exon change acid change germline
HRPT2 mutations
1 Exon 2 CA76C>T p-Ser39Phe Germline
8 Exon 2 c.165delC p TyrasfsX Somatic
23 Exon7  cl128G>A plrp26sX Somatic
n Exon & .692_693insT p Irp230LeufsX3s Germline
26 Exon 7 CI28G=A pIrpa2fsX Somatic
26 Exon & C693_694insG P Arg231GlufsX37 ND

MENT mutations

6
18
20

Exon 3
Exon 9
Fxon 2

c.6460G>T p.Val215Fhe Somatic
c1271delG pGlya23AEX25 Somatic
< 167_170del4 P Thrs5ThrfsXe2 Somatic

ND, not determined.
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6 Tumon G
exon 3

Fig. | Sequencing chromatograms of parathyroid carcinomas with somatic MENT

(a)a in exon 3 (c.646G>T), resulting in the

change of a valine into a phenylatanine (patient 6); (b) a 1-bp deletion in exon 9 (¢.1271delG) (patient 18); (c) a 4-bp deletion in exon 2 (¢.167_170deld) (patient 20).

resulting in the change of a GAC (asparagine) into GAT (asparagine)
and in exon 9 an (¢.1303G>A) ACG into ACA (threonine-threonine)
polymorphism was found.

Histology of the three parathyroid carcinomas with MENT mutations
is shown in Fig. 2. Notably, the clinical history of patient 18 displayed
lymph-node and lung metastases during follow-up. Matched con-
stitutive DNA was analysed to determine the germline vs. somatic
nature of these mutations; all mutations were found to be somatic.

Comparison of HRPT2, MEN1 mutated and remaining
parathyroid carcinomas

We recently studied the expression profiles of benign and malignant
parathyroid lesions with or without MENT or HRPT2 mutations.”
A distinct profile was identified for a set of tumours consisting of
HPT-JT benign and malignant tumours, including sporadic para-
thyroid carcinomas. The dominant profile in this subset of tumours
appeared to be determined by the abrogation of HRPT2 function. We
identified several differentially expressed genes such as E-cadherin
(CDHI), histone | Hle (HISTIHIC) and amyloid beta precursor
protein | (APPBPI). Expression of these genes was confirmed in
FEPE using i histoct v. In the current study
we related the identified MENT and HRPT2 mutations with the pre-
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vious results for the parathyroid carcinomas (Table 3), including
clinical fi s i hi ing results of Ki-67,
calcium-sensing receptor (CASR), cyclin DI (CCNDT), HISTIHIC,
APPBPI and parafibromin'*** and LOH of HRPT2 and MENI
based on sequence results. Furthermore, we compared the mutation
group of tumours with the ing set of par
(Table 4). Combining results in Tables 3 and 4 showed that the
HRPT2 mutated samples, although based on only a small number
of samples, showed significantly more CASR downregulation and
more CCND1 and APPBPI overexpression compared with both
MEN1 and the ining carci

hemical

ig ¥
carc

Discussion

As discussed recently by Rubin and Sil\rerhurg.!" the diagnosis of
parathyroid carcinoma is difficult, based on clinical and histological
grounds; lymph-node andfor distant metastasis denote evident
malignancy. Fibrous septa in the tumour, mitotic figures, capsular
and vasoinvasive growth remain unreliable f for diagnosi

To identify possible molecular tools to improve the diagnosis of
parathyroid carcinomas, we studied a series of 28 cases of parathy-
roid carcinoma. This relatively large number of tumours could only
be obtained by using FFPE tissue of parathyroid cardi i 1

-
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Fig. 2 Histology of the three sporadic carcinomas
with a MENT mutation. First column: a gross
overview of the tumours (magnification x 100),
Second column: a detail (magnification x 200}
image that shows vasoinvasion (cases 6and 18) and
invasion of the capsule (case 20},

Table 3. Parathyroid carcinomas with HRPT2 or MENI mutations. Patient numbers (as used by Haven et al."') and clinical data such as sex, age, diagnosis,
metastasis and recurrence are depicted in rows. The presence of vasoinvasion and the mutation status of HRPT2 and MENT are also included. The results of
immunohistochemical staining for Ki-67 (index), CASR (0, d gulation; 1, normiul expression ), CCNDI (0, normal expression: 1, upregulation), CDH1
(1, normal exp 2, aberrant 1 APPEP1 (0, normal expression; 1, overexpression), HISTIHIC (0, normal expression; 1, overexpression) and
parafibromin are shown

P

Patient number 1 & 23 26 6 18 20

Sex F M M F M F F

Age (years) 3 2 al 80 72 51 52
Diagnosis Primary Primary Reg.L.N. Primary Primary Primary Primary
Vasoinvasion Yes Yes Yes Yes Yes Yes Yes
Metastasis/recurrence NK Yes Yes NK NE Yes NK
HRPT2 Mut Mut Mut2 Mut2 No No No
MENI ND No No No Mut Mut Mut
Ki-67 5 10 98 ] 96 3 3
CASR 1] o ] - 0 1 1
CCNII 1 1 1 1 1] 0 1
CDHI 2 2 i 2 2 | I
HISTIHIC 1 ND 1 o 1 1] 1
APPBPI 1 1 1 1 I 1] 1
Parafibromin Global loss Global loss Global loss Focal loss Gilobal loss Global loss Focal loss
seqLOH g No Yes No/No No/No ND ND ND
seqLOH 1 Ig ND NI ND ND Yes Yes No

F, female; M, males Primary, primary tumours Reg.L.N., regional lymph node; -, no data; NK, not known; Mut, mutation; Mut2, double mutation;
NI, not d ined; seql.OH, intragenic loss of h vgosity LOH based on sequencing results.

© 2007 The Authors
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Table 4. Comparisonof HRPT2/MENT mutated and remaining parathyroid
carcineimas, Depicted are the percentages of samples per group that show
aberrations, The significant percentages (P < 0:03) are shown in bold

MENI HRPT2
i i R
(%) (%) (%)
No. of samples 3 4 21
Ki-67 Average 53 75 48
CASR Downregulation 330 100-0 14-0
CCNDIL Overexpression 333 100-0 500
CDHI Aberrant 333 750 280
APPBEPI Overexpression 6 100-0 500
HISTIH1C Overexpression 333 6beh 380
Parafibromin Global loss 660 750 50-0
Parafibromin Focal loss 330 250 500

in several hospitals in the Netherlands over a period of 15 years, We
designed relatively reliable PCRs taking the fragmented DNA in
FFPE tissue into account as well as a critical level of DNA input.” The
parathyroid tumours were revised and studied with regard to mor-
phological and molecular features, including LOH of chromosomes 1q
and 11g." We report the presence of inactivating somatic mutations
of both MENT and HRPT2 in sporadic parathyroid carcinomas.

Although MEN mutations are frequently found in familial (95%)
and also sporadic adenomas (20-30%), the contribution of germline

(EATSTY

it is still higher than found in parathyroid adenomas (1:8%).
Although exons 1, 2 and 7,17 \which harbour 85% of all known
mutations, were completely screened in all cases, the low mutation
frequency could be explained in part by the fact that not all exons
could be completely screened because of the nature of the FFPE
tissue. Another possible explanation could be the existence of large
somatic or germline genomic deletions that were not studied. The
latter case, with, for example, a founder mutation in the Dutch

population, might explain these results. Finally, we did not address
gene silencing of HRPT2 due to promoter methylation. Part of the
apparently sporadic parathyroid carcinoma cases could in fact be
familial cases suffering from FIHE. A proportion of FIHP families
with parathyroid carcinomas and/or cystic adenomas are found
to carry HRPT2 mutations;” however, in the majority of tumours
(63%) in an FIHP context, the cause is unknown and may be the
result of } n (HRPTT) genc.:"“}
Importantly, the selection of parathyroid carcinomas is different
compared to the previous studies by Howell," Shattuck,"” Cetani'*
and co-workers, in which only cases with metastases or recurrence were
included. It might be speculated that parathyroid tumours fulfilling
only the classic histological features (vasoinvasive growth, fibrous
bands, etc.), but without signs of recurrence or metastasis, should
be considered as less aggressive carcinomas, in contrast to unequivocal
carcinomas with HRPT2 mutations. Our series of 28 parathyroid
carcinomas fulfil the histological criteria for malignancy; however,

inayet

we do not have complete follow-up to address the above hypothesis,

Only one out of four HRPT2 d cases had docy d lymph-
A 1

MENT mutations to the development of parathyroid carci

was previously shown in only two MEN1 syndrome cases. These two
parathyroid carcinomas exhibited a concurrent parathyroid adenoma.
The number of parathyroid carcinomas reported in patients suffer-
ing from the MEN1 syndrome is thus almost negligible in relation
to the prevalence of PHPT in this syndrome. We have found a somatic
MENI mutation in 13% of the sporadic parathyroid carcinomas,
suggesting that the prevalence of MEN] mutated carcinomas as a
cause of sporadic PHPT appears to be higher than originally thought,
As the prevalence of MENT mutations in sporadic adenomas is higher
(30%) than now found in carcinomas { 13%), this may indicate that,
in time, an adenoma can progress into a carcinoma. The difference
in prevalence of parathyroid carcinomas in MENI and sporadic
PHPT with somatic MEN] mutation may be explained by the regular
screening of patients with MEN1 syndrome. Hyperfunctioning
parathyroid glands are thus detected at an early stage and removed
before they can progress into carcinoma,

Mutations and subsequent abrogation of HRPT2 TSG function have
recently been associated with sporadic parathyroid carcinomas or
with parathyroid carcinomas in the context of HPT: -IT syndrome.***
Subsequent i lysis often detected global loss
of parafibromin encoded by HRPT2 in parathyroid carcinomas,™**

We detected six inactivating HRPT2 gene mutations in only four
cases (15%) of our series of parathyroid carcinomas. At least two
HRPT2 mutations are of germline origin, possibly illustrating the
incomplete penetrance of the HPT-JT syndrome, which was also
reported by others."™" The overall frequency of HRPT2 mutations
detected in this study is substantially lower than that recently
described in parathyroid carcinomas (4/4, 6/7 and 10/15),"""" but

schemical
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node H in five ized p yroid carcinomas
(four with regional lymph nodes and one with a lung metastasis),
no HRPT2 mutations were identified. Notably, the tumours in this
study were previously analysed for parafibromin immunoreactivity
and all showed global or focal loss of staining,™ indicative of the
diagnosis of parathyroid carcinoma. HRPT2 mutated parathyroid
carcinomas might be different from MEN! mutated or remaining
tumours, This seems to be supported by the differential immuno-
histochemical expression of molecules such as CASR, CCND1 and
APPBPL. The latter were recently identified as part of a distinct
cDNA expression profile in HRPT2 mutated benign and malignant
parathyroid tumours.”

In conclusion, we have successfully identified inactivating HRPT2
somatic mutations in archival sporadic parathyroid carcinomas,
Additionally, we report for the first time the presence of MEN]
somatic mutations in these tumours, suggesting that MENT muta-
tions play a role in the development of parathyroid carcinomas.
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ABSTRACT

Parathyroid tumors are heterogeneous, and diagnosis is often difficult
using gic and clinical

We have undertaken expression profiling of 53 hereditary and sporadic
parathyroid tumors to better define the molecalar geneties of parathy roid
tumors, A class discovery approach identified three distinet groups: (1)
predominantly hyperplasia cluster, (2) HRPT2/carcinoma cluster consist-
ing of sporadic carcinomas and benign and malignant tumors from
Hyperparathyr Jaw Tumor Synd { and (3) ad
cluster consisting mainly of primary adlnuml aad MEN 1 tumors, Gene
sets able to distinguish between the groups were identified and may serve
as diagnostic biomarkers. We demonstrated, by both gene and protein
expression, that Histone | Family 2, amyloid B precarsor protein, und
E-cadherin are uselul markers for parathyrofd carcinoma and suggest
that the presence of a HRPT2 mutation, whether germ-line or somatic,
strongly influences the expression pattern of these 3 genes. Cluster 2,
characterized by HRPT2 mutations, was the most striking, suggesting that

Parific I.JNM'.rw’l Medicine Services. Royal North Shore Haspiral
pthadogy and ' General, Visceral and Vascwlar Surgery, Marsin Luther Universite, Holle-Wittenbery, Germuny

amd Department af

parathyroid cell proliferation. Hyperparathyroidism may be clas-
sified as a primary, secondary, or tertiary disorder. Primary hyper-
parathyroidism is caused by an inherently abnormal or excessive
growth of the parathyroid glands. Secondary hyperparathyroidism
(hyperplasia) develops in response to chronic depression of serum
caleium levels, generally due to renal impairment, In a minority of
patients, this parathyroid hyperactivity becomes autonomous, re-
sulting in tertiary hyperparathyroidism. Hyperparathyroidism may
also arise in response to lithium treatment as a therapy for bipolar
disorder.

The majority of tumors in primary hyperparathyroidism are spo-
radic; however, —3% are associated with the autosomal dominant
hereditary cancer sy Multiple Endocrine Neoplasia types |
(MEN 1 ()MIM #131 Illm and 2A (MEN 2A; OMIM #171400),
idism-Jaw Tumor § Sy I (OMIM #145001), and
1 Hypery oidism (OMIM #145000).

Hyperpar:
Familial |

Histal

parathyroid tumors with somatic HRPT2 or tumors developing

on a background of germ-line HRPT2 mutation follow pathways distinet
from those involved in mutant MEN I-related parathyroid tumors. Fur-
thermore, our g5 likely preclude an ad to earcinoma progres-
sion model for parathyroid tumorigenesis outside of the presence of either
u germ-line or somatic HRPT2 mutation. These findings provide insights
into the molecular pathways involved in parathyroid tumorigenesis and

Hy, primary hyperparathyroidism can be attributed to a
single adenoma in 80% to 85% of cases, hyperplasia in 15% to 204
of cases, and carcinoma in < 1% of cases (2). However, parathyroid
tumors are heterogencous, and the differences between histologic
types are subtle, confounding the classification. Hyperplasia is de-
hncd as an c:n!nrgcmcnl of more than two glands, whereas adenoma is

i idered to be a single gland disorder. However, dou-

will contribute to a better understandi i is, and tr of
parathyroid tumors.

INTRODUCTION

Hyperparathyroidism is a common endocrinopathy, believed to
affect —3 in 1,000 adults (1). Tt is characterized by calcium-
insensitive hypersecretion of parathyroid hormone and increased
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ble or muillple adenomas have been reported in patients with primary
hyperparathyroidism including MEN | (3}, additionally confounding
the distinction between ad and hypery Studies of clonality
have not been able 1o clearly distinguish between these tumor types
{4), and the diagnosis of parathyroid wmor subtypes remains chal-
lenging.

The molecular events involved in the formation of parathyroid
lesions are poorly understood. Two genes, cvelin D7 (CCNDI) and
MENI, have been established as having major roles in parathyroid
tumorigenesis. The tumor suppressor gene MENT is involved in the
formation of sporadic as well as familial MEN | tumors. Recently, we
have shown that the putative tumor suppressor gene HRPT2 is mu-
tated in sporadic parathyroid carcinoma (5) and a small subset of
cystic parathyroid adenomas (6), likely playing an important role in
the devel of these tumors.
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Both the cafcium sensing recepror (CaSR) and vitamin D recepror
(VDR) are also known to play a role in parathyroid tumorigenesis (7).

To additionally elucidate the underlying molecular mechanisms
involved in the formation of parathyroid lesions and, thus, improve
clinical di and of these p we have under-
taken gene expression profiling. We report results for 53 parathyroid
tumors belonging to 11 different clinical entities: normal tissue, MEN
1, MEN 2A, Hyperparathyroidism-Jaw Tumor Syndrome, familial
isolated hyperparathyroidism, primary hypt.rp.imlhyrul m, second-
ary hyperparathyroidism, tertiary hyperparathy i
adenoma, and a lithium-associated tumor.

7405

85



Chapter 8

OENE EXPRESSION OF FARATHYROID TUMORS

MATERIALS AND METHODS
Gene Expression Profiling

Tumor Samples. A total of 53 parathyroid twmors and 16 normal speci-
mens of p id tissue were ob 1 from the Leiden University Medical
Center, Royal North Shore Hospital, and Martin Luther University. Normal
parathyroid tissue was pooled from excess cell washings after routine par-
thyraid lantation during thyroid ¥. Apy | fior this study was
obtained from Ihc Human R h Ethies C of the parti
institutions and the Van Andel Research Institure. Tumors were :mupvl'mm in
liquid nitrogen immediately after surgery and stored at —80°C until use.
Patient data are summarized in ‘.nnplemcnmy D:!lu Table 5[ Il|s:oluglc

lassifi was established iz to WHO published (8

Fifteen familial tumor specimens were cnil:cwd. Five were from two
Hyperparathyroidism-Jaw Tumor § families, Two of these 5 wumors
were classified as carci und 3 as ads All harbored germ-line HR.‘-'!""
mutations. Five tumors (2 single and 3 multighand

| AH',',\"-‘

software (11). Ratios were log d and medi d so that the
median log-transformed ratio equalled zero, The gene expression mtios were
medion-polished across all of the samples. To test the influence of different
gene sets on the unsupervised clustering, the filtering parameters (genes
present: 80% 1o 10026 number of observations: 2 to 20; fold change: 2 to 4)
in CLUSTER were varied to create distingt gene sets,

Statistical Classification and Supervised Cluster Analysis Using Cluster
Identification Tool and Significance Analysis of Microarrays. Cluster
Identification Tool software was used to find genes that were differentially
expressed (using Student’s ¢ test) between the clusters (12). To find signifi-
cantly discriminating genes, 1,000 t-statistics were caleulated by randomly
placing patients into two groups (for example, cluster | versuy the remainder),
A 99.9% significance lhn.sholld. (e = 0.01) was used 1o identify genes that

could ficantly distimguish b two clusters versus the random patient
groupings. In addition, ificance Analysis of Microarrays wis used 1o
identify genes with ly signifi changes in exp by assimi-

lating o set of gene-specific 1 tests (13),
Classification and Probability Scores in Clinical Diagnostic

Table S1) were from MEN 1 families and had d
One umeor was from a elinically diagnosed MEN 2A patient, and 4 were from
familial isolated hyperparathyroidism families. No additional umors were
found in the familial isolsted hyperparathyroidism families, Two familial
isolated hyperparathyroidism patients hark a germ-line HRPT2 mutation,
Linkage to the MENT locus 11q13 could not be excluded in the other two
familial isoloted hyperparthyroidism families, and no germ-line MENT mu-
tations have been detected. OFf the sporadic tumors, 16 were classified as
adenomas, | as lithium-associated, 5 os carcinoma, and 16 as hyperplasia. The
hyperplasia specimens were additionally classified as primary (# = 2), see-
ondary (r = 9), or tertiary (n = 5). The percentage of neoplastic tissue in each
sample was assessed histologically to ensure the presence of ot least 70%
neoplastic cells. However, the possibility of conamination of parathyroid
tissue with adjacent nonparathyroid tissue could not entirely be excluded due
to wide resection of the carcinoma tumors,

Preparation of RNA. Total RNA was isolated from frozen tissues using
TRIzo| reagent (Invitrogen, Carlsbad, CA) and purified cither by precipitation
with 2.5 mobL LiCl, or Qiagen RNeasy apm columns (Qingen Inc., Valencia,
CA) g 1o the fi s p

eDNA Mi:mamy Fabrication anﬂ Experimental Procedure. Microar-
ray slides spotted with 19,968 cDNA clones from the Rescarch Genetics 40K
Human Clone Set (Research Genetics Ine,, Huntsville, AL) were fabricated at
the Van Andel Research Institute as described previously (9), and microarmay
expetiments were performed as deseribed previously (10), Briefly, 25 1o 50 pg
of tolal RNA from parathyroid tissue and an equal quantity of Universal
Human Refe total RNA (& Cedar Creek, TX), were roverse
transcribed using Superseript 1 (Invitrogen) and obgo d(T), VN in the pres-
ence of Cy5-dCTP and Cy3-dCTP (Amersham Inc., Piscataway, NI}, respec-
tively. After direct labeling, the two probes were hybridized for 20 hours s
S0°C to o micronrmay slide, The slides were then washed, immediately dried,
and scanned at 532 nm and 635 nm in a Scan Array Lite (Perkin-Elmer Life,
Boston, MA). Reciprocal labeling was performed on 3 samples (Supplemen-
tary Table S1). All of the other samples were tested in singlicate.

Data Analysis, Images were analyzed using Genepix Pro 3.0 { Axon, Union
City, CA). The mtio of Cy5 intensity to Cy3 intensity for cach spot represented
mor RNA expression relative to the Universal Human Reference, The
Genepix result files were individually normalized using Another Microarray
Database based on spots w:lh pixel cormelation values =075, Flagged spots
and spots with backgs brracted i <150 in enther the Cy3 or
Cy3 channel were excluded from cluster analysis.

To check for color bias and dye imcorporation efficiency, the correlation
coefficient (r) was determined for each reciprocal-labeled armay against its
matched standard-labeled array. In all three cases r > 0.8, the results were
averaged, and these averages were used for additional analysis. In the pooled
normmal sample all of the genes for which two results were not available or
where the difference between the results was outside the 95% confid,

Categories by Penalized Logistic Regression and Significance Analysis of
Microarrays, We used o Penalized Logi Regression model (14) i o
two-step approach to identify molecular classifiers for each cluster, The first
step separated clusters | and 3 from cluster 2, In the second step (including
only umors that had a low |'Jr0b:lhi|ll)' ul belonging lo cluster 2), cluster 3
samples were sep i from the . Penalized Logistic Rep

generated a probability score for each array, indicating the chance for a sample
to be part of one of two a priori defined groups. These probabilities were
computed from the logarithmic expression of a selected set of genes on an
array, This selection was not based on a predictive measure of the performance
of o gene but simply on it being measured reliably in all armays. To decrease
the set of genes, we used Significance Analysis of Microarrays 1o rnk the
genes. We perfi d a Penalized Logistic Reg analysis with differem
numbﬂsol genes to find the gene scr wnll the smallest numhcr that could still

predict robustly. An plabl wils perfi | using a maxi of
1,460 penes (genes with N:ﬂ.ﬁtﬁ for all umy&l or a minimum of 30 genes for
cach step.

The model involved a penalty It was not il imized

with Akmike's information criterion but mther was set mamunlly 1o a vulu: that
gave log-odds (buse 10} in the approximate mnge of —3 10 3. To determine the
variability of the estimated log-odds, 100 bootstrap samples were taken and
means and SDs computed.

Statistical Classification Using Gene-Rave. The expression array data
Mr: md:pcmlcnll)' anal)';ml to find small gene sets suiable ps accurate

i for the d clinical groups. For this analysis the array
results were normalized using a series of strategies mecluding loess fitting and
spatial smoothing (15, 16). After normalization, flagged spots with M =5,
where M = log, (CyS/Cy3), were removed. The data were then analyzed by
pair-wise discrimination of clinical groups using Gene-Rave software, Only
groups with arey resulis for ar least 5 wmors wm analyzed, .f( » Hypmm

hyroidism-Jaw Tumor Synd di

hyperplasia, and MEN 1. Gene-| Rs\vr uses o Bayesian pennllv term with an
improper prior that puts a high weight on finding a small solution set of genes,
Cross-validation and permutation testing are used 1o assess the prediction error
rite (17} A canonical variate plot pmduccd by the “profile analysis™ uu,onl.hm
was used to display the data i low d | space. This al

a factor analvtical approach for the within-class covariance matrices specifi-
cally for use with large numbers of variables (genes),

Statistical Anal)m ¥ :m;lly\!s I‘iPS‘i version 10,0) was used to deter-
mine the si of RNA (as d by expres-
ston microarray ) and protem exg lations between exy
profiles and cluster groups.

and

Immunohistochemical Analysis of Protein Expression

Paraffi hedded blocks from 149 parathyroid tumors (16 of

interval of the log-transformed rtio, results were excluded from additional
analysis. For some analyses, the Cy5:Cy3 ratios for the remaining genes in the
tumor arrays were divided by the averaged normal result so that the mtios now
represented tumor expression relative to normal parathyroid tissue.

Gene values were vi d using CLUSTER and TREEVIEW

P

which also had ¢cDNA microarrays performed) and 9 nomal parathyroid
tissues were used for the construction of a tissue microarray. Eighty-seven
pittients were dingnosed us having pﬂnulry idd aul (80 sporadi

5 MEN I-related, and 2 Hypery idism-Jaw Tumor § -related),

and 26 were diagnosed with Ilype:phsm (12 with primary h}pcmnmlhymlrl-
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1sm, 3 with secondary hyperparathyroidism. 3 with tertiary hyperparathyroid-
ism, and 8 MEN 2A-related). In addition 1o these benign umors, 36 tumors
Irnm 30 patients with parathyroid carcinoma were analyzed

histochemical i A paraffin g aid system (In-
strumedics . Hackensack, NJ} was used to facilitate cutting of 5-pm
sections of the tissue microarray. The sections were deparaffinized, treated
with 0.3% H,0, in CH,OH, and submitted to antigen retrieval (microwave
oven treatment for 10 minutes in 10 mmol/L citrate buffer pH 6), except
histone HI, for which no antigen retrieval was necessary. Tissue sections were
incubated overnight at room temy with mouse amyloid BA4
precursor protein (APP; dilution 1:80, clone 22C11, Bochringer, Ingelheim
GmbH), HI (dilution 1:6400, clone 1415-1, Neomarkers, Fremont, CA),
D1 (CONDI; dilution 1:5300, clone DCS-6, Neomarkers, Fremont, CA), and
E-Cadherin (CDH1; dilution 1:500, clone HECDI, Zymed, Carlton, CT)
ons were -.uh'.m|ut. ly washed (3 % 5 minutes in PBS) and mcubated (30
v antibody in PBS/bovine serum albumen
tes in PBS) and incubated (30 minutes) with
mplex. Di benzidine
chloride was used s o cf g § by counterstaming with h
ylin. The primary antibody was omitted as a negative control. Brain (sclerotic
plagques) and cervix served as positive controls for APP CDHI, respee-
tively, and tonsil was used for CCNDI and HI. Expression was scored by light
microscopy. The cutoff parameters used for classification of normal and
overexpression are summarized i Toable 1.

washed (3 % 5 min
h fict

peroxidas pravidin 3
fall

RESULTS AND DISCUSSION
Gene Expression Profiling

Unsupervised Clustering. Using expression microarray analysis
of 11 clinical parathyroid entities, we have identified three broad and
distinet tumor groupings based on unsupervised clustering according
to gene expression profiles, Using different gene sets by varying the
filtering parameters, these three clusters remained constant, although
ve positions of the clusters did vary. The dendrogram in Fig,
ed from hierarchical clustering with a set of 6,150 genes. The
sition of the three clusters reflected, in part, the histologic
fication of the tumors. However, concordance with histologic
fication was not complete. Cluster | was composed of predom-
inantly hyperplastic specimens but also a lithium-associated tumor, a
MEN 2A adenoma, and 3 sporadic adenomas. The pooled normal
sample also clustered with this group.

The most robust cluster identified in this study was cluster 2, which
was composed of the sporadic carcinomas, familial Hyperparathyroid-
ism-Jaw Tumor Syndrome (both benign and malignant tumors), and 2
familial isolated hyperparathyroidism wmors, Two sporadic
mas in the small cluster 2 subgroup (#779g and #1798g) demonstrated
expression of some thyroid-specific genes (including metallothionein
IH, E, and ), suggesting pos dmix with nearby thyroid tis:
that may have occurred due 1o exter il clearance. This was
not observed in other tumors in this cluster, and for this reason these
2 mmors were excluded from additional analyses. The small intra-
cluster variance (V = 0.25) and the large distance from the other two
clusters demonstrated the distinet nature of the gene expression profile

the rela

cino-

U

i

FE3 EEEEEE
i §=;§Ei§

i
5E]

Fig. 1. Detniled sample dendrogram of unsupervised hicrarchical clustering. e and
grevn dicate ransenipt expression levels respectively ubove und below the median
(hlacky for cach gene across all samples. Grev aguarey indicate o results.

of this cluster. These results, in combination with the knowledge that
all of the tumors tested in this cluster (11 of 12) harbored HRPT2
mutations (Supplementary Data Table S1), support a distinet molee-
ular pathway of parathyroid tumorigenesis for sporadic ca
familial Hyperparathy Jaw Tumor ' and familial
lated hyperparathyroidism tumors with a HRPT2 mu on, that is
scparate from that for other parathyroid tumors., Our results are
striking in that we demonstrate that Hyperparathyroidism-Jaw Tumor
Syndrome adenomas, otherwise indistinguishable from non-Hyper-
parathyroidism-Jaw Tumor Syndrome adenomas, exhibit a common
microarray signature with parathyroid carcinomas, which have a high

50

Table | Cut-aff vrlues
Muolecule Method Normal Ohverexpression
E-cauberin IHE Membranous staining/ne stuining Trregular me 1\mwn~ stuining or depesitions/droplets in cell
MA Fold change Fald eh:
Amyloid BA4 precursor prodein IHC Weak/moderute evtoplasmic staining Strong ¢ Iule-mu staining
MA Fold change <2 Fold change =2
Histone HI IHC =0 of nnl.llm. muclei =f1%% of positive nucket
HIF2 MA Iulrl chinge < Fold change =2
Cyelin D1 THE 4 po =30% positive cells
MA Fi nhl chan, Fold chonge =4

NOTE. MA wailues ire ratios of tumar 16 normal
Abbrevintions: IHC, immunohistochemistry; MA, cDNA microamay.
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id of HRPT2

These results suggest that HRPT2
novel and fund: 1 patl of tumorigenesis and ma-
lignant transformation. This has also been supported by the multiple
genetic changes identified by previous comparative genomic hybrid-
ization studies of parathyroid carcinoma ( 18). The increased incidence

of parathyroid in Hyperparathyroidism-Jaw Tumor Syn-
drome patients and our d ion of a close relationship b
di i and familial Hyperparathyroidism-Jaw Tumor

Syndrome tumors suggest that apparently benign tumors within this
cluster may have the potential to progress to malignant tumors.

Cluster 3 contained the majority of the sporadic adenoma speci-
mens and all of the MEN | and 2 familial isolated hyperparathyroid-
ism tumors. Three of 5 tumors, clinically classified as tertiary hyper-
plasia, as well as | secondary hyperplasia, were found in this cluster.
This clustering demonstrates at the molecular level the recognized
clinical transition from secondary 1o lertiary or autonomous discase.
Additional studies are warranted to confirm this observation and to
identify gene sets that separate secondary from tertiary hyperplasia.

All 5 of the MEN | tumors (2 single adenomas and 3 multigland
hyperplasia) were also located in cluster 3. suggesting that familial
MEN | tumors and a subset of sporadic adenomas may share a similar
genetic pathway of tumorigenesis. This is supported by previous
findings of frequent LOH at 11q13 and of MEN! mutations in 20% to
40% of sporadic adenomas in contrast to hyperplasia (19).

Two of the 4 familial isolated hypery oidism tumors in this
study also clustered with the sporadic adenomas and MEN | tumors
in cluster 3, These tumors were from families where linkage 1o the
MENT region could not be excluded. The separation of these 2
familial isolated hyperparathyroidism tumors (cluster 3) from the 2
familial isolated hyperparathyroidism tumors harboring HRPT2 mu-
tations (cluster 2) again clearly indicates that different molecular
pathways are involved in familial isolated hyperparathyroidism pa-
tients and adds additional weight to a subset of familial isolated
hyperparathyroidism being variants of either Hyperparathyroidism-
Jaw Tumor Syndrome or MEN | rather than a distinet entity. It is
possible that those familial isolated hyperparathyroidism tumors dis-
playing u HRPT2:-like expression profile may benefit from more
aggressive clinical management than those displaying a MEN/-like
profile.

Genes with I roles in parathyroid tumorig were
evaluated by comparing the expression levels of these genes in tumors
with the expression level in normal parathyroid tissue. The gene
encoding parathyroid hormone was highly expressed resulting in
image-saturation, thus data unable 1o be included in additional anal-
ysis, VDR was down-regulated in all of the groups. COND/, parval-
Bumin (PVALB), and CaSR were differentially expressed with COND/J
up-regulated in cluster | and 2 and PYALE down-regulated in cluster
2. CaSR was down-regulated in all of the clusters but significantly
down-regulated in cluster 2 (P < 0.05), There was a trend toward
down-regulation of MENT in MEN/-related tumors (from patients
with MEN | or with Familial isolated hyperparathyroidism where
linkage to MEN! could not be excluded and from sporadic tumors
with somatic MEN! mutations); however, this did not reach signifi-
cance, possibly due to the small size of this group (1 = 9). TP53 was
not differentially expressed in any of the clusters. RET and HRPT2
were not represented on the armays.

Molecular Classificrs

Cluster Identification Tool. Supervised clustering usi
Identification Tool idemified 22, 329, and 17 genes differentially
expressed between clusters 1, 2, and 3 respectively (Tables S2, 83 and
54, ively, in the Suppl y Duta) In cluster 1, 22 genes

P

Samily member2 (H1F2; cell

15 20

o ]

10
Number of genes

Fig. 2, Gene ontology for biological p of 204 genes P din
cluster 2 (H; tryroid Jow Tumor Synd porad; 1. Only emego-
rics with ut least 3 genes over- or underexpressed are listed. The omology information was
compiled from GeneCards, Genatlas and DAVIED,

were differentially expressed. Of note. ectodermal-neural cortex
(ENCT) hypothetical protein MGCH034, and Homo sapiens clone
MGC: 16152 were down-regulated refative to the other two groups.
Up-regulated were BENE protein (BENE), membrane glyveoprotein
MRC OX-2 (MOX2), and immunoglobulin superfamily member 4
(IGSI4),

In cluster 2, of the 329 genes identified by Cluster Identification
Tool (P < 0,05}, 204 were also identified as differentially expressed
by Significance Analysis of Microarrays. This subset of genes was
classified according to gene ontology information (Fig. 2), which
indicated that major changes had oceurred to genes involved in signal
transduction, protein metabolism, transport, nucleic acid metabolism,
EANOZ: cell org: and cell adhesion. E i of
individual genes in this subset suggests important roles for KI4A41376
(signal wansduction). Serum/elvcocorticoid regulated kinase (SGK;
Phosphate metabolism, transport), Cullin 5 (CULS; cell death), and
Nucleohindin (NUCB2), all of which are down-regulated. Up-regu-
lated are amyloid B precursor protein (APP; programmed cell death),
E-cadherin (CDHT; cell adk and signal duction), fistone HI
ganization and biog is), the aldo-
keto reductase family 1 C3 (AKRIC3; cell proliferation and lipid
metabolism), CD24 (signal transduction), ubiquitin carboxyl-terminal
esterase LI (UCHLI, catabolism), development and differentiation
enhancing factor | (DDEFI, and laminin B1 (LAMBI; cell adhesion).

In cluster 3, 17 genes were differentially expressed. Aldehyde
dehvdrogenase | family, member A2 (ALDH1A2), and metatlocar-
boxypeptidase (CPX-1) were down-regulated, and the KIAA0435 gene
product, ADP-ribosyvlation factor-like 5 (ARLS), and exonuclease
NEF-sp were up-regulated relative to the other 2 clusters.

Statistical Classification and Probability Scores in Clinical Di-
agnostic Categories by Penalized Logistic Regression and Signif-
icance Anulysis of Microarrays. Using Penalized Logistic Regres-
sion analysis, a two-step statistical model for classifying tumors was
built (Fig. 3). With 50 genes (Supplementary Data Table 85), Penal-
ized Logistic Regression separated cluster 2 tumors from the rest with
a minimal log-odds separation of 1:1,000 between the 2 groups of
tumors (Fig. 34), confirming the results obtained by unsupervised
hierarchical clustering (Fig. 1). A second step with a different set of
30 genes (Supplementary Data Table 56) separated cluster 3 wmors
(predominantly adenomas) from the rest, which now consisted of all
cluster 1 specimens (predommantly hyperplasiaz Fig. 38). This sce-
ond-step classification was less pronounced (log-odds separation of
1:100), and larger SDs were apparent, again reflecting the results of
hierarchical clustering. Cross-validation confirmed the above separa-
tion. The subgroupings observed under clusters 1 and 3 were not
apparent in the Penalized Logistic Regression model.

or
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Fig, 3. Results of classification with a penalieed
logistic regression model, based on two sets of 30 1
most signifi Benes ling 1o Signi
Analysis of Microarray) present in all armays. Top
prored depicts the results of 100 bootstrap replica-
thons: means ([eirele]) =1 SI tines) of log-odds
per armay, The vertical scale is log-odds 10 base 10,
where “017 represents equal odds, so that in
indicates a probability of 100 to [ th
ts mot a cluster 2 tumor, and “—37 alternotely |
indicates a probability of 1000 to 1 that the speci-
men is o cluster 2 wmor, Outcomes in the green
frink ) regions are correctly {incormectly ) lassificd |
A represents step-1 differentimtion between non-

2

Log-ockls {4s s 10}
=L
ol

-

Hyperpamthyroidism-Jaw Tumor Symirome carci-
noma tumors {clusters | .ul.I 3 and Hyperparathy-
roldism-Jaw Tumor Sy s
[cluster 2} using #0 gencs. § represents step-2
differentintion between adenomas (cluster 3) and
the remainder (cluster 1) using a different set of 30
genes. Hotrun pared provides graphical presenti-
tion of the log expressions with the arrays in the
sumee arder os in the top panel. The genes have been
ordercd along the values of their coefficients in the
moddel with yelfow squares indicating the highest
expression.

g

flmii

=

Statistical Classification Using Gene-Rave. Using a different ap-
proach to normalization and analysis of the array data, Gene-Rave
confirmed separation of the wmors into the three main clusters as
d 1 by vised clustering (Figs. | and 4), When testing
for genes to additionally the Hypery oidism-Jaw Tu-
mor Syndrome (including the 2 familial i d hyperparathyroi
specimens. #4A and #54A, with HRPT2 mutations) and carcinoma
gmups the cross-validation error rates for correct classifications were

ishable from the | versions (Suppl vy Data
Fig. 15). This indicated that these two classes were inseparable, The
Hyperparathyroidism-Jaw  Tumor Synd /carcinomi,  ad
hyperplasia, and MEN 1 groups were found to be separable, although
the separation between adenoma and MEN | was small (Fig. 4). Two
sporadic carcinomas (#779G and #1798G) were consistent outliers, as
also noted in the unsupervised cluster analysis (Fig. 1) and were
excluded from additional analysis. An advantage of Gene-Rave wech-
nology is that the gene sets able to discriminate between groups are
typically very small. In this study, 9 genes [UCHLI, CD24,

iﬂ!ﬁiﬁimﬂlliﬂ%ﬁilﬂliﬁhﬂﬂ!ﬁgm_tij!

il
Ii

il hiis
m; iiilll!i II:H

HIF2, and APP were highly overexpressed in clusn.r 2 compamd with
clusters | and 3. CCNDJ d 1 diffe | exj be-
tween clusters | and 3, with higher expressi

I were establish
expression of each 1r.m\cr|pt and protein (Table I! u.nd cxa.mp]cs. of
the differential exy 1by i hi 2
are shown in Fig, 5.

Comparing microarray expression with 1 istry in
16 specimens represented on both the expression microarrays and
tissue microarray, 94% correlation was found for HI, APP. and
CCNDI, and 75% for CDH1. To additionally evaluate the expression
of these four proteins, all of the tissue microarmay umor specimens
were grouped in accordance with the cluster sets created by unsuper-
vised clustering (Fig. 1). For CDII! HI, and APP, pmlcin overex-

1on occurred predomi Iy in the carci and Hy

o %

L) L o
mld]\ll‘l-k!\\ Tumur Syndrome familial wmors, resulting in a
significant correlation by the i histochemistry and ex-

prcssmn data (P < 0.01; Fig. 6).

ALDHIA2, PVALB, clone DKFZp434E03, Vaseular Cell Adh
Molecule WVCAMYI), Testican-3, MOX2, and glutamate decarboxy-
lase 1 (GADI)] were able 10 discriminate between the four groups.
Immunehistochemical Analysis of Protein Expression
We selected four highly differentially expressed genes for which
antibodics to their respective proteins were available, to compare
transcript and protein overexpression. Three of these genes, CDHI,

d exp of CCNDI is known to play a primary role in
the formation of parathyroid tumors. Overexpression of CONDI was
noted primarily in the hyperplasia and carcinoma/Hyperparathyroid-
ism-Jaw Tumor Syndrome tumors, with only 12% of adenomas/MEN
1 wmors demonstrating o\-t.rl.xprcasmn by immunohistochemistry.
This all i 1 and hyper-
plasia and also correlated with the expression microarray results.

diser b 1
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Fig 4. Canondes] variste plot of ull armys, The
plot shows the first three canonical varistes
(CFI-3, €V consisted of 125 genes, CV2, 57
penes, and CV3, 63 genes. Among genes of signif-
e in CVI-3 were CDHI, APP, UCHLIL,
FGSFE, MOX2, pnd GADJ. A lnrge separation be-
tween  the  carcinoma/Hyperparathyroidism-law
Tumor Syndrome group and the rest of the tumors.
is evident. The 2 famil sl ated hvp:rpnmlh\.-
roadism specimens with HMRPT2 mutations are in-

cluded in the and Hyperparathyroidi - =
Jaw Tumor Syncdrome group “that is depicied in

]

green "1 he 2 lgm-m carcingmas distant from the -

main Hyperparuhyrobdism-faw Tumor S
carcmoma cluster are the outhers #7796 and

HITORG, Clear separation of the adenoma (red), -
hyperplusia {purple), wnd MEN 1 ilight Mue)
groups is dlso evident. Two MEN | mmans ane
overlaid in this analysis and appear as one hlie
spot. The pooled normal (black) is among between
the adenama, hyperplasia, and MEN | groups, The
2 familial isolated hyperparthyroidism  tumors ¥
with linkage at 11q13 (pink} are located between
the adenomas and MEN 1 tumors, The MEN 24

;

and HPTJT A

srenw

e

Dveflow) and lithium-associsted wumor (groy) ane
siwated closest 1o the hyperplasia group.

These results are in agreement with previous immunohistochemistry
studies in which overexpression of COND1 has been observed in 50%
to 91 of parathyroid carcinomas, up to 61% of sporadic parathyroid
hyperplasia, and 18% to 404 of sporadic parathyroid adenomas
(20, 21),

Up-regulation of two of four members of the histone family (F/
and H2; Supplementary Data Table §5) was evident in cluster 2 from
the microarray experiments, and HI protein overexpression was con-
firmed in sporadic carcinomas by an increased percentage of nuclei
cxpmam;, this histone. It has been postulated recently that H1 may

ifi repair meel in some species (22).
l!i:cauv: DNA repair pathways are involved in DNA maintenance,
they are likely to have relevance to tumorigenic processes. APP is a

(sAPP) is a product of the APP protein that can function as an
epithelial growth factor in thyroid cells (23) and has been proposed
recently to have a pro-proliferative role in some panereatic cancer cell
types.

CDHI is a calcium-dependent cell-cell adhesion glycoprotein, Loss
of function due to mutation or methylation is thought to contribute to
cancer progression by increased proliferation, invasion, or metastasis.
It has also been reported that increased parathyroid hormone or low

1l leium affects the ion and localization of this
molecule (24). We found CDHI up-regulated at the mRNA level in
cluster 2, with aberrant staining noted by, indicating loss of function
in cell adhesion (25).

We also evaluated the diagnostic sensitivity of combined immuno-

functional neuronal receptor, shown in this study to be up lated at

L

both the RNA and protein level. Both transeript and protein were
found overexpressed in cluster 2. The soluble N-terminal ectodomain

_ Fig. 5. Differential immunohistochemical staining at =200 mag-
betweer () ud and (8) carci
for E-cadherin (1), histone H1 {2y, amd amyloid BA4 nmLu:‘-ur
profein (3,

90

histocl v using these four proteins. If two or more of these four
proteins are overexpressed in a single case, there is an 81% chance
that it is a carcinoma, and a 2% and 11% chance that it is an adenoma
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E-cadherin/CDH1

% of mrples
cayusEsuasd

Fig. 6. Correlation between Microarray (MA;
n = 53 and Immunchisochemistry (IHC;
n = 147) daw for the three different parathyroid
subgroups as defined by vnsupervised clustering of
the microarray data. The percemage of samples
displaying overexpression (as defined in Table 1)
in cach cluster group are graphed.

Sl mmplen
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or hyperplasia, respectively (P < 0.01). We have demonstrated that
HIF2, APP, and CDHI, identificd from our microarray experiments,
are also wseful immunohistochemistry makers for the diagnosis of
parathyroid carcinoma. Our results suggest that the presence of a
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5. Howell ¥, Hoven ©, Kahneski K. et al. HRPT2 mutations are associted with
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6, Carpten ][l. Raobhins C, Vllhhinm:.l A, ¢ al, HRPT2, encoding parafibromin, 1s
mutated in b tumor il Nat Genet 2002:32:676 -8,
T \'mm s 'nglmom T. Tsulumnw T, et al. Decrease in vitamin D receptor and

receptor in highly proliferative parathyroid adenomas, Eur J Endo-
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HRPT2 mutation, whether germ-line or strongly
the expression pattern of these 3 genes, and we postulate that these 3
genes may have potential biological significance in parathyroid tu-
MOTIECTIEs]S.

In conclusion, we have identified three broad cluster groupings of
parathyroid discase based on distinet molecular signatures, Cluster 2
was the most striking and |nr:|u(.|cd both benign and malignant tumors
from | with | hyroidism-Jaw Tumor Syndrome, as
well as sporadic par.nhyrmd carcinomas with somatic HRPT2 muta-
tion and a subset of wmors from patients with familial isolated
hyperparathyroidism. This cluster is strongly suggestive that parathy-
roid tumors with somatic #RPT2 mutation or tumors devel ona

crinol 2003;148:403-11

Solcia E, Kloppel G, Sohin LH. Hisiological Typing of Endocrine Tumaours; Inter-
national Histological Classification of Tumours. WHO Ed 2. Springer; 2000, p,
4553,

Huhlad R, Furge KA, Miller J, et al. Genomic pml‘llmg aned n.DNA microartay
anulw‘ of lmman wolon ad nd
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=

ic and d o with progres-
sion of multiple metastases, Appl (xnnm Protcom 2002;1:51-62

10, Tukahashi M, Yang X1, Lavery TT, et al. Gene expression profiling of favorable

Tristelogy Wilms tumors and its comrelation with elinical features. Caneer Res 2002,
15:62:6598 - 605,

1. Eisen MB, Spellman PT, Brown PO, Batstein [, Cluster analysis and display of
genome-wide expression patterns. Proc Natl Acad Sci USA 199R:95: 14863 8.

12. Rhodes DR, Miller IC, Haah BB, Furge KA. CIT: identification of differentinlly

background of germ-line HRPT2 mutation follow pathways distinet
from those mvolvcd in mutant MEN 1 n.lan:d parathyroid tumors.

§ clusters of genes from microarray data. Bioinformatics 2002:18:205-6,
i Tu!hul‘ Vi, Tibshirani R, Chu G, Significance analysis of microarmays applicd o the
lonizing radistion response, Proc Natl Acad Sci USA 2001:24:98:5116-21,

1 1 e 4. Eilers PHC, Boer JM, Omunen van GJ, H lingen van HC. €l of
Fur L our fi likely p an 0 data with peralized logistic Proc SPLE; 2001;4266:157-9%
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ence of either a germ-line or somatic HRPT2 mutation.
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Abstract

Objective

The objective of the present study was to develop a genomic assay based on Multiplex
Ligation-dependent Probe Amplification (MLPA) for the rapid characterisation of
parathyroid carcinomas based on a combination of known chromosomal amplification
and deletions.

Patients and design

Formalin-fixed, paraffin-embedded (FFPE) parathyroid tissues from 33 carcinoma cases
and 16 adenoma cases identified in the period 1985-2003 in the Netherlands were
studied. Histologically normal parathyroid tissues from 22 patients were taken from
paraffin blocks and used together with a pool of 6 different normal colon appendices to
serve as a reference. A MLPA probe kit was designed based on reported chromosomal
amplification and deletions in parathyroid tumours.

Results

Chromosomal loss in carcinomas was found on chromosome 1p (27%), 3q (21%) and
13q (21%) but was even more prominently and significantly deleted in HRPT2 mutated
carcinomas as compared to adenomas and carcinomas without a HRPT2 mutation.
Chromosome 1p, 3q and 13qg showed loss in 3/5, 3/5 (both 60%) and 5/5 (100%) of the
HRPT2 mutated carcinomas, respectively.

Conclusion

These results suggest that loss of chromosome arms 1p, 3q and especially 13q play a
role in HRPT2 driven tumorigenesis. Furthermore, MLPA is a useful tool to study parathyroid
tumorigenesis because of the specificity/sensitivity and speed of the analysis.

Introduction

Hyperparathyroidism is a common endocrinopathy believed to affect three in 1,000
adults * and may result from a single parathyroid adenoma (80-85%) or from hyperplasia
(15-20%) but rarely (less than 1%) from carcinomas.?*

Although parathyroid carcinomas are mostly slow growing, they have a high propensity
(50% or more) to recur locally when not recognized at the initial surgery and treated by
a simple parathyroidectomy.3” Importantly, the recurrent disease is difficult to eradicate
and almost 90% of all patients with recurrent hyperparathyroidism will die of the disease.?®
In contrast, in patients where an adequate diagnosis was made intraoperatively and
who were subsequently treated by en bloc resection, local recurrence ranges from 10-
33%, and long term survival improves significantly.2038

Intraoperatively, parathyroid carcinoma usually appears as a large, firm, whitish-grey
tumor that has often invaded surrounding structures. Despite these defining
characteristics, parathyroid carcinoma is often not recognized at the time of initial surgery.
The distinction between parathyroid carcinomas and adenomas based on histology is
also difficult since the histopathological features of parathyroid carcinoma and adenoma
may overlap. Some authors have claimed that trabecular growth, dense fibrous bands,
spindle shape of tumour cells, mitotic figures and nuclear atypia3 are helpful criteria in
diagnosing parathyroid carcinomas, but all these criteria can also be observed in benign parathyroid
lesions.>2333 An unequivocal diagnosis of parathyroid carcinoma is only possible by
demonstration of distant or locoregional metastasis, as well as histologically by blood
vessel invasion and/or capsular invasion.?® This stresses the importance of adequate
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diagnosis. Therefore, there is an ongoing search for markers to provide reproducible
and both biologically and clinically meaningful predictions for the diagnosis of malignancy
and/or aggressive tumour behaviour that is not based on subjective histological criteria
to a large degree.

So far, a variety of methods for finding and detecting molecular markers have been
used, like detection of loss of heterozygosity (LOH) by microsatellite repeat analysis,
comparative genomic hybridisation (CGH) CGH, immunohistochemistry (IHC) and
microarray expression analysis. Results from CGH, supported by LOH studies, suggested
that in those carcinomas having a physical loss of regions on chromosomes 1p (41%)
and 13q (26%), there is inactivation of possible tumour suppressor genes. Chromosomal
gain and thus the existence of potential oncogenes in these tumours were found in
regions 19 (21%), 99 (12%) and 19p (13%).

Both CGH and LOH analysis showed that loss of 11q is a frequent event in adenomas
and also in combination with MEN1 mutations (95% in familial MEN1 syndrome and 20-
30% in sporadic adenomas). However, in a recently published paper, a high percentage
(50%) of carcinomas with LOH of 11q was also detected, suggesting that it also plays a
role in parathyroid carcinoma formation.

Recently it was shown that HRPT2 mutations are found in HPT-JT syndrome and in a
substantial portion of sporadic parathyroid carcinomas, suggesting that this gene plays
a pivotal role in malignant transformation of parathyroid tumours. Parafibromin encoded
by HRPT2 shows downregulation in such tumours. Furthermore, expression microarray
analysis revealed that HRPT2 mutated tumours have a unique and distinct expression
profile as compared to other parathyroid tumour types. LMNA, FGFR1, FGFR4, DDEF1,
IGSF4, ITMB2, APP, and CDH1 are the genes that are significantly up or down regulated
in the microarray analysis of a group of parathyroid carcinomas and tumours with
HRPT2 mutations. Other genes that are involved in parathyroid tumorigenensis are
CASR and CyclinD1 (CCND1).

Overexpression of the cyclin D1 protein has been demonstrated in up to 40% of
parathyroid adenomas, and overexpression of PRAD1/cyclin D1, following a
rearrangement with the PTH gene, has been shown in a few cases.3!® Two recent
publications showed evidence that parafibromin downregulation causes an increase in
CCND1 protein levels 324, Furthermore CASR germline mutations can cause familial
hypocalciuric hypercalcemia or neonatal severe hyperparathyroidism when partially or
markedly deficient?. Mutations are also found in families suffering from FIHP.®2 Also,
CASR is considered to have a potentially important secondary role in the manifestations
of sporadic parathyroid tumours 4, although up till now no mutations have been described
in sporadic parathyroid tumours.

Multiplex ligation dependent probe amplification (MLPA) is a recently developed technique
for the relative quantification of DNA sequences that can detect chromosomal deletions
or amplifications.3* The principle of MLPA relies on the hybridisation of sequence-specific
oligonucleotides to genomic DNA, followed by ligation of the oligonucleotides and
subsequent amplification of the probe. The relative peak heights or band intensities
from each target indicate their initial concentration 32 and can be semi-quantitatively
analysed. 2°MLPA has several advantages over currently used techniques. The first
advantage is the amount of loci that can be analysed in one reaction. Furthermore, no
(paired) normal tissue is needed. Finally, it is a sensitive and relatively fast technique;
only a small amount of DNA is required (20 ng is sufficient for one reaction in which 40
loci are tested) and results are available within 2 days. The method is useful for archival,
formalin-fixed, paraffin-embedded (FFPE) tissue as the probe target sequences are
small (50-70bp).

The objective of the present study was to develop an MLPA based assay for the diagnosis
of parathyroid carcinomas based on a combination of known chromosomal amplification
and deletions.
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Materials and methods

Samples

Formalin-fixed, paraffin-embedded tumour tissue from 28 primary parathyroid
carcinomas, 4 regional lymph node metastases, and one lung metastasis taken from 30
patients was obtained from different laboratories in the Netherlands using PALGA (Dutch
National Information System for Pathology, Utrecht, The Netherlands) and the archives
of the Leiden University Medial Center. The samples were collected over the past 18
years (1985-2003). All but three of these samples were previously described®
Included were 30 samples with clear carcinoma features, i.e. presence of vasoinvasion
and/or metastasis'!, based on evaluation of representative haematoxylin and eosin
stained slides of each tumour by a pathologist (HM)) and the initial pathology report.
Three cases (9,11,25) were diagnosed as carcinomas based on their clinical presentation;
definitive vasoinvasion was not found in these cases.

Furthermore formalin-fixed, paraffin-embedded tumour tissues from 16 parathyroid
adenoma samples taken from 16 patients were obtained from the archives of the LUMC.
One adenoma (48) and 1 parathyroid carcinoma (30) came from a documented HPT-JT
family.t’

Normal parathyroid tissues from 22 patients were taken from paraffin blocks and used
together with a pool of 6 different normal appendices to serve as a reference for the
Multiplex Ligation-dependent Probe Amplification (MLPA).

DNA extraction

Genomic DNA from normal and tumor tissue was isolated from the paraffin-embedded
material by taking tissue cores (diameter 0.6 mm) with a tissue microarrayer (Beecher)
from tumor and normal areas selected on the basis of a hematoxylin and eosin-stained
(HE) slide. Using a chelex extraction method, DNA was isolated from three punches, re-
suspended in 96 ml of PK-1 lysis buffer (50 mM KCI, 10 mM Tris [pH 8.3], 2.5 mM MgCli2,
0.45% NP40, 0.45% Tween 20, 0.1 mg/ml gelatin) containing 5% Chelex beads (Biorad,
Hercules, California, USA) and 5 ml of proteinase K (10 mg/ml), and incubated for 12
hours at 56° C. The suspension was incubated at 100° C for 10 minutes, centrifuged at
13,000 rpm for 10 minutes, and the supernatant containing the DNA was used for PCR
reactions.

MLPA

MLPA has previously been described.3* In brief, MLPA is based on the ligation of two
DNA oligonucleotides that hybridize adjacently to a target DNA sequence. The ?rst
oligonucleotide was synthesized with, on average, a 26 bp (min: 21 bp, max: 39 bp)
target-speci?c part and a universal M13-forward tail. The second oligonucleotide was an
M13-derived single-stranded DNA sequence containing, on average, a 42 bp (min: 31
bp, max: 50 bp) target speci?c-part, a stuffer sequence of variable length (130-480
base pairs) and an M13-reversed tail. Thus, a probe consists of 2 oligonucleotides of
which the target-speci?c parts hybridize adjacently and ligate. The M13 forward and
reversed tails are attached to all probes, and the different length of each probe made it
possible to perform a single primer multiplex PCR.?*

An MLPA kit was assembled by MRC-Holland (Amsterdam,The Netherlands). Details of
MLPA can be found at http://www.mlpa.com. The MLPA kit was designed especially/
specifically to investigate parathyroid tumours and consisted of 42 probes of
chromosomal regions (based on CGH analysis?!421.26) and genes (based on microarray?!®
and mutation data 7°) frequently altered in parathyroid tumours. For three important
genes, we took two (MEN1) or three (CASR and HRPT2) different probes.

Thirty-eight experiments were performed in triplicate or more, and ten were performed
in duplicate.

After denaturing 15 to 250 ng of DNA for 5 minutes at 95°C, the probe mix containing all
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the probe sets was added. After overnight hybridization at 60°C, the hybridized probes
were ligated for 15 minutes at 54°C with a DNA ligase. An aliquot was taken out of the
ligation mix and the ligated products were ampli?ed in a multiplex PCR reaction using
forward and reverse M13 primers for 20 seconds at 95°C, 30 seconds at 60°C and 60
seconds at 72°C for 33 cycles in an Applied Biosystems® 9700 PCR machine. After
PCR, 3 ul of the PCR products were mixed with one pL of 500 TAMRA (Applied
Biosystems®) internal size marker and 20 pl deionised formamide and injected for 5
seconds in an ABI310® capillary ?lled with POP5 polymer. After a 30 minute run, the
data were collected and analyzed with Genescan analysis and Genotyper software
(Applied Biosystems®) (Figure 1). A Genotyper output ?le was generated combining
probe set number, size and peak heights. This table was exported to a comparative
access in-house adapted database where probe annotation is added to the data table.
Subsequently, normalization and diagnosis of the pro?les were performed.

Data analysis for MLPA. Normalization.

The MLPA traces were analyzed using the MLPAanalyzer application (http://
sourceforge.net/projects/mlpaanalyzer/). Peak heights were dependent on sample quality,
DNA concentration, hybridization parameters and instrument settings. Peaks from different
probe sets also differed in magnitude in a systematic way. To normalize the raw data,
MLPAanalyzer performs the following steps:

1. Distinguishe focus probes and reference probes (5 loci usually unaltered in parathyroid
tumours).

2. Select the reference probes from the control (non-tumour) samples. Performs steps
3 to 5 with this subset of data.

3. Within each sample divide all peak heights by the median peak height of the sample.
This is to correct for the sample-to-sample variation.

4. Within each probe, divide all peak heights by the median peak height of the probe.
This is to correct for systematic differences between probes. The results of 3 and 4 we
call normalized peak heights.

5. Determine which of the (reference) probes are most stable. Subtract 1 from each
normalized peak height and take the absolute value. Compute the median of these
numbers for each probe. This is the median of the absolute deviations: MAD.

6. Select the 5 reference probes with the lowest MAD. These 5 reference probes are
named calibration probes and are used to normalize the complete experiment as
described in step 7 and 8.

7. Within each sample (parathyroid tumour and normal control samples), divide all
peak heights by the median peak height of the 5 calibration probes of the sample of
concern. This is to correct for the sample-to-sample variation.

8. Within each probe (focus and reference probes), take the median peak height of the
control samples. Then, within each probe (focus and reference probes), divides all peak
heights (parathyroid tumour and normal control samples) by the median peak height of
the probe of concern. This is to correct for systematic differences between probes.

Data visualization and interpretation.

Each experiment was normalized and analysed separately. Scatter plots for each individual
tumour and normal tissue were generated in Matlab (Figure 1) and anonymized.

To determine amplification and deletion in the analysis of the individual probes, a cut off
value (amplification>1.3, deletion<0.7) was used. The evaluation of the regions was
based on multiple (at least 2) probes and therefore we could use a less strict cut off; for
amplification>1.2 and deletion<0.8.

To analyze the regions/chromosomal arms, we used 25 probes (region 1p: 4 probes;
1q:6 probes; 3q: 4 probes; 9p: 3 probes, 9q:2 probes, 11q: 6 probes; 13q: 5 probes).
A region was considered “deleted” or “amplified” if more than 50% of the probes within
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that particular region were “deleted” or “amplified” (i.e:2/2 (100%) of the probes, 2/3
(67%) of the probes, 3/4 of the probes (75%), 3/5 of the probes (60%), 4/6 of the
probes (67%)) such that they had normalized peak heights of at least 0.2 below (deletion)
or above (amplification) the median normalized peak height of the reference probes.

Sequence analysis
HRPT2 mutations and MEN1 mutations were analysed in 27 and 23 sporadic parathyroid
carcinoma samples/patients, respectively, as previously described.®

LOH analysis
From 20 parathyroid carcinoma samples, LOH status of chromosomes 1q and 11q was
previously determined using microsatellite markers®

IHC parafibromin
From 27 patients, expression of parafibromin was previously determined with IHC as
described 3.

Results

A MLPA probe set (Table 1) was constructed based on the following three criteria: a) the
inclusion of genomic regions previously implicated in parathyroid tumorigenesis in the
literature, such as chromosomes 1p, 1q, 3q, 9p, 99, 11q, 13q and 19p (*>*42%26); b) the
inclusion of two crucial genes for parathyroid tumorigenesis; HRPT2 on chromosome 1q
and MEN1 on chromosome 11q; and c) probes were included from several genes from
a parathyroid carcinoma /HRPT2 genecluster as identified by cDNA expression array
analysis. *°

We studied 49 parathyroid tumours, 16 adenomas and 33 carcinomas. In five parathyroid
carcinomas and one adenoma, somatic and/or germline HRPT2 mutations were identified.
The average amount of deletions in adenomas was 3.3 (range 0-14), the average for
amplification in adenomas was 5.9 (range 0-13). Parathyroid carcinomas showed an
average amount of 6.7 deletions (range 0-12) and average amount of 5.8 amplifications
(range 0-19). HRPT2 mutated samples had an average of 8.6 deletions (range 6-13)
and 3 amplifications (range 1-8).

Deletion and amplification of chromosomal regions

In parathyroid carcinomas, deletion of chromosomes 1p (41%) and 13q (26%) are
relatively frequently described 2142126 although for chromosome 13q the frequency is
only slightly increased in comparison to adenomas (Table 1). We also observed losses
of these chromosomes in parathyroid carcinomas using MLPA (1p, 27.3% 9/33; 13q,
21.2% 7/33 respectively), with the losses being most notable in the HRPT2 mutated
subset of carcinomas (3/5 of 1p; 5/5 of 13q). Chromosome 13q loss was also seen for
one HRPT2 mutated adenoma. On chromosome 13q, the probes for BRCA2 (13ql12),
ITM2B (13q14), RB (13q14, less clear), DACH (13qg21) and ING1 (13g34) were deleted
in HRPT2 mutated samples (Figure 1). Also, chromosomes 3q and 9p were deleted in a
relatively high percentage of HRPT2 mutated carcinomas (3/5 and 2/5, respectively).
The most frequently found chromosomal aberration in adenomas using CGH analysis is
deletion of 11g. Using MLPA, the latter was not confirmed.

Using CGH, chromosomal gains were previously found in parathyroid carcinomas of the
regions 1q (21%), 99 (12%) and 19p (13%). We found in both carcinomas and in HRPT2
mutated samples amplification of chromosome 1q in 9.1% and 1/5, respectively.
Adenomas showed no amplification. MLPA of chromosome 9q did not confirm the pattern
observed by CGH (amplification in 12% of carcinomas and deletion in 8% of adenomas).
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TABLE 1

ref CGH lf_e_f CGH ]carcmumasfn=33r carc with HRPT2mut (n=5) Jadenomas (n=16) ‘ad with HRPT2 mut (n=1)
|reg-ons adenoma carcinomalamplification deletion amplification  deletion amplification deletion {amplification  deletion
1p -16% -“41% 0.0 273 0.0 B0.0 00 8.3 0.0 0.0
1q -3% 21% .1 0.0 200 0.0 00 6.3 0.0 0.0
3q 4% -5% 3.0 212 0.0 60.0 0.0 125 0.0 100.0
Sp -12% -14% 6.1 121 0.0 40.0 12.5 12.5 0.0 0.0
9q -8% 12% 3.0 61 0.0 200 0.0 6.3 0.0 100.0
11g -32% -9% 121 6.1 0.0 0.0 6.3 0.0 0.0 0.0
139 -18% -26% 0.0 212 0.0 100.0 00 125 0.0 100.0
19 -5% 13% 45.5 0.0 20.0 0.0 43.8 0.0 0.0 0.0
Elobes MA in carc
HRPT2 no data 6.1 121 200 0o 125 8.3 0.0 0.0
CASR Down 40% 6.1 333 0.0 B0.0 12.5 18.8 0.0 100.0
MEN1 Down 0% 9.1 91 0.0 0.0 18.8 0.0 0.0 0.0
LMNA Up 100% a1 0.0 200 0.0 6.3 6.3 0.0 0.0
FGFR1 Up 90% 121 0.0 00 0.0 6.3 125 0.0 0.0
FGFR4 Up T0% 364 00 0.0 0.0 375 6.3 0.0 0.0
DDEF1 Up BO% 212 30 200 200 250 0.0 100.0 0.0
CCND1  |Up B80% 15.2 3.0 0.0 0.0 6.3 6.3 0.0 0.0
IGSF4 Down nd 21.2 182 0.0 0.0 125 375 0.0 100.0
ITMB2 Down 80% 9.1 91 200 40.0 12.5 125 0.0 100.0
APP Up 80% 152 30 00 200 i8.8 12.5 0.0 100.0
CDH1 up BO% 30.3 18.2 60.0 0.0 18.8 25.0 0.0 0.0

The chromosomal locations of the probes are shown on the x-axis. The y-axis shows in log scale amplification
(scoring in triplicate more than 1.3), retention (around 1) and deletion(scoring in triplicate less than 0.7).
Abbreviations: ref CGH: average loss of regions found by comparative genomic hybridisation analysis as
reported in previous papers; MA: microarray. * including three cases with somatic MEN1 mutations® and
five cases with HRPT2 mutations. All data are percentages; the negative percentages indicate loss in the
ref CGH columns, the positive percentages represent gain

Using MLPA for chromosome 19p, the observation seen in CGH (amplification in 13% of
carcinomas, deletion in 5% of adenomas) was not seen with a high amplification rate in
both carcinomas and adenomas.

In conclusion, using MLPA in tumours with HRPT2 mutations, there is a significant deletion
of chromosomes 1p, 3q and 13q as compared to adenomas and carcinomas without a
HRPT2 mutation (P<0.05).

HRPT2 and MEN1 MLPA

Deletion of HRPT2 was considered if more than 2 of the 3 HRPT2 probes were deleted.
This was the case in 3.6% (1/28) of overall carcinomas and in none of the HRPT2
mutated samples and adenomas. Deletion of MEN1 (in both probes) was not found in
any of the adenomas and in only 9.1% of carcinomas, whereas frequently a low
amplification was scored in both adenomas and carcinomas.

MLPA of differentially expressed genes

MLPA gene probes for 9 genes that were significantly up- (LMNA, FGFR1, FGFR4, DDEF1,
CCND1, APP and CDH1) or downregulated (CASR, IGSF4, ITMB2) in HRPT2 mutated
samples using cDNA expression array analysis were analysed. Nonsignificant trends in
the amplification/deletion of different probes were seen that mimicked the observed
relative expression patterns. However, the CASR on chromosome 3q was scored as
deleted in 33.3 % of carcinomas versus 18.8% of adenomas (nonsignificant) with frequent
low amplification scores in both adenomas and carcinomas. Moreover, 4/6 HRPT2 mutated
tumours clearly showed loss of CASR. The trend towards amplification of CDH1 on
chromosome 16q in carcinomas and particularly in HRPT2 mutated carcinomas (3/5)
correlated with a relatively high expression of this gene.
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FIGURE 1 Scatter plot of 2 parathyroid carcinoma samples.
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Case no.2 (carcinoma without HRPT2/MEN1 mutation) showed loss of region 1p and 11q. Case no. 23
(carcinoma with HRPT2 mutation) showed loss of region 1p and 13q.
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Discussion

MLPA was used to analyse copy number variation of chromosomal regions implicated in
parathyroid tumorigenesis. In the HRPT2 mutated carcinomas, chromosomes 3q and
9p and particularly chromosome 13q showed deletions. Loss of chromosome 13q is an
event found in both sporadic adenomas (19%) and carcinomas (26%), although the
prevalence is higher in carcinomas.142126

MLPA analysis showed the same trend, with the deletion of 13q found in both adenomas
and carcinomas but to a greater extent in carcinomas. Remarkable is that all carcinomas
and the one adenoma with a HRPT2 mutation showed deletion of 13q. The implication
that 13q deletion plays a role in malignant parathyroid tumorigenesis was previously
reported by Hunt et al.*®* The region of loss on chromosome 13q in parathyroid tumours
has been shown to include two known tumour suppressor genes, the retinoblastoma
gene (RB, RB1'%1227) and BRCA2. %’ Cryns et al'® were the first to suggest that inactivation
of the RB1 gene might help to distinguish benign from malignant parathyroid tumours
and thus have potential prognostic and therapeutic implications. Other authors have
cast doubts on the usefulness of RB1 gene studies in the differential diagnosis between
parathyroid carcinomas and adenomas, as abnormalities of the RB gene and/or protein
are not a specific features of parathyroid malignancy.?2?7:3* The above illustrates that
loss of 13q is more frequently found in carcinomas than in adenomas. Although this loss
is not specific for parathyroid carcinomas, it now seems to be specific for HRPT2 mutated
tumours. Additional experiments are required to further support the role of 13q in
HRPT2 driven tumorigenesis.

Chromosome 1p is the only region of significant loss common to all tumour classes.
This region is the area of most frequent loss in both malignant (41%) and benign tumours
(secondary (72%) and tertiary HPT (73%), and adenomas (16%)).2® Hunt et al*® reported
that although almost all adenomas and carcinomas showed loss of markers for 1p, the
benign parathyroid diseases (adenomas and hyperplasia) had a low mean fractional
allelic loss (11% and 15%, respectively). The parathyroid carcinomas, in contrast,
showed high mean fractional allelic loss (63%). The current MLPA analysis confirms
this; we also found loss in both tumour types, but the percentage of loss and the amount
of probes lost was higher in parathyroid carcinomas.

Valimaki et al (2002)3 reported, furthermore, that deletion mapping studies by LOH
and CGH implicate that the 1p target regions in adenomas are more distally located at
1p34-pter and are thus different from parathyroid carcinomas where the deletions cluster
at 1p21-p22.

The 1p21-22 region, found to be specifically deleted in carcinomas in the study of
Véalimaki et al, was also more frequently lost in carcinomas than in adenomas, but the
loss of the distal part of chromosome 1p in parathyroid adenomas could not be confirmed.
Downregulation of CASR mRNA has been described in adenomas?® but has also recently
been shown to be downregulated and to a higher extent in the HRPT2/parathyroid gene
cluster.> On a protein level, a strong downregulation has also been reported in parathyroid
carcinomas. Up till now, no mutations have been found in sporadic adenomas, although
to our knowledge no mutation analysis has been carried out on malignant tumours.
In the current MLPA analysis, deletion of 3q and especially of the CASR region is a
frequently seen event in parathyroid carcinomas. Once again this deletion is more
specific for tumours with a HRPT2 mutation than those without, suggesting that the
CASR might also play a role in HRPT2 driven tumorigenesis. We now also show that
downregulation of CASR mRNA is partly based on the physical deletion of a region of
chromosome 3q containing CASR. Mutation analysis should further prove the complete
inactivation of this gene.

Recently we showed the use of 6K SNP-arrays on FFPE material in order to detect copy
number variation and copy neutral LOH. The latter information cannot be obtained
using the MLPA panel. For diagnostic purposes, however, MLPA is more easily applicable.
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Concluding remarks

In this thesis, parathyroid tumourigenesis was studied focusing on the underlying
defects and the diagnosis.

HRPT2 gene

During the last 20 years, new insights in the pathogenesis, diagnosis and
management of parathyroid tumours became apparent. An important milestone was
the recent discovery of the HRPT2 gene. The HRPT2 gene is ubiquitously expressed,
evolutionary conserved and consists of 17 exons encoding a protein of 531 amino
acids, referred to as parafibromin.

Germ-line mutations in this gene are responsible for the HPT-JT syndrome.
Furthermore, sporadic parathyroid carcinomas often show (somatic) mutations in the
HRPT2 gene (this thesis, chapter 4 and chapter 7). The percentage of identified
HRPT2 mutations in sporadic parathyroid carcinomas varies in different publications,
partly due to different inclusion criteria. In 70% of carcinomas with local recurrence
or metastasis HRPT2 mutations have been observed.3%°11%16 In a Dutch cohort of
parathyroid carcinomas selected primarily on histological grounds (i.e. with
vasoinvasion and capsule invasion), the prevalence of HRPT2 mutations was only
15%, although mutation analysis was performed in archival paraffin embedded
tissue.

Somatic HRPT2 mutations were also reported in HPT-JT associated tumours other
than parathyroid. Somatic HRPT2 mutations were found in two renal carcinomas, one
clear cell carcinoma and one Wilms tumour.3? Also, somatic mutations were identified
in benign ossifying fibromas of the jaw.?® Interestingly, these tumours showed
retained expression of parafibromin. As IHC is not a quantitative analysis it could be
possible that haploinsufficiency might play a role in tumour formation, which also
might explain the benign behaviour in contrast to the aggressive behaviour of
parathyroid tumours with total loss of expression of parafibromin due to double
mutations in HRPT2 or to the combination of one mutation and loss of the wildtype
allele. Frequent allelic imbalance (LOH) of the HRPTZ2 locus was detected in different
subtypes of sporadic renal tumours and LOH analyzed by microsatellite markers and
arrayCGH of the HRPT2 locus is associated with an adverse clinical outcome. 824 A
role of the HRPT2 was also suggested in tumour types other than typically found in
the HPT-JT spectrum, as illustrated in chapter 2 where tumours of the thyroid, testis
and pancreas were found in a large HPT-JT family. Also uterine tumours are found to
be associated with HRPT2.? Selvarajan et al showed altered immunohistochemical
parafibromin staining in breast carcinomas.?® In the future the development of knock-
out mouse models for HPT-JT could help to gain more insight in the role of HRPT2 in
the development of all these tumours

HPT-JT syndrome

Patients with germ-line HRPT2 mutations show a wide variation of clinical features.
Such individuals can develop tumours in different organs or tissues, mostly in the
parathyroids, kidneys, or jaws. Additionally, tumours in the thyroid, testes, pancreas
(this thesis) and uterus 3 are described. HPT-JT has an autosomal dominant mode of
inheritance, with incomplete penetrance as reported in the large Dutch family
described in this thesis (chapter 2). The incomplete penetrance might also explain the
relatively high percentage of germline mutations found in apparently sporadic
parathyroid carcinomas (this thesis, chapters 7 and 4).?° Some individuals with germ-
line HRPT2 mutations develop only parathyroid gland tumours. The latter is illustrated
by the finding that about 5% of the patients suffering from familial isolated
hyperparathyroidism (FIHP) carry HRPT2 mutations.®?? Despite the reported rarity of
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HRPT2 mutations in FIHP, FIHP patients with aggressive tumours are likely to carry
HRPT2 mutations and are therefore serious candidates for HRPT2 germ-line testing. 4

Parafibromin

Parafibromin is evolutionary conserved and binds to RNA polymerase II as part of a
PAF1 transcriptional regulatory complex. PAF is comprised of five subunits that
include PD2/hPafl, parafibromin, hLeol, hCtr9 and hSki8. The mechanism by which
loss of parafibromin function can lead to neoplastic transformation is poorly
understood. It has been suggested that parafibromin is involved in transcriptional
regulation, histone modification, cell proliferation (including cell cycle progression?i?,
apoptosis!® and wnt signalling.23:2:27:30-32

We suggested by both gene and protein expression that Histone 1 Family 2
(HIST1H1C), amyloid beta precursor protein (APP), and E-cadherin (CDH1) might
play a role in HRPT2 driven tumourigenesis.

APP overexpression both at the mRNA and protein level” and abnormal cleavage is
associated with the neuropathological abnormalities of Alzheimer’s disease. It was
recently shown that a soluble cleavage product of APP has a growth promoting effect
in thyroid, skin, pancreas, colon and oral squamous cells by activating MAP kinase,
epithelial growth factori®?5, serine protease inhibitors?!, PKC and Ras pathways. *°
Although a role for APP in EGF mediated growth of parathyroid cells similar to that of
the mechanism in thyroid cells?® can be expected, the direct interaction between
parafibromin and APP has to be elucidated. Konishi et al*® concluded that HIST1H1C
has a role in transmitting apoptotic signals, while Lin et al® suggested that
proapoptotic activity of endogenous parafibromin is also likely to be important in its
role as a tumour suppressor.

E-cadherin is a cell adhesion molecule that interacts with the wnt signalling pathway.
A role for parafibromin in Wnt signalling is also reported®, in which parafibromin is
thought to activate the Wnt/Wg target gene transcription by directly associating with
beta catenin. Cyclin D1 (CCND1) was initially cloned and recognized as an oncogene
in the development of the parathyroid tumours!. We demonstrated both on gene
expression as well as on protein level overexpression of CCND1 in parathyroid
carcinomas. Two recent publications showed evidence that parafibromin
downregulation causes indeed an increase in CCND1 protein levels. 30:32

Diagnosis of parathyroid carcinoma

Diagnosis based on histology alone is sometimes difficult because unequivocal
diagnostic findings can be absent in individual cases and histological features of
malignant and benign parathyroid tumours overlap. As a result of this histopathologic
uncertainty, the best possible diagnosis can be unsatisfying referring to entities like
“equivocal carcinoma” or “atypical adenoma”. Recently in the WHO atlas® it is
favoured to use the term atypical adenoma.

As the majority of parathyroid carcinomas with aggressive behaviour carry HRPT2
mutations, somatic DNA sequence analysis of this gene in tumours is a valid
approach for the diagnosis of both HPT-JT and sporadic parathyroid carcinoma.
Despite the presence of mutation “hot-spots” in exons 1, 2, and 7 of HRPT2 where
approximately 80% of all mutations occur4®!!, the time and resources for molecular
analysis of HRPT2 are beyond the means of most surgical pathology laboratories. We
and others>®13 showed the absence or reduced staining of parafibromin in sporadic
and HPT-JT carcinomas. Conversely, two recent studies®!* have shown that negative
parafibromin immunostaining is almost invariably associated with HRPT2 mutations
and confirm that loss of parafibromin staining strongly predicts parathyroid
malignancy. A point to remember however is that HPT-JT adenomas might also show
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reduced staining possibly indicating their potential to progress into carcinomas.®t3
Also, additional information is needed regarding the reproducibility and the use of
parafibromin in atypical adenomas/equivocal carcinomas in order to predict possible
clinical behaviour.?® Despite this, parafibromin testing seems to be a promising
molecular marker for the diagnosis of parathyroid carcinoma. However, an
exceptionally positive staining for parafibromin could still be compatible with HRPT2
mutation in the case of missense mutations, for example. In addition, we have shown
that molecules such as APP, E-cadherin, CASR might play a role in HRPT2 driven
tumourigenesis. Immunohistochemical analysis of APP, E-cadherin and CASR (i.e.
strong cytoplasmic staining of APP, irregular membranous staining or deposits/
droplets in the cell of E-cadherin and absence of clear membranous staining of
CASR) might give circumstantial evidence to support the diagnosis of malignancy.
There is no role for MEN1 mutation testing in parathyroid tumours suspected for
malignancy since parathyroid adenomas often show somatic mutations of MEN1
together with loss of the wild-type allele.

Future perspective

There are still several aspects of parathyroid disease requiring further investigation:
Can biomarkers be identified that can be used for molecular imaging of (abnormal)
parathyroid glands? Such biomarkers might be highly expressed membrane bound
molecules specific for parathyroid tissue. Although parathyroid carcinoma is a rare
disease, in individual cases the disease can take a dramatic course. For such cases,
the identification of specific parathyroid tumourigenesis pathways that can be
targeted by designer molecules might be crucial. A third issue that should be
addressed concerns the switch from secondary to tertiary hyperparathyroidism. What
are the molecular switches that lead to such autonomous behaviour of an individual

parathyroid gland? Only such insights might lead to the finding of novel therapies.
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Summary

In this thesis tumourigenesis and tools for improved diagnosis of parathyroid tumours
were studied with a special focus on parathyroid carcinomas.

In chapter 2 we described a large, previously unreported Dutch kindred in which 13
affected members presented with either parathyroid adenoma or carcinoma; in 5
affected individuals, cystic kidney disease was found. Additionally, pancreatic
adenocarcinoma, renal cortical adenoma, papillary renal cell carcinoma, testicular
mixed germ cell tumour with major seminoma component, and Hiurthle cell thyroid
adenoma were also identified. We determined that the disease in this family was
linked to the presumed HRPT2 locus on chr 1g and we were able to localize the
region of the gene to 14cM. We concluded that HPT-JT is a clinically heterogeneous
syndrome and that the HRPT2 gene might play a role in development of several
tumours.

The family described in chapter 2 was of great importance for the discovery of the
HRPT2 gene as described in chapter 3. By combining data from 26 families suffering
from the HPT-JT syndrome, the HRPT2 region was narrowed down to 12 cM. Using a
positional candidate cloning approach in 14/26 cases from fourteen families,
heterozygous germline mutations in clorf28 (HRPT2) were found. Inactivating
somatic mutations in this gene were also found in 3/48 parathyroid (cystic)
adenomas supporting the probable tumour suppressor effect of the gene. The gene is
evolutionary conserved and consists of 17 exons encoding a protein of 531 amino
acids and was named parafibromin. Parathyroid tumours show higher malignancy
frequencies in HPT-JT syndrome than in other familial parathyroid tumour syndromes
such as MEN1. Here we suggest that mutations in HRPT2 may be responsible for this
difference. To test this hypothesis we analyzed, as described in chapter 4, 60
different (benign and malignant, mostly sporadic) parathyroid tumours. HRPT2
somatic mutations were detected in all (4/4) sporadic parathyroid carcinoma cases
and 5/5 HPT-JT tumours and 2/3 FIHP tumours. No mutations were detected in any of
the other (benign) tumours. “Two-hits” (double mutations or one mutation and loss of
heterozygosity at 1q24-32) affecting HRPT2 were found in 2/4 sporadic carcinomas,
2/5 HPT-JT-related and 2/3 FIHP related tumours.

These data supported the role of HRPT2 as a causative gene in the development of
parathyroid malignancy both in familial and sporadic tumours and it provided
evidence of a role for HRPT2 as a tumour suppressor gene. We hypothesized that
HRPT2 mutation is an early event that may lead to parathyroid malignancy and
therefore suggested that mutations of HRPT2 are markers for malignant potential of
parathyroid tumours, both familial and sporadic.

In chapter 5 we hypothesized, based on this high prevalence of HRPT2 gene
mutations and biallelic inactivation in parathyroid carcinoma, that loss of
parafibromin, the protein product of the HRPT2 gene, could distinguish carcinoma
from benign tissue. To study this, a novel antiparafibromin monoclonal antibody was
generated and immunostaining on both benign and malignant parathyroid tumours
was tested. We reported that the loss of parafibromin nuclear immunoreactivity had a
high sensitivity and specificity in diagnosing carcinoma. Parafibromin thus seems a
promising molecular marker in the diagnoses of parathyroid carcinoma.

In chapter 6 the morphological, immunohistochemical and molecular characteristics
of 26 primary parathyroid carcinomas and seven metastases were studied. Down-
regulation of the calcium sensing receptor (CASR) was demonstrated in 31% of
carcinomas, and this was significantly correlated with a high Ki-67 proliferation index.
Chromosome 1q and chromosome 11q LOH were found in 12 of 22 (55%) and 11 of
22 (50%) carcinomas tested, respectively. Combined 1q and 11q LOH was seen in 8
of 22 (36%) carcinomas, in contrast to the low percentage of LOH reported in both
regions in adenomas. We concluded that both loss of CASR protein expression in
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combination with an increased proliferation rate and the combined 1g/11q loss could
be used as supportive criteria in the diagnosis of parathyroid carcinoma.
Furthermore, the high percentage of LOH at 1q found in our set of sporadic
parathyroid carcinomas seemed to confirm the tumour suppressor function of HRPT2
also described in chapter 3 and the importance of the gene in the development of
malignant parathyroid tumours. The high percentage of LOH of 11q also suggested
involvement of the MEN1 gene in the tumourigenesis of a part of parathyroid
carcinomas. This hypothesis was tested in chapter 7 where we evaluated the role of
MEN1 and HRPT2 mutations in sporadic parathyroid tumours fulfilling histological
criteria for malignancy. Formalin fixed, paraffin embedded (FFPE) parathyroid
carcinoma tissue from 28 Dutch cases was studied. HRPT2 (27/28 cases) and MEN1
(23/28 cases) were analyzed by direct sequencing. Somatic MEN1 mutations were
found in 3/23 (13%) sporadic parathyroid carcinoma cases, six HRPT2 mutations
were found in 4/27 cases (15%). These results again confirmed the role of HRPT2 in
sporadic parathyroid cancer formation, but also showed parathyroid carcinomas with
MEN1 mutations possibly suggesting that an adenoma with a MEN1 mutation can
progress into a carcinoma when untreated.

In chapter 8 we undertook expression profiling of 53 hereditary and sporadic
parathyroid tumours. A class discovery approach identified three distinct groups,
mainly consisting of respectively (1) adenomas, (2) HRPT2 mutated tumours, and (3)
hyperplasia. The most robust cluster identified in this study consisted of sporadic
parathyroid carcinomas, tumours from HPT-JT patients (both benign and malignant),
and tumours from two FIHP patients. Eleven of 12 of these cases were shown to
carry HRPT2 mutations. We concluded that parathyroid tumours with HRPT2
mutations follow pathways distinct from that of other tumours. Based on the
expression data, we confirmed the differential expression of Histone H1, amyloid SA4
precursor protein, Cyclin D1 and E-cadherin using IHC.

The objective of the study described in chapter 9 was to develop a Multiplex
Ligation-dependent Probe Amplification (MLPA) based genomic assay for the rapid
diagnosis of parathyroid carcinomas using a combination of known chromosomal
amplifications and deletions. In this study we again confirmed that parathyroid
tumours with HRPT2 mutations follow pathways distinct from that of other benign and
malignant tumours. We suggested that genes on chromosome 1p, 3g but especially
chromosome 13 play a role in HRPT2 driven tumourigenesis.
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Samenvatting

De mens heeft 4 bijschildklieren gelegen, zoals de naam al zegt, bij de schildklier in
de hals. De bijschildklier heeft een belangrijke functie in de kalk (calcium) huishou-
ding in ons lichaam. Calcium speelt een centrale rol in een groot aantal fysiologische
processen zoals neuromusculaire signaaldoorgave, spiercontractie (waaronder van
het hart), celdeling en celbeweging. Het door de bijschildklier geproduceerde hor-
moon (Parathyreoid Hormoon; PTH) houdt het bloed calcium niveau binnen de
grenzen van normaal.

Overactiviteit van een of meerdere bijschildklieren leidt tot zogenaamde
hyperparathyreoidie (HPT). Vaak gaat deze overactiviteit gepaard met vergrote
bijschildklieren die teveel PTH maken waardoor het gehalte van dit hormoon in het
bloed te hoog wordt.

HPT kan voorkomen als een primaire, een secundaire en een tertiaire afwijking. Met
primair wordt bedoeld dat de oorzaak van de HPT gelegen is in de bijschildklier zelf,
secundair als reactie op een biochemische verstoring in het bloed, meestal als gevolg
van nierfalen. Secundaire reactieve hyperparathyreoidie kan medicamenteus worden
behandeld. Op een bepaald moment reageert de patient(e) hier niet meer op en
blijkt er sprake van een autonoom functionerende bijschildklier, waarbij gesproken
wordt van een tertiaire HPT.

Primaire hyperparathyreoidie is een veel voorkomende afwijking met een prevalentie
van 1-3 per 1000 individuen. Het merendeel van de tumoren ontstaat in een sporadi-
sche context, geen duidelijke oorzaak is aantoonbaar. In vijf procent van de primaire
HPT ontstaat de ziekte echter in een familiaire (erfelijke) context (Multiple Endocrine
Neoplasia syndrome (MEN) type 1 en 2A, Familiaire Geisoleerde Hyperparathyreoidie
(FIHP) en Hyperparathyreoidie-Kaak-Tumorsyndroom (HPT-]JT)). De meeste gevallen
van FIHP ontstaan ten gevolge van een erfelijk defect in de “calcium-sensing”, het
meten van de calcium waarden in het bloed door de bijschildklier. In alle overige
familiaire gevallen toont een “tumor onderdrukkend” gen een DNA fout (de genen
MEN1, RET, en HRPTZ2 respectievelijk).

Het doel van dit proefschrift was om meer inzicht te krijgen in onbegrepen molecu-
laire mechanismen leidend tot tumorontwikkeling in de bijschildklier. Dit zou theore-
tisch tot betere diagnostiek en behandeling kunnen leiden van onbegrepen familiaire
vormen van HPT. Met name ook de categorie van de kwaadaardige bijschildklier
tumoren, de carcinomen, behoeft verbetering van diagnostiek en behandeling.

In hoofdstuk 2 beschrijven we een grote Nederlandse familie waarvan 13 individuen
zich presenteerden met bijschildklier tumoren waaronder de kwaadaardige vorm. Bij
5 van deze 13 individuen werden ook nog cysteuze nieren ontdekt. Er werd eveneens
een breed scala van andere tumoren gediagnosticeerd in deze familie waaronder een
kwaadaardig proces van de pancreas, een zaadbal tumor en een goedaardige
schildklier tumor en kleine nier tumoren.

Eerst werd een MEN1 syndroom uitgesloten middels DNA onderzoek. Zogenaamd
koppelings onderzoek toonde aan dat de ziekte in deze familie geassocieerd was
met chromosoom 1g25-32, waar het reeds eerder veronderstelde, doch nog niet
gevonden HRPT2 gen zou moeten liggen. Door onderzoek in onderhavige familie
werd echter het chromosomale gebied waarin dit gen zou moeten liggen verkleind tot
14 cM (een genetische afstandsmaat). Wij postuleerden tevens dat het HRPT2 gen
mogelijk een rol speelt in de ontwikkeling van verschillende andere tumoren.

In de zoektocht naar het HRPT2 gen werd de bovenbeschreven familie nogmaals
geanalyseerd als onderdeel van een groot internationaal onderzoeksconsortium,
beschreven in hoofdstuk 3. Allereerst werd de potentiéle regio verder verkleind
naar 12 cM door gebruik te maken van de koppelingsdata van 26 HPT-JT families.
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Daarna werd gericht naar DNA mutaties in kandidaat genen in het gebied gezocht. In
14 van deze 26 families werden enkelvoudige inactiverende kiembaan mutaties
gevonden in het gen clorf 28 (HRPT2). Ook werden er inactiverende DNA mutaties
gevonden in HRPT2 in 3/48 willekeurige doch cysteuze bijschildklier tumoren. Een
tumor onderdrukkende functie van HRPT2 leek aannemelijk. Het HRPT2 gen wordt in
min of identieke vorm bij diverse dieren of organismen gevonden (is evolutionair
geconserveerd) en bestaat uit 17 coderende DNA blokken (exonen) die in een eiwit
bestaande uit 531 aminozuren worden vertaald. Dit eiwit werd parafibromine ge-
noemd. Bijschildkliertumoren gevonden in HPT-JT families zijn vaker kwaadaardig
(15%) dan in andere familiaire bijschildklier tumorsyndromen zoals MEN1(<1%).
Derhalve kon worden geconcludeerd dat een mutatie in het HRPT2 gen hiervan de
oorzaak zou kunnen zijn.

Deze hypothese werd getest als beschreven in hoofdstuk 4. Zestig willekeurige
(sporadische) bijschildklier tumoren zowel goedaardig als kwaadaardig werden
onderzocht op mutaties in het HRPT2 gen. Zogenaamde somatische HRPT2 mutaties
werden gevonden in alle (4/4) sporadische kwaadaardige bijschildklier tumoren, in 5/
5 HPT-JT tumoren en in 2/3 FIHP tumoren. In geen van alle andere (goedaardige)
bijschildklier tumoren werden dergelijke mutaties gevonden.

Twee van de vier sporadische bijschildklier carcinomen, 2/5 HPT-JT en 2/3 FIHP
tumoren toonden dubbele HRPT2 mutaties of één mutatie gecombineerd met verlies
van de normaal aanwezige kopie van chromosoom 1g24-32. Deze bevindingen
bevestigden de rol van HRPT2 als een oorzakelijk gen in het ontwikkelen van kwaad-
aardige bijschildklier tumoren in zowel een familiaire als in een sporadische context.
HRPT2 mutaties ontstaan in een vroege ontwikkelingsfase van de kwaadaardige
bijschildklier tumoren en kunnen daarmee gebruikt worden als biomarkers in de
diagnostiek hiervan.

In hoofdstuk 5 wordt beschreven hoe een nieuw monoclonaal antilichaam tegen
parafibromin werd gegenereerd. Immunohistochemisch verlies van de normale
parafibromine kernkleuring werd gevonden in HPT-JT en sporadische kwaadaardige
bijschildklier tumoren met een hoge sensitiviteit en specificiteit en lijkt daarmee
eveneens een veelbelovende biomarker in de diagnose van bijschildklier tumoren.
De morfologische, immunohistochemische en moleculaire eigenschappen van 26
Nederlanse gevallen van een kwaadaardige bijschildklier tumor inclusief 7
uitzaaingen werden bestudeerd (hoofdstuk 6). Eén derde van de tumoren liet een
afschakeling van de calcium sensing receptor (CASR) zien en dit was significant
gerelateerd aan een hoge (>5%) “Ki67 proliferatie” index. Tevens werd er een
“verlies van heterozygotie” analyse van de chromosomen 1q ( HRPT2 gen) en 11q
(MEN1 gen) uitgevoerd. Er werd verlies in ongeveer de helft van de carcinomen
gevonden van respectievelijk DNA sequenties op chromosoom 1q (55%) en 11q
(50%). Uniek voor carcinomen bleek het gecombineerde verlies van DNA sequenties
op de chromosomen 1q én 11q, gevonden in 36% van de carcinomen in tegenstelling
tot een zeer laag percentage hiervan bij de onderzochte goedaardige bijschildklier
tumoren. Het onverwacht hoge percentage DNA verlies op chromosoom 11q kon een
indicatie kunnen zijn dat ook het MEN1 gen een rol in kwaadaardige bijschildklier
tumoren zou kunnen spelen.

Om deze hypothese te testen werd in de HRPT2 en MEN1 genen naar DNA mutaties
gezocht in het Nederlandse cohort kwaadaardige bijschildklier tumoren (hoofdstuk
7). Deze tumoren voldeden histologisch aan de criteria van kwaadaardigheid;
aanwezigheid van bloed of lymfbaan invasie dan wel kapselinvasie en of uitzaaingen
(in lymfeklieren of op afstand). DNA mutatieanalyse werd uitgevoerd in formaline
gefixeerd paraffine ingebed tumor archief materiaal, soms wel 20 jaar oud.
Verrassenderwijs werden somatische MEN1 mutaties werden gevonden in 23%(3/23)
van de tumoren terwijl in er 6 tumoren HRPT2 mutaties werden gevonden (4/27,
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15%). Deze resultaten bevestigden weer de rol die HRPT2 speelt bij sporadische
bijschildkliercarcinomen, de resultaten lieten echter ook zien dat een aantal kwaad-
aardige tumoren MEN1 mutaties bevatten. Dit zou kunnen betekenen dat in de loop
der tijd een a priori goedaardige tumor met een MEN1 mutatie toch kwaadaardig kan
worden, het benadrukt tevens het belang van vroege opsporing en behandeling
hiervan.

Hoofdstuk 8 beschrijft de expressie van praktisch alle genen die wij hebben
(middels zogenaamde cDNA micro-array technieken) in 53 familiaire en sporadische
tumoren. Met behulp van bioinformatica werden drie separate groepen geidentifi-
ceerd. Deze bestonden hoofdzakelijk uit respectievelijk: (1) Adenomen (de benigne
tumoren vaak gevonden bij primaire HPT), (2) Tumoren met een HRPT2 mutatie (11
van de 12) en (3) Hyperplasieen (de benigne tumoren vaak gevonden bij secudaire
hyperparathyreoidie). De meest robuuste groep in deze studie bleek groep 2. HRPT2
gemuteerde tumoren lijken derhalve distincte karakteristieken te hebben aan de
hand van een moleculair profiel. Immunohistochemische analyse met antilichamen
gericht tegen enkele van deze moleculalen toonde inderdaad differentiéle expressie
(Histone H1, Amyloid BA4 precursor protein, Cycline D1 en Ecadherine).

In hoofdstuk 9 wordt de zogenaamde “multiplex ligation dependent probe
amplification” (MLPA) genomische analyse beschreven. Dit is een snelle diagnos-
tische methode om de aan- of afwezigheid van bekende chromosomale amplificaties
(chromosoom vermeerdering) en deleties (chromosoom verlies) in bijschildklier
tumoren te analyseren. In deze studie bevestigden we wederom dat bijschildklier
tumoren met een HRPT2 mutatie andere karakteristieke afwijkingen (op chr 1p, 3q
maar in het bijzonder chr 13) tonen dan de overige tumoren.
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FIGURE 3.2 Mutations in kindreds affected with HPT-JT.
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Shaded upper left quadrant represents hyperparathyroidism, upper right quadrant represents
ossifying fibroma of the jaw, lower left quadrant represents renal cysts or other kidney tumors, and
lower right quadrant represents parathyroid carcinoma. A line drawn through a symbol represents
a deceased individual. Completely open symbols represent individuals who are currently
unaffected. Small superscript circles to the upper right of family member symbols represent those
individuals for whom DNA was available for mutational analysis. Small superscript circles with an
asterisk (*) in the middle represent those individuals who are confirmed mutation carriers. a,
Kindred-10 and chromatogram showing the heterozygous 165CG nonsense mutation in exon 2. b,
Kindred-22 and chromatogram showing the heterozygous 406AT nonsense mutation in exon 5. c,
Kindred-07 and chromatograms showing the normal allele and corresponding 636delT mutated
allele in exon 7. d, Kindred-01 and chromatograms showing the normal allele and corresponding
679insAG mutated allele in exon 7. e, Kindred-11 and chromatograms showing the normal allele
and corresponding 1238delA mutated allele in exon 14. For c-e, PCR products from single
affected individuals carrying mutations were subcloned and subsequently sequenced to obtain
sequences for both the mutated and normal alleles from the same individual.
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FIGURE 5.1 Confocal images demonstrating co-localization of the GFP-parafibromin fusion
protein with anti-parafibromin antibody within the nuclei of transfected HEK293 cells.

From left, GFP-parafibromin fusion protein expression (green); anti-parafibromin monoclonal
antibody binding, as detected by secondary Rhodamine-Red goat antimouse antibody (red);
Nomarski image of cells; 4',6-diamidino-2-phenylindole staining of nuclei (blue); superimposition
of all images demonstrating co-localization within nuclei. All images captured with a Zeiss
LSM510 META laser-scanning confocal microscope.
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FIGURE 5.3 Immunohistochemical staining representing the various staining patterns
manifested in the different pathologies through parafibromin immunostaining
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A-D, magnification, 200x. A, diffuse staining (primary parathyroid hyperplasia); B, diffuse staining
(sporadic adenoma with a rim of normal tissue); C, focal loss (parathyroid carcinoma); and D,
diffuse loss (parathyroid carcinoma). E-H, higher magnifications of the respective parathyroid

pathologies at a magnification of 400x. All images were taken with a Spot Insight Camera on a
Nikon Eclipse E600.
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FIGURE 8.1 Detailed sample dendrogram of unsupervised hierarchical clustering.
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Red and green indicate transcript expression levels respectively above and below the median
(black) for each gene across all samples. Grey squares indicate no results.
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FIGURE 8.3 Results of classification with a penalized logistic regression model, based on two
sets of 50 most significant genes (according to Significance Analysis of Microarray) present in all
arrays.
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Top panel depicts the results of 100 bootstrap replications: means ([circle]) £1 SD (lines) of log-
odds per array. The vertical scale is log-odds to base 10, where “0” represents equal odds, so that
in A, “2” indicates a probability of 100 to 1 that the specimen is not a cluster 2 tumor, and “-3”
alternately indicates a probability of 1000 to 1 that the specimen is a cluster 2 tumor. Outcomes
in the green (pink) regions are correctly (incorrectly) classified. A represents step-1
differentiation between non-Hyperparathyroidism-Jaw Tumor Syndrome/carcinoma tumors
(clusters 1 and 3) and Hyperparathyroidism-Jaw Tumor Syndrome/carcinoma tumors (cluster 2)
using 50 genes. B represents step-2 differentiation between adenomas (cluster 3) and the
remainder (cluster 1) using a different set of 50 genes. Bottom panel provides graphical
presentation of the log expressions with the arrays in the same order as in the top panel. The
genes have been ordered along the values of their coefficients in the model with yellow squares
indicating the highest expression.
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FIGURE 8.4 Canonical variate plot of all arrays.

The plot shows the first three canonical variates (CV1-3). CV1 consisted of 125 genes, CV2, 57
genes, and CV3, 63 genes. Among genes of significance in CV1-3 were CDH1, APP, UCHL1,
IGSF4, MOX2, and GAD1. A large separation between the carcinoma/Hyperparathyroidism-Jaw
Tumor Syndrome group and the rest of the tumors is evident. The 2 familial isolated
hyperparathyroidism specimens with HRPT2 mutations are included in the carcinoma and
Hyperparathyroidism-Jaw Tumor Syndrome group that is depicted in green. The 2 (green)
carcinomas distant from the main Hyperparathyroidism-Jaw Tumor Syndrome/carcinoma cluster
are the outliers #779G and #1798G. Clear separation of the adenoma (red), hyperplasia (purple),
and MEN 1 (light blue) groups is also evident. Two MEN 1 tumors are overlaid in this analysis and
appear as one blue spot. The pooled normal (black) is among between the adenoma, hyperplasia,
and MEN 1 groups. The 2 familial isolated hyperparathyroidism tumors with linkage at 11q13
(pink) are located between the adenomas and MEN 1 tumors. The MEN 2A (yellow) and lithium-
associated tumor (gray) are situated closest to the hyperplasia group.
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FIGURE 8.5 Immunohlstochemlcal stalnlng

Differential immunohistochemical staining at x200 magnification between (A) adenomas and (B)
carcinomas (overexpression) for E-cadherin (1), histone H1 (2), and amyloid BA4 precursor
protein (3).
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