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ABSTRACT

Primary hyperparathyroidism is a common endocrine disorder, characterized by an
inappropriate increase in serum parathyroid hormone (PTH) levels. It is most often
caused by a single benign parathyroid tumor. The elevated PTH levels cause an
increase in serum calcium levels, which in turn may present diffuse neuromuscular
symptoms, as well as increased risk of cardiovascular complicatidagnant
parathyroid tumors are rar€hey have a poor prognosis and constitute a diagnostic
challenge for the pathologist.

Studies on hereditary syndromes with parathyroid tumor manifestations
have identified a number of genes involved in parathyroid tumorigenesis. The etiology
of the common sporadic parathyroid adenoma, however, is yet to be explained. Since
postmenopausal women constitute the most frequently affected group of patients, the
involvement of female endocrine hormones has been suggested. The aim of this thesis
was to elucidate the molecular pathophysiology of this disease, mapping molecular
aberrations and endocrine signaling within these tumors.

By a limited screening of the Wingless signaling cascade we identified a
number of aberrantly expressed proteins. Changes included the proteins glycogen
synthase kinase 3-B, and Adenomatosis Polyposis Coks of the latter was
distinguishingly restricted to malignant parathyroid tumors, thus being a candidate
diagnostic marker of parathyroid malignancy. (Paper I)

The S37A mutation in theCTNNB1 gene, encodinf-catenin was
suggested to be a significant event in the development of sporadic parathyroid tumors.
We evaluated this hypothesis by mutational analysis of 98 parathyroid tumors.
Finding no S37ACTNNB1 mutations, we suggest that this genetic variant has a
limited significance in development of primary hyperparathyroidism. (Paper II)

Several indications suggested the involvement of prolactin signaling in
parathyroid physiology and tumor development. By tumor protein and ribonucleic acid
analysis we could identify an overall high receptor expression as compared to other
tissues. We showed that physiological levels of prolactin were able to affect PTH
secretion and alter gene expression in parathyroid tumor cells. As compared to normal
parathyroid tissue, the levels and distribution of the receptor was altered in parathyroid
adenomas. In all, the findings support a possible link between prolactin signaling and
parathyroid tumors. (Paper Il1)

We also evaluated the expression of estrogen receptor isoforms in
parathyroid tumors. Previous data suggested that the parathyroid glands are targets of
estrogen signaling, but that they lacked estrogen receptor (ER) expression. We re-
evaluated the ER expression, including recently identified isoforms. Our results suggest

that parathyroid tissue lack ERbut express ER1 andpcx isoforms. Parathyroid
tumors showed decreased BR expression, with an inverse correlation to tumor

weight. Treatment of primary parathyroid cultures with an [ERspecific ligand
showed changes in transcriptional activity significantly analogous with nuclear ER

transcriptional activity and apoptosis of tumor cells. Thus, this gene expression
profiling suggests tumor suppressive properties of iR the parathyroid glands.
(Paper 1V)

Much work remains in elucidating the molecular changes that
characterize parathyroid tumors. Our data suggests that female hormone receptors,
either during the course of life or the menopausal changes, may play a role in the
development and presentation of primary hyperparathyroidism.
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INTRODUCTION

“... ehuruval sannolikheten att har antraffa ndgatiobeaktadt forefoll sa ringa.. >
- Ivar Viktor Sandstrom

The parathyroid glands constitute an endocrinaugisshose main function is the
regulation of circulating calcium in the body. Whthese glands are essential to human
life and commonly affected by tumorous growth, ithiele in physiology and disease
have only gained a limited proportion of our atiemt Until date, the parathyroid
glands are the last major organ to be identifiednan. The discovery has been
accredited to Ivar Viktor Sandstrom (Figure 1) vettdhe time was a medical student at
Uppsala University. It was in 1877, during his warkhe anatomy department, that he
noted the presence of an unknown structure in g@asamity to the thyroid capsule in
dog. After identifying these structures in man,naened them thparathyroid glands.
(Sandstrom, 1880) (Figure 2) Since his studies \waiged to the diseased, he had no
possibility of knowing their function. He did howavcorrectly predict the presence of

tumors in these glands.

Figure 1. Ivar Viktor Sandstrém, 1852-1889.
Photographer: Heinrich Osti. Digital image: Uppdataversity Library.

! eng. "... the possibility of finding something noeyibusly described seemed so

small...”



During the late 19 century, the surgeons Kocher and Billroth begagmetform thyroid
surgery. While Billroth used a faster operatinghteque, Kocher used a more cautious
approach - unknowingly sparing the adjacent parattiytissue. Many of Billroth’s
patients died in severe postoperative seizures.ayioge know that incidental
parathyroidectomy with subsequent loss of parattyftonction was the cause of these
seizures. However, at the time these complicatremi® attributed to complete loss of
the thyroid gland, and it was not until the workloé experimental pathologist Erdheim
that these seizures where coupled to the lossraftpaoid tissue. Erdheim also made
the observation that parathyroid function affectt@ calcium metabolism, and
hypothesized that parathyroid gland enlargemeniddoa due to disease of the bone.
Several years later Schlagenhaufer suggesteddhathgroid tumors could cause bone
disease, subsequently leading to the first paraithyadenomectomy in 1925,
performed by Mandl. Research efforts during théofahg decades have unraveled
several pieces in the puzzle of parathyroid phggwland disease. The recent
development of molecular techniques has extended th the molecular
characterization of the parathyroid glands on thcsllular level. Even so, many

fundamental questions remain unanswered about ¢fie@ses.

Fig. 3.

Fig 4

Figure 2. lllustrations of the parathyroid glands in Saniisis’ thesis. Illustration: E.
Nisbeth,Om en ny kdrtel hos menniskan, 188@jital image:Hagstrémer Library,
Stockholm.



THE PARATHYROID GLANDS

Anatomy and Embryology

Most commonly there are four parathyroid glandswve superior and two inferior.
However, additional glands may occasionally be gmwesThe arterial blood flow is
generally supplied by tharteriae thyroidea inferiarIn some variants branches from
superior thyroid arteries supply the parathyroidngk. During embryogenesis the
parathyroid glands develop from the dorsal endodeimthe third and fourth
pharyngeal pouches. The superior parathyroid glantse fourth pharyngeal pouches
migrate together with the parafollicular C-cells toe thyroid. This pair of glands
frequently presents themselves on the dorsal gitteeaupper thyroid lobes, inferior to
the cricoid cartilage. In the third pharyngeal guesthe inferior glands migrate down,
crossing the fourth pouches, together with the thg/precursor. This pair of glands is
commonly located proximal to the inferior pole ath thyroid lobe, but may end up in
the carotid sheath or the superior mediastinumimvitire thymus as a result of alternate

migration. (Figure 3)

-
....
-
....
-
-
5'-‘
s
»

Thyroid

Inferior __
- parathyroids

Superior /
parathyroids

“Ultimobrachial-
body 1

Figure 3. Migration of the third and fourth gill pouches atigkir respective tissues.
Left Human embryo, gill arches are represented by ®Reman numeral (I-IV). The
ultimobrachial body migrates with the superior playeoid glands, forming C-cells of
the thyroid glandRight Anterior view of a human adolescent neck. Notat tine
parathyroid glands are located behind the thyrtaddy




Figure 4. Microscopic appearance of parathyroid adenoma. ¢edfs Hematoxylin &
eosin staining showing areas with oxyphilic celfy @nd chief cells (B).Right
Immunohistochemical detection of parathyroid horea@@TH) in a chief cell adenoma.

Histology

Macroscopically the glands color from brown to dggtlow and the normal size is
equivalent to that of a rice grain, usually weighiless than 75 mg. (Dufour and
Wilkerson, 1983, Akerstrom et al., 1984, DeLelli993) The glands are composed of
parenchyma and stroma. The majority of parenchyetla are chief cells. These are
PTH producing, compact cells with a pale cytoplasm central dense round nuclei.
The other main parenchymal cell type is the oxyphibncocytic cell, which is larger
than the chief cell with eosinophilic cytoplasm amch in mitochondria. (Figure 4)
Oxyphilic cells first appear at puberty, and whiliey produce PTH the nature of these
cells is considered equivocal. (Tanaka et al., 1296urrent hypothesis proposes that
oxyphilic cells are aged chief cells, based onféioe that parathyroid tissue from older
patients has a higher amount of oncocytic celladuition, glycogen-rich cells referred
to as clear chief cells may be present. The strisnaaframework of supportive cells
consisting of fibroblasts-, adipose-, and immun#scdé-urthermore, each gland is

encapsulates by a thin layer of connective tissue.



A Darwinian perspective

“The chicken is only an egg’s way for making ano#ugy’

— Richard Dawkins

The calcium metabolism varies considerably betwepecies as a result of
evolutionary development to fit a habitat. It isokm that parathyroid glands are
present in tetrapods but absent in fish. This ¢tethé hypothesis that parathyroid cells
were unique to terrestrial and amphibious liferstfemerging in land based creatures.
While aquatic life has an abundant external soofagalcium, terrestrial life needs to
be able to mobilize calcium from the skeleton. Tikiseflected by the importance of
hypocalcemic hormones, such as calcitonin, in aguaammals. Recently, genes
homologous to the humararathyroid hormone gen@TH) were found in fish. (Danks
et al., 2003, Gensure et al., 2004)

Studies of syndromes presenting with congenitalopgpathyroidism have revealed
nine genes whose expression is required for pa@thglevelopment in the pharyngeal
pouches. (Brandi, 2011) Using a phylogenic approteh expression of one of these
genes -Gecm2- was demonstrated in Actinopterygii (bony fish, ezgbrafish) and
Chondrichthyan (cartilaginous fish, e.g. shark®)csgs. (Figure 5) Interestingly, the
Gecm2expression was localized to the gill buds, collarey with the expression of
two genes homologous to humBiiH and thecalcium sensing receptor gef@ASR

in fish. This suggests an evolutionary relationghgiween the gills and parathyroid
glands. (Okabe and Graham, 2004) The evolutiopargpective of parathyroid gland
formation may contribute to the understanding ofafteyroid physiology and
tumorigenesis in man.

Vertebrates
A Agnatha (

Jawless fish)

Gnataost;)mes Chond richthyes (Cartilagous fish)
aw
OSt(eE;(C):t:;Q< Actinopterygii (Ray finned fish)

Sarcopteryglans Sarcoptervsii (Lobe finned fish
(Lobed fins) ~<_ pterygii (Lobe finned fish)

Tetrapods Amphibia ,
(Limbs) Reptiles
Amniotes .
(Amnios)~<(8|rd5
Mammals
Parathyroid glands

Figure 5. Phylogenetic tree showing the occurrence of thatpgroid glands during
the evolutionary development of vertebrates.



Parathyroid physiology

Calcium (C4&") is an ion that has a multitude of roles in caltuphysiology, e.g.

subcellular signaling, exocytosis and enzymaticilia@gn. Since it is such a crucial ion
for normal cellular function an intricate networkregulatory systems tightly controls
its extracellular concentration. Specialized cellsulticellular organisms may also be
dependent on calcium as a regulatory element feir fanctionality e.g. muscular

contraction, intravasal coagulation, neuron sigiggland bone formation. Indeed, it is
hypothesized that ossified bone developed to stal@um and other minerals, rather
than to provide mechanical stability. One of thestrimportant regulators of calcium

homeostasis is the parathyroid hormone (PTH).

Calcium is provided from external (dietary) sourcasd the uptake is achieved by
active and passive transport across the small timdbsmicrovilli. The kidneys
continuously excrete and resorb calcium throughutireary system. The main depot is
the bone, where approximately 99% of the body'sigal is stored in the form of
calcium phosphates. In addition to the parathyfmdnone-family, many regulatory
systems may affect calcium metabolism including. egcitonin, vitamin D and
estrogens. Based on the clinical presentation pétparathyroidism (HPT), we tend to
think that PTH is solely a mediator of calcium ea&se. However, the actions of PTH

are more diverse in normal physiology.

PTH and PTH receptors
Parathyroid cells exert their function through thanique production of PTH, an 84

amino acids hormone. It is synthesized as a prepnmone, and stored in intracellular
vesicles after protein cleavage. Through a casoidebcellular signaling, the vesicles
are emptied into the extracellular space througbcywsis. The hormone is then
rapidly distributed throughout the body, and undesgyfurther cleavage in the liver and
kidney. (Habener et al., 1984) Its half-life isiestted to around 4 minutes vivo.
(Bieglmayer et al., 2002)

Parathyroid hormone related protein (PTHrP) is la@omember of the parathyroid
hormone family. It is produced by the placenta, enthought to mainly act through

auto- and paracrine mechanisms. PTHrP has the Naereninal domain as PTH and



S-PTH

22 2+
Normal e

range

Figure 6. Left Target organs of PTH. PTH is released from thatpgroid glands in
response to low serum calcium (A), which increassearlast activity and
osteoclastogenesis in the bone (B), and incredseiwareabsorption and vitamin D
activation in the kidney (C). Vitamin D increasdcoam uptake in the intestine (D).
The net effect of the events in B-D is an incraasgerum calciumRight The normal
relationship between serum calcium and PTH. Thdieddl indicates the normal range
of serum calcium i.e. 2.2-2.6 total serum calciumld-1.4 mmol/L ionized serum
calcium.

may exert PTH-like effects. Generally, small amsuaie present in the circulation. It
has a characterized function in e.g. chondrocytterdntiation, placental calcium
transport during pregnancy and calcium mobilizateuring lactation; but is more
commonly known for its part in paraneoplastic symde. (Broadus et al., 1988,
Wysolmerski 2012)

PTH binds to the parathyroid hormone receptors ARldhd PTH2R that are both
members of the secretin family of 7-transmembrai®A) receptors. PTH1R is mainly
expressed in bone and kidney tissues and is abbkentb both PTH and PTHrP. It
activates the GTP-binding proteins@&nd Gyg, thus increasing adenylyl cyclase and
phospholipase C activity. The cellular responsePibH can vary dramatically
depending on the ligand concentration, intensitylsatility, and subcellular
constitution. (Juppner, 1994, Usdin et al., 199ankktadt et al., 1999) PTH2R do not
bind to PTHrP, but have affinity for PTH and tubafondibular peptide of 39 residues



(TIP39), another member of the PHT gene familydfet al., 1999) PTH2R receptor
is abundantly expressed in the nervous system WHE®9 is also expressed, and has

been suggested to regulate pituitary and nocicefuinctions. (Dobolyi et al., 2012)

PTH & calcium homeostasis

The bone and kidneys are considered the princpgeét tissues of PTH. (Figure 6) In
bone PTH have both anabolic and catabolic functo@pending on the secretory level
and pattern. At intermittent high levels, anabeliects in the bone are predominant. A
combination of osteoblast activity and a cascaderofvth factors, cytokines and
eicosanoids are thought to mediate this effect.ckHand Gera, 1992, Esbrit and
Alcaraz, 2013) Therefore, administration of intetemt PTH is used in osteoporotic
patients to increase bone density. (Neer et al1RBt continuously high levels PTH
indirectly stimulate osteoclast activity and ostastogenesis resulting in the catabolic
release of calcium and phosphate from the bondle(Fet al., 1998) In the kidney,
PTH acts on the distal tubules and thick ascenitnig by increasing the reabsorption
of calcium and decreasing the reabsorption of phasp the latter resulting in a
decrease of serum phosphate. PTH also increasetiliation of cholecalciferol in the
kidney by up regulating the 25-hydroxy; D-alpha-hydroxylase. (Henry et al., 1974,
Kumar et al., 2012) In turn, vitamin D acts on thiestine to increase calcium uptake.
(Norman, 1979) Recent studies have identified PHBdeptors in the intestine,
suggesting also a direct effect of PTH in the imes (Nemere and Larsson, 2002)
Moreover, PTH has vasodilator and hypotensive effe¢he rat vascular system as
well as ionotropic and chronotropic effects in beart. (Mok et al., 1989, Ogino et al.,
1995)

Regulation of PTH

The main regulator of PTH secretion is the exttatal calcium level, and the calcium
sensing receptor (CaSR) is regarded as the prinaiealiator of this regulatory
relationship. CaSR is a G-protein coupled recepidrpse activity increase with
increased levels of extracellular calcium. (Browirak, 1993) Downstream signaling
has been coupled to phospholipase C (PLG)PAA,), D (PLD), mitogen-activated
protein kinase (MAPK) and cAMP. (Brown and MacLe2801) An increase in serum

calcium will cause CaSR signaling to increase ttwity of PLC, increasing inositol
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Figure 7. Schematic model of intracellular signaling pathweasulting in PTH
secretion. DAG = Diacyl-glycerol; PKC = Protein &se C; PIP2 =
Phosphatidylinositol 4,5-bisphosphonate; IP3 =itobgiphosphate.

triphosphate (IP3) and diacyl glycerol (DAG) levetnd resulting in intracellular
release of calcium from the intracellular calciutorages (endoplasmic reticulum). In
parathyroid cells, contrary to all other cell typesracellular calcium levels negatively
regulate exocytosis. Thus an increase in extrdaelkalcium results in a decreased
PTH secretion. (Coburn et al., 1999) (Figure 7) &y given serum Galevel there is

a corresponding level of PTH secretion. The setfitsitto calcium of the parathyroid
glands is reflected by thealcium-PTH set pointdefined as the serum calcium level
required to induce half of the maximum PTH secret{&igure 6) This set point may
be altered by the quantity of CaSR expressed incétlelar membrane, as well by
modulation of CaSR activity by e.g. magnesium dcisametics. (Cetani et al., 2000,
Drueke, 2004)

Since calcium levels are regulated by multiple eayst, it is not straightforward to
establish whether a given substance has a difect eh PTH secretion or not in an

vivo setting. However several regulatory systems haea peoposed, such as negative



Figure 8. Relationships between PTH and serum calciunifCserum phosphate (P),
vitamin-D (Vit-D) and fibroblast growth factor 23GF-23). Picture inspired by
Imanishi et al. (Imanishi et al., 2009)

feedback through cholecalciferol/vitamin D recepfdDR) and FGF23/Klotho, and
positive feedback through phosphate. (Nielsen.eil@86, Ben-Dov et al., 2007, Meir
et al., 2009) (Figure 8) Additional effects mediatey glucocorticoids, estrogens and

progesterone have been suggested. (Duarte e9@8) 1

HYPOPARATHYROIDISM

Hypoparathyroidism is a state defined by insuffici@amounts of biologically available
PTH. This is most commonly caused by accidentabggnic removal or damage of
parathyroid glands during surgery or neck irradmatiSeveral genetic causes are
described including the 22ql11.2 deletion syndrorpelyglandular autoimmune
syndrome type 1, hypoparathyroidism-dysmorphisrardettion syndrome and familial
isolated hypoparathyroidism. Hypoparathyroidism bE® been described as part of
mitochondrial disorders. (Neufeld, 1980, FinnishhGan APECED Consortium, 1997,
Brandi, 2011) It should be noted that pseudohymipgroidism could mimic
hypoparathyroidism. It is a condition where pasegthibit resistance to PTH together

with normal or elevated PTH levels.
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HYPERPARATHYROIDISM

Hyperparathyroidism (HPT) is defined as an abnoin@akase in PTH levels. Primary
hyperparathyroidism (PHPT), the most common forrllBT, is a state of inadequately
high PTH as compared to serum calcium levels. daissed by the faulty regulation of
PTH secretion in one or more of the parathyroichdga In PHPT, the continuously
high levels of PTH have considerable hypercalcesffects, with a marked increase in
bone turnover. Secondary hyperparathyroidism (SHBH physiological responsive
state. It may be cause by hypocalcemic statesnvit® deficiency or inability to

activate vitamin D, e.g. liver or kidney failuren SHPT a reactive hyperplasia of the
parathyroid glands may often be observed. Aftevrg Iperiod of SHPT, a reversible
autonomous secretion of PTH may develop, refeweabttertiary hyperparathyroidism
(THPT). Some environmental factors for the develepnof HPT have been described
such as lithium treatment (Garfinkel et al., 197&8phd ionizing radiation.

Pharmacological treatments lowering urine calcileoretion, e.g. thiazide diuretics,
cause a mild hypercalcemia and may unmask undgrBtPT, but whether they affect

PHPT development is not known.

PRIMARY HYPERPARATHYROIDISM (PHPT)

Clinical presentation
In 1957 Walter St. Goar introduced a well-knownatiggion of PHPT: “Stones, bones,

abdominal groans and psychiatric moans” referingjgns and symptoms from:
- Stones: nephrolithiasis, nephrocalcinosis andedes insipidus

- Bones: osteitis fibrosa cystica and osteoporosis

- Abdominal groans: constipation, dyspepsia, apatereatitis and peptic ulcer

- Psychiatric moans: fatigue, depression, demetgiajum and coma

Since the introduction of routine measurement ofireecalcium during the 70’s, the
clinical presentation of PHPT has dramatically ¢feth Pronounced symptoms are
getting increasingly rare as the diagnosis is aft@de at an early stage. Nowadays the
most common presentation is nephrolithiasis or nafe the classic PHPT
symptomatology (including nephrolithiasis, renailluie@ and osteoporosis). (Fraser,
2009) Nevertheless, patients may suffer from irsedanorbidity and overall mortality,

including peripheral polyneuropathy, decreased dydrunction and osteopenia,
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cardiovascular- and cerebrovascular events as ageltancer. (Ronni-Sivula, 1985,
Palmer et al., 1987, Hedback et al., 1990, Ljurgttaal., 1991, Hedback and Oden,
2002, Nilsson et al., 2002, Nilsson et al., 200iniDet al., 2013) Some patients with
PHPT do not have elevated calcium, which is desgghaormocalcemic PHPT. It is
presently unclear what is the best clinical manaagerof this patient group, especially

regarding the benefits of parathyroid adenomectdB8iylapack and Rizvi, 2012)

Parathyroid adenoma

Tumorous growth in one or more parathyroid glandd pathological change in
calcium-PTH set point are two hallmarks of PHPTstbjpathologically three main
types of parathyroid tumors are classified i.e. nadea, atypical adenoma and
carcinoma. (DelLellis, 2004) In addition the diseasay be uniglandular or less
commonly multiglandular. Thus, the histopatholobideagnosis can be established
only if a biopsy from another gland is found to bermal. A single parathyroid
adenoma is most common, constituting ~85-90% d?ldPT. (Figure 9) In 10-15% the

disease is multiglandular, and <1% have parathyaidinoma. (Marx, 2000)

Several studies have tried to characterize the alityn of uniglandular and
multiglandular PHPT; however, different results éideen obtained suggesting both
mono- and polyclonal origins. (Arnold et al., 198&guchi et al., 1994, Arnold et al.,
1995, Tominaga et al.,, 1996, Sanjuan et al., 199Ban et al., 1999)
Histopathologically the adenoma presents a fatetegl neoplasia of parenchymal
cells. In 50-60% remnants of normal tissue is preadjacent to the tumor. (Figure 9)
Most adenomas have a majority of chief cells ang rdao include a minority of
oxyphilic cells (so called chief cell adenomas).yghilic tumors are less common,
constituting ~3% of all adenomas. The pathologitealease in PTH release is due to a
change in the calcium-PTH set point, which is skifto the right and up. (Figure 10) It
is yet to be proven whether sporadic parathyramloits harbor primary changes in set

point altering molecules that could cause the tum®growth.
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Figure 9. Parathyroid adenomhbeft Macroscopic appearandeight Microscopic
overview of a parathyroid adenoma, showing normaghiyroid rim (A) and tumor
tissue (B).
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Figure 10. Left: Set point in PHPT, shifted to the right and &ght: Oil red and
hematoxylin stained fresh frozen section of a pgraid adenoma. Oil red binds to
lipids and triglycerides reflecting the functionattivity of the parathyroid cells.
Hyperfunctioning parathyroid adenoma with reducigd | droplets (yellow arrow).

Resting normal parathyroid cells with increased bemand size of lipid droplets (blue
arrow). Normal adipocyte present in normal paraiftyrim (green arrow).
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Parathyroid carcinoma and atypical adenoma

Parathyroid malignancy is a rare entity. Paratltyg@rcinomas primarily metastasize
to adjacent neck tissue, however both hematogemidyenphogenic spreading occur.
The clinical manifestation is a combination of tumgrowth and pronounced
hypercalcemia, which may present with hypercalcetnigis. Preoperatively, signs of
malignancy include a palpable neck mass, severe ¢ifiypercalcemia. (Schulte and
Talat, 2012) In the absence of metastases, the@abkagconstitutes a challenge for the
pathologist. Indirect signs of malignancy are macopic findings of a hard mass,
adherence to adjacent tissues or a dense fibrqasulea or microscopic findings of

fibrous trabeculae, capsular invasion, vasculg@reoineuronal invasion or mitosis.

According to the current WHO classification, thdyodefinite criteria of parathyroid
tumor malignancy are tissue invasion or distantastasis. (Figure 11) Tumors with
indirect signs of malignancy, but lacking metasteam® classified as atypical adenomas
of unknown malignant potential. (DeLellis, 2004)i§ Bntity was previously referred to
as equivocal carcinomas as opposed to unequivaoahomas that exhibit metastases.
Recent genetic studies suggest that parathyroishoatkes and carcinomas follow
genetically different pathway¢Sulaiman et al., 2012, Costa-Guda et al., 20TBa¥e
observations would suggest that parathyroid canca®o develop eithedle novoor
through clinical progression of predisposed tunfioss appearing as adenomas without
metastases. The advancement in molecular genetas identified several
immunohistochemical markers that may aid in thegmstics of parathyroid
malignancy. (Tan et al., 2004, Juhlin et al., 20Mlang et al., 2012)
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Figure 11. Histopathological appearance of a parathyroidicanca metastasized to
the lung.
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Treatment of PHPT

Surgical treatment

PHPT is commonly cured by surgical removal of theeaksed gland(s). Since
multiglandular disease occurs, bilateral neck exgpion with inspection of all glands
was the common surgical approach. (AACE/AAES Tastrc& on Primary
Hyperparathyroidism, 2005) Today the use of preaper tumor mapping by
ultrasound and“technetium-labeled Sestamibi radionuclear exanunsti(Figure 12)
have led to increased application of focused neploeations. Furthermore, PTH has a
short half-life, and therefore successful removilalb pathological glands can be
confirmed per operativelyby hormone measurement. In multiglandular disetse,
approach is to remove nearly all parathyroid tisgesving the equivalency of a single

normal gland.

»
' )
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Figure 12. Preoperative detection of a parathyroid adenddpper left and right:
Sestamibi scintigraphy in detail and overviewswer left CT-scan of the neck region.
Lower right: Combination of the upper and lower left picturested or white arrow
indicates the parathyroid adenoma. Image courteBy.dAnders Sundin.
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Medical management of PHPT

Surgery is the gold standard of PHPT treatmensome cases however, it may not be
applicable. In such situations a medical regime nfey necessary to reduce
symptomatology or complications. In postmenopausahen, hormone replacement
therapy or raloxifene may be considered. (AACE/AAES8sk Force on Primary
Hyperparathyroidism, 2005) Bisphosphonates, esihealandronate, have been found
to improve bone structure. (Rossini et al.,, 200hpW et al., 2003) Finally, the
calcimimetic cinacalcet directly lower PTH and aahe through agonistic effects on
CaSR. (Peacock et al., 2005) All pharmacologiagihnes carry side effects and are not
always compatible with the treatment of a chromsease.

Epidemiology

The prevalence and incidence of PHPT is difficakkéstimate. Screening of populations
in the USA, Sweden and Scotland has tried to ifletitie true prevalence of the
disease. (Boonstra and Jackson, 1965, Christeessdn 1976, Palmer et al., 1988, Yu
et al., 2009) Estimates vary depending on the dgleopopulation, the method of
screening, cut-offs for increased calcium or PTH #oe laboratory methodology used.
However, the true prevalence of PHPT is thoughbedoaround 1% in the general
population. Studies coherently report the highestvgdence in post-menopausal
women, with estimations from 1.3 to 13.9%. (Chnsson et al., 1976, Sorva et al.,
1992, Lundgren et al., 1997, Jorde et al., 200Qu¢E 13)

Both Yu et al. (Yu et al., 2009) and Yeh et al. lfYet al., 2013) reported a threefold
increase in incidence from 1997 to 2006 and in gence from 1995 to 2010,

respectively. (Figure 14) The cause of this inae@mains to be determined, but is
speculated to be due to increased diagnosticsldfPHPT. The reported incidence of
PHPT is highly dependent on the number of calciusasurements performed. Reports
have estimated the incidence around 27-30 per Q0Qp@rson years in the general
population, (Fraser, 2009) and greatly increaseteinales aged 70-79 (95-196 per
100,000 person years). (Yeh et al., 2013) The s#xilmlition is equal before 50 years

of age, after which a stark increase in femaledexate occur.
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Figure 13. Age distribution of PHPT prevalence in Tromso, Nayw(A); Teyside,
Scotland (B); Stockholm, Sweden (C); and Southeaiif@nia, USA (D). An
increased incidence of PHPT is noted in women a@€dyearsThe x-axes show the
ages in years and the Y-axis the prevalence of P@RPT and D) or the number of
cases (B).
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Figure 14. Changes over time in age adjusted PHPT concernmegajgnce in
Southern California, USA (A); incidence in Southe@alifornia, USA (B); and
incidence in Teyside, Scotland (C). Wermers epahlished changes in age-adjusted
incidence per 100,000-person years of definite plossible PHPT (y-axis) among
Rochester women (solid line) and men (dashed [([B¢) Reprinted with permission
from John Wiley and Sons. (Wermers et al., 2006 Xhaxes show the years under
study and the Y-axes age-adjusted prevalence o KA age-adjusted incidence per
100,000-person years (B, C and D). p.y. = persansye
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The Mayo Clinic in Rochester has followed the PHRdidence from 1966 to date.
(Figure 14) The introduction of routine calcium m@@ments during the 1970’s
resulted in a striking increase in incidence @iagnosed cases) both in Rochester, MN
and Verona, Italy. (Adami et al., 2002, Wermerslet 2006) The continuous fall in
incidence of PHPT since the 1970’s suggesting ang#an an etiological factor.
Wermers et al. proposes that this may be attribisteddecreased use of head and neck
irradiation, changes in dietary calcium and vitamior hormone replacement therapy.
Another disease which incidence is dependent od hed neck irradiation is thyroid
cancer. However, the incidence of these entitiesdit correlate in the Rochester
population. Additionally, no evidence supports ampioved calcium or vitamin D
nutrition during this time course. Hence, therens support for head and neck
irradiation or calcium / vitamin D nutrition beirlpe responsible factor for these
changes in incidence. (Wermers et al., 1997) itnknown whether altered usage of
hormone replacement treatment after the Women'd#thHéatiatives report will affect
PHPT incidence. (Lawton et al., 2003) The incideoicPHPT seems to fluctuate over
time, but no evident factor has been able to explas. (Figure 14)

Familial forms of PHPT

The majority of PHPT cases are considered to beadmo The study of families with
a genetic predisposition to PHPT has led to thatifileation of genes and signaling

pathways that are also involved in subsets of sjiotamors.
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Figure 15. Pedigrees of two families affected by MEN 1 showingiage to a DNA
marker in chromosomal region 11g13. Figure fronskan et al. (Larsson et al., 1988)
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Multiple endocrine neoplasia type 1 (MEN 1) and the MENT gene

Multiple endocrine neoplasia type 1 (MEN 1), or Wier’'s syndrome, is an autosomal
dominant disorder caused by mutations in Nhétiple Endocrine Neoplasi@vIEN1)
gene. The disease locus was originally mapped @3 by LOH and linkage analysis
in affected families, (Larsson et al., 1988) (Feur5), and isolated by positional
cloning. (Chandrasekharappa et al., 1997, Lemmeak, €997) The syndrome has a
high penetrance of parathyroid adenomas, often withitiglandular engagement.
Additionally, patients may develop tumors of thal@erine pancreas and duodenum,
anterior pituitary and less commonly adrenal cqrtieymus, gastrointestinal tract,
bronchi and soft tissues. TIMEN1 shows frequent inactivating mutations in affected
patients, and the 1113 region is frequently IoVIEN 1-related parathyroid tumors.
Mutations in theMEN1 gene are also present in 25-35% of sporadic pamath
adenomas. (Friedman et al., 1989, Heppner et287,XCarling et al., 1998, Farnebo et
al., 1998, Imanishi and Tahara, 2001) AdditionaM{sN 1 is estimated to constitute 1-
18% of all cases of PHPT, and is believed to bembst common hereditary tumor
syndrome that engages the parathyroid glands. @Betnal., 1987) ThéVIEN1 gene
encodes the protein menin, coupled to numerous amale functions including
wingless (Wnt) signaling, JunD, SMAD interactiordagenome methylation. (Agarwal
et al.,, 1999, Hughes et al., 2004, Hendy et alQ52@hen et al., 2008) Menin is
considered be a tumor suppressor but oncogenieiiep habe also been reported.
(Yokoyama et al., 2005) A recent study repom@8N1 intragenic deletions in 13/24
parathyroid adenomas using FFPE material, but #iieration remains to be

reproduced. (Alvelos et al., 2013)

Multiple endocrine neoplasia type 2 (MEN 2) and the RET gene
Mutations in theREarranged during Transfection (REGene located at 10ql11 cause

the autosomal dominant syndrome multiple endoanieeplasia type 2. (Mulligan et
al.,, 1993) In the most common form MEN 2A, or Sggk syndrome, the patients
present with medullary thyroid carcinoma, pheoclooytoma and parathyroid
adenoma. (Steiner et al.,, 1968) In addition isdlatamilial medullary thyroid

carcinoma and the aggressive form MEN 2B occur. RE& gene encodes a tyrosine
kinase receptor, activating PI3K/Akt, ERK, JNK, MKRRnd Wnt signaling cascades.
(Ichihara et al., 2004, Tartari et al.,, 2011) Theyea distinct genotype-phenotype
correlation as the location of the mutation detesaithe MEN2 presentation. (Witt et
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al., 2013) Studies have failed to identiRET aberrations in sporadic parathyroid
tumors. (Padberg et al., 1995, Williams et al.,6)99

Multiple endocrine neoplasia type 4 (MEN 4) and the
CDKN1B/P27KIP1 gene

In recent years, the occurrence of spontaneousipheuktndocrine tumors in a rat
colony were accidently discovered. (Piotrowska let 2004) No mutations were
present in th&RET or MEN1 genes. The colony developed anterior pituitarynades,
bilateral pheochromocytomas and paragangliomasoithyC-cell and pancreatic islet
cell hyperplasia. Since this phenotype resemblatidial not constitute either MEN 1
or MEN 2 syndromes, it was named MEN X. After idigiig mutations in the
Cdknlb/p2'#** gene in mouse, the same gene was screenddEN1 mutation
negative patients presenting with MEN 1 syndromdeéd severdfDKN1B/P27KIP1
mutations where discovered, and the syndrome wathaEN 4. (Pellegata et al.,
2006) In human it is characterized mainly by PHBIlofved by pituitary adenomas

and other neuroendocrine lesions.

The involvement of cyclin D1 (described below) aydlin dependent protein kinases
in parathyroid tumorigenesis motivated Costa-Gudd. ¢o sequence cyclin-dependent
kinase inhibitor genes in sporadic parathyroid ad®ms. Mutations iINCDKN1A
CDKN2BandCDKN2C(p21, p15 and p18) were found in 6% of all examioases, at
least half of these harboring germline mutatio@®sta-Guda et al., 2013b)

Hyperparathyroidism-Jaw Tumor Syndrome (HPT-JT) and the

HRPT2/CDC73 gene

Mutations in theHyperparathyroidism 2 (HRPT2) / Cell division cyd8 (CDC73)
gene cause the autosomal dominant hyperparathgmoijdiv tumor (HPT-JT)
syndrome. (Carpten et al., 2002) TRERPT2/CDC37gene is located in 1g31.2.
Patients have a high risk of developing parathytemors, which carries increased risk
of malignancy, fibro-osseous jaw tumors, renal atetine lesions. (Teh et al., 1996,
Fujikawa et al.,, 1998HRPT2/CDC73encodes parafibromin, a component of the
human Pafl/RNA polymerase Il complex. (Rozenblaiséh et al., 2005)
Parafibromin has both tumor suppressor and oncogenperties, and its function is

coupled to Wnt and hedgehog signaling and H3K9 wtetibn. (Mosimann et al.,
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2006, Mosimann et al., 2009, Yang et al., 2010,ahakhi et al., 2011) Mutations of
HRPT2/CDC73requently occur in apparently sporadic parathd/aa@rcinomas and are
also detected in a small subset of parathyroid@des. (Carpten et al., 2002, Shattuck
et al., 2003) Loss of parafiboromin immunoreactiigs been proposed as a marker for
malignancy in parathyroid tumors. (Tan et al., 2Q+hlin et al., 2007)

Familial hypocalciuric hypercalcemia (FHH) and the CASR gene

FHH types 1-3 are caused by mutations inGA&Rat 3913.3, thédaptor protein-2at
19p13.3, or an unknown still elusive gene mappel®duil3, respectively. (Pollak et al.,
1993, Lloyd et al., 1999, Nesbhit et al., 2013) &8s present with low urinary calcium,
elevated serum calcium and high or normal level®®H, but lack hyperplastic or
adenomatous changes in the parathyroid. Thus thasents are not helped by
parathyroidectomy. One family with &ASR mutation exhibited hypercalcemia,
hypercalciuria and parathyroid tumors, i.e. featweboth FHH and familial isolated
hyperparathyroidism. (Carling et al., 2000) No niotss or other genetic variants in
CASRhave been found in sporadic parathyroid adenofféssokawa et al., 1995,
Cetani et al., 1999, Brown, 2002, Cetani et al02Z¥/ierimaa et al., 2009) In sporadic
parathyroid adenomas the expressiofCASRIs decreased, and its expression levels
have an inverse relationship to the calcium-PTHpsa&tt. Down-regulation of CaSR
has also been suggested as a prognostic markarathproid carcinoma. (Farnebo et
al., 1997, Cetani et al., 2000, Witteveen et 81,19

Familial isolated hyperparathyroidism (FIHP)

Families presenting with PHPT as their sole sympéwendesignated FIHP, which is
thus an exclusion diagnosis. FIHP has been attatbtid mutations in théMENZ
HRPT2/CDC73andCASRgenes. (Teh et al., 1998, Kassem et al., 2000Q1&imet al.,
2004, Warner et al., 2004) An additional locus Ibesn assigned by linkage to 2p13.3-
14, but a putative disease gene in this loelRRT3)remains to be identified. (Warner
et al., 2006)
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MOLECULAR BACKGROUND OF PHPT

A constrain in elucidating the molecular backgrowfidbarathyroid tumorigenesis is
the limited possibility of culturing parathyroidlise Both cytogenetic data from tumor
cell metaphases and functional data from estallise# lines are limited. Moreover,
the comparison of tumor findings to normal paratigrtissue is done in a small

number of cases only.

Our understanding of parathyroid tumorigenesis anynaspects stems from the field
of molecular genetics. As outlined above, studiebeveditary forms of PHPT have
identified disease genes involved in parathyroiidtigenesis. These genes are also
mutated in subsets of PHPT adenomas and carcinétoagver, a large proportion of
tumors (especially adenomas) lack an identifiedetienetiology. To identify new
mutations in sporadic parathyroid adenomas, twdietuhave used wahole-exome
sequencing approach. In both studies, few mutational evertierey identified in the
majority of tumors. Except fd¥iIEN1 mutations, no mutation was frequently occurring
when reproduced in a larger cohort. (Cromer eR8ll2, Newey et al., 2012) A whole-
genome sequencing of a single parathyroid carcinemkding a recurrent metastasis
was recently published. (Kasaian et al., 2013) d&ssioss of heterozygosity (LOH)
and a missense mutation @DKN2C (encoding p18 no mutations were found in
genes with known association to PHPT. Several moatin known cancer genes were
identified includingMLL2, mTORand PIK3CA Additionally two translocations and
one inversion were identified. A logic follow-up this study would be an analysis of
these variants in additional parathyroid tumors.

By sequencing thenitochondrial DNA of parathyroid tumors, genetic variants were
detected in 6/18 chief cell and 9/12 oxyphilic aaleas, while 8 primary chief cell
hyperplasias and corresponding normal tissue wadetype. (Costa-Guda et al., 2007)
While it is debated whether mutations in mitochaadDNA constitutes a significant
event in tumorigenesis, (Taylor and Turnbull, 206%se variants may in the future

prove to be of importance.
Epigenetic modifications of the genome are increasingly recognized in tumor

development. Parathyroid tumors have so far bearacterized with regard to CpG-

island methylation of candidate genes, (Knutsoralet2000, Carling et al., 2003,
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Hewitt et al., 2007, Masi et al., 2008, Hahn et @010, Juhlin et al., 2010a,
Andreasson et al., 2012, Sulaiman et al., 2012]I8rd et al., 2012) as well as using a
DNA methylome approach. (Starker et al., 2011) €bapling of menin function to
H3K4 methylation implied that parathyroid tumors yndevelop due to aberrant
methylation; however global H3K4 methylation was found altered ilMEN2-related
parathyroid adenomas. (Dreijerink et al., 2009)aRaromin may recruit SUV39H1, a
histone methyltransferase, to induce H3K9 - butHi®k4 — methylation. (Yang et al.,
2010) A study of plant homologues of parafiboromirggested a function also in
H3K27 methylation. (Park et al., 2010) Histone mykttion is yet to be studied in
parathyroid tumors withHRPT2/CDC78/arafibromin alterations. By measuring
methylation of LINE-1 repeats, Juhlin et al. sugdbat the global methylation levels
are comparable in parathyroid adenomas and noramathyroid tissue. (Juhlin et al.,
2010a) Overall, additional data is required to ssskeepigenetic events are important

for parathyroid tumor development.

Copy number alterations (CNAs) as well as LOH of genetic material have rbee
reported for a limited number of regions in paratiy tumors. CNAs were first
described using conventional metaphase based catiweagenomic hybridization
(CGH) and later by array-based CGH or SNP-baseysrt.oss in chromosome 11 is
the most common CNA known in parathyroid adenomlsing present in
approximately half of the cases. Other CNA lossesoaserved in 1p, 6q, 9, 13q, 15q,
18g, 22q and X in adenomas, while parathyroid narmas may present loss in
chromosomes 1p and 13g. Gains are commonly fourid 118q, 16p, 19p and 20q in
adenomas; and 1q and 16p for carcinomas. (Agarival.,e1998, Palanisamy et al.,
1998, Farnebo et al., 1999, Kytola et al., 2000etval., 2008, Sulaiman et al., 2012)
While this would indicate that some parathyroid tursuppressor genes and oncogenes

remain to be discovered, the general significafi¢leese CNAs is yet to be elucidated.

The difficulty in culturing parathyroid cells hagstrained the usage of classical
cytogenetic experiments. Nonetheless, adermosomal rearrangement events have
been identified in parathyroid tumors. Most notabhay be the inv(11)(p15;q13),
resulting in the insertion of thl@CND1 (encoding cyclin D1) oncogene in front of the
PTH promoter resulting i TH/CCND1and CCND1 over-expression. (Arnold et al.,
1989) (Figure 16) At the time of this discovery thaction of CCND1was unknown,

and since then the role of cyclin D1 in cell cypigression has been uncovered.
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While this rearrangement is uncommon, cyclin Dlover-expressed in 20-40% of
parathyroid adenomas. (Arnold et al., 2002) Intergly, transgenic mice with a
PTH/CCND1 develop biochemical HPT and parathyroid adenomitls decreased
levels of CaSR. (Imanishi et al., 2001)
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Figure 16.The PTH / CNND1rearrangemen# normal chromosome 11 (A) has two
chromosome breaks (B) leading to an inversion atabe centromere (C). This moves
thePTH promoter in front of th€ CND1gene forming®TH/CCND1(PRAD)).

Endocrine glands under trophic-hormone control.(¢hg hypothalamus-pituitary-

adrenal axis) often react with hyperplasia whenjesiibd to an increase in the
stimulatory signal. Since the parathyroid glands@msidered autonomous in function,
a different feedback mechanism for trophic consbbuld exist. The finding of

decreased CaSR levels in these tumors suggestgutateey relationship between

proto-oncogenes or proliferative signals and mddtgeof the endocrine set point.

Using a cytogenetic approach, two additional t@cetions have been identified:
t(1,5)(p22;932) and t(4;13)(q21-24;914-21). Howeutbe involved genes or the
frequency of these translocations have not beghduexplored. (Orndal et al., 1990,
Sammarelli et al., 2007)

An autoimmune background has also been considered, in analagyMarbus Graves
-Basedow where activating autoantibodies targetHiuotropin receptor in the thyroid

gland. Some data would support an autoimmune coemton PHPT, possibly similar
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to Morbus Graves-Basedow. Bjerneroth et al. detieat#i-parathyroid antibodies in
patients with PHPT. Additionally, serum from patemwith PHPT was able to induce
MHC class Il expression in parathyroid adenomasispplanted in nude mice.
(Bjerneroth et al., 1998) Furthermore, autoantiesdargeting the extracellular domain
of CaSR were found in 5/75 patients with PHPT, autoantibodies were neither
coupled to non-curative parathyroid adenomectomy tw lymphocytic tumor
infiltration. (Charrie et al., 2009)

In addition to the above-describ@CND1/PTHtransgenic mice, PHPT has also been
suggested in somgenetically modified mice. These include modified knockouts of
MEN1, cyclooxygenase 2 (COX2), prolactin recepRI(R),combinedCDKN1B
CDKN2C (p27 and p18) an@ASR(Ho et al., 1995, Franklin et al., 2000, Crabtree e
al., 2001, Kedzia et al., 2005, Xu et al., 2005)

Using gene expression profiling genetically distinct subgroups of HPT have been
identified. By supervised clustering Morrison etsdlowed distinct expression patterns
for secondary hyperplasia, non- and familiar pryndryperplasia, parathyroid
adenomas and normal parathyroid glands. Unsupendhestering was not able to
distinguish adenomas from hyperplastic tissue,oatjh the parathyroid adenomas
clustered into two groups, one being more alikeehgiastic disease. (Morrison et al.,
2004) Moreover, Haven et al. identified three d@ustincluding 1)HRPT2/CDC73
associated tumors and parathyroid carcinomas, @tiB@oid hyperplasias, a pooled
sample of normal parathyroid, a lithium associadgénoma, a MEN2A associated
adenoma and three sporadic adenomas, and 3) MEINEIBP associated adenomas,
tertiary hyperplasias and the majority of sporadienomas. (Haven et al., 2004)
Finally, Forsberg et al. compared sporadic adendma®rmal glands, and identified
two distinct groups of adenomas based on the presanabsence of LOH at 11q13.
(Forsberg et al., 2005)

The Wingless/intergration1 (Wnt-) signaling pathway and the
CCND1 gene

Since menin and parafiboromin have been coupledhé Wnt signaling cascade,
(Mosimann et al., 2006, Chen et al., 2008) sevetaties have examined Wnt

signaling in parathyroid tumors.
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Whnt signaling is an evolutionary conserved pathwagwn to regulate proliferation,
segment polarization and differentiation during eyogenesis. In addition it is highly
associated to cancer development. (Klaus and Be@nn2008) Wnt signaling is
divided into a canonical (i.8-catenin-dependent), or non-canonical form, of Wwhice

former is best characterized.

Figure 17. Canonical Wnt signalingLeft Absence of Wnt signaling resulting in
destruction of B-catenin. Right Active Wnt signaling resulting inp-catenin
accumulation, translocation and initiation of tremstion. TCF = T-cell factor; APC =
Adenomatous Polyposis Coli; GSK3B= Glycogen synthase kinasé3-

Canonical signaling is mediated by Wnt peptides dibgp to the
Frizzled/LRP/Dishevelled membrane receptor comdgxactivating the complex, the
Dishevelled protein is disassociated and inhibiteatruction complex in the cytosol.
This destruction complex, consisting of GSK3-APC and Axin continuously
phosphorylateg3-catenin on multiple sites encoded by exon 3. Phaytated p-
catenin is in turn is ubiquitinated bf-TrCP and subsequently degraded in the
proteasome. Upon inhibition of the destruction ctaxpnon-phosphorylatetcatenin
accumulates in the cytoplasm and is transportedtivg nucleus where it interacts with
the TCF/LEF (T-cell factor / Lymphoid enhancer tagtfamily of transcription factors.
(Rao and Kuhl, 2010) (Figure 17) There is alsoléise studied non-canonical pathway,
where Frizzled signaling is independent tatenin. Additionally, many proteins
inherent of the Wnt pathway (includirfigcatenin) have other functions dependent on

protein association and subcellular localizati@uolé and Sutherland, 2008)
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The mapping of the Wnt pathway in combination with implication of cyclin D1 in
parathyroid tumorigenesis spurred lkeda et al. Semba et al. to investigatecatenin

in parathyroid adenomas. Sequencing of exon £ BRNB1 (encodingp-catenin)
revealed no mutations, and immunohistochemical yaisalonly showed nuclear
accumulation of3-catenin in 1/33 cases. (Semba et al., 2000, lletda., 2002) In
contrast Bjorklund et al. reported a homozygous ASENNTB1 mutation in 3/20
parathyroid adenomas as well as nuclear accumulafi@-catenin in 37/37 Swedish
cases. (Bjorklund et al., 2007) Subsequently, tames group described nuclear
accumulation ofp-catenin in 104/104 adenomas, and S37A mutation$/194
adenomas, giving a mutational frequency of 7.3% Swedish PHPT patients.
(Bjorklund et al., 2008b) Five other studies, imlthg American, Italian and Swedish
(Paper II) cohorts, did not detect the S37A muteticn a total of 570 parathyroid
tumors. (Costa-Guda and Arnold, 2007, Cetani ek@ll0, Haglund et al., 2010) Two
of these studies reported a sinGIENNB1S33C mutation (resulting in a frequency of
21722, or <0.3% in parathyroid tumors, includingpublished data from Paper II).
(Guarnieri et al., 2012, Starker et al., 2012) fnanmunohistochemical analysis by
Juhlin et al. (Paper I) and Cetani et al. (inclgdantotal of 63 adenomas, 3 atypical
adenomas and 18 parathyroid carcinomas) describetberrant nuclear expression in
parathyroid tumors as compared to normal rim. (dwdtlal., 2009, Cetani et al., 2010)
While exon 3 mutations irCTNNB1 are very infrequent, there is no consensus
regarding the potential nuclear accumulatiofi-catenin in parathyroid adenomas.

Aberrant protein expression

The need for a malignancy marker in parathyroiddrarhas been a major drive for
protein studies in parathyroid tumors. Hence, alvemof aberrantly expressed proteins
have been identified. Parathyroid carcinomas amth@uas show deviant expressions
of the Rb1, p53, Ki-67, mdm2, bcl-2, p27 and cy@ih proteins. (Cryns et al., 1994,
Lloyd et al., 1995, Farnebo et al., 1999, Stojadimet al., 2003) While these proteins
differ between adenomas and carcinomas, their ssiore has not been exclusive
enough to be utilized for diagnostic purposes. Asntioned above, loss of
parafibromin, the protein product BRPT2/CDC73has been proposed as a marker of
parathyroid malignancy. In addition, we report iapBr | that GSK$ and APC
expression is altered in malignant parathyroid ttano

In addition the proteins Klotho, CaSR, Calveolimhd VDR have been shown
aberrantly expressed in parathyroid adenomas. riCetal., 2000, Kifor et al., 2003,
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Bjorklund et al., 2008a, Latus et al., 2013) White altered expression of these
proteins has helped characterize the moleculatitatien of parathyroid tumors, much

work remains to identify their role in the develogmhof PHPT.
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HORMONAL ASPECTS ON PHPT

Dr. Ernest Starling coined the terdmormonein 1905. It is derived from the ancient
Greek wordopud (Hormo — “to set in motion”). He utilized the terta describe a
substance carried from a producing organ to atargan by the blood stream in order
to convey a physiological response. Today the teambeen expanded to include other
types of signaling, and depends on how one defirtes., intra-, para- and autocrine
signaling. While a hormone originally was an enduyes substance, it may also be an
exogenous synthetic chemical compound with sinmiachanism of action. Hormones
may be divided into the following classes: peptidsgeroids, eicosanoids and
monoamines. Specialized cells organized into emu®dissues or glands commonly
produce hormones, and many of these utilize feddlmmps in axis organizations to
regulate the expression, e.g. the hypothalamigtpifsadrenal axis. Since no tropic- or
releasing-hormone has been identified for the pgraid glands, it is considered
autonomous. However, as mentioned above, sevarréahave been suggested to
modulate parathyroid function.

Female hormones and receptors in PHPT

Estrogens have established roles in bone turnomdr tamor development. Since
postmenopausal women are more commonly affecteBHT, studies on estrogen
signaling in parathyroid tumors began early. Greegitshowed in 1987 that estrogen
and progesterone were able to increase PTH sactietibovine parathyroid celli
vitro, and clinical studies revealed that estrogensdcaltér the calcium-PTH set point.
(Greenberg et al., 1987, Boucher et al., 1989)pgstr receptors (ER) however, proved
difficult to find in the parathyroid glands, andteaf several reports with negative
findings it was concluded that the parathyroid dkadid not express ERs. (Prince et al.,
1991) It was believed that the observed estrogefiects on the parathyroid glands
were indirect through other pathways. However, tioisclusion was drawn before the

discovery of additional ER isoforms.

Epidemiological data suggests an increased rigkH®T for women with high parity.
(Rastad et al., 2001) Factors coupled to femaleo@imke systems are plausible
candidates for a possible common underlying etioldgactor for breast cancer and
PHPT.
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During pregnancy the female endocrine system uoésrgnassive changes. With
regard to calcium homeostasis, the developmersgtaf bones requires the recruitment
of large amounts of calcium. Consequently the matebones risk leaching and
osteopenia, especially during the third trimestdremv the majority of calcium
recruitment takes place. To decrease the risk & beaching, an increased amount of
calcium needs to be absorbed from the diet. Chaimgealciotropic and pregnancy
hormones have been proposed as explanations && tmanges. During pregnancy the
levels of PTH decrease, while 1,25-dihydroxychdigterol and E2 increase.
Throughout the first two trimesters bone resorpimamease, while in the third trimester
it decreases in association with an increase irllGHoller et al., 2013) By contrast,
in women from Gambia and Brazil with a low dietagicium intake, increased PTH
levels were found during pregnancy. And while th@ary secretion of calcium
decreased in these women, the impact of increaddd & bone turnover is
ambiguous. (Fairweather-Tait et al., 1995, Ritattieal.,, 1998, Vargas Zapata et al.,
2004)

Addition calcium is required for milk production mhyg lactation. Postpartum,

increased prolactin levels cause a time-dependemeadase of bone turnover, with
ensuing increase of PTH levels as well. (Mollealet2013) However, this relationship
was not observed in postpartum women living inlraraas. (DeSantiago et al., 2002)
As described bellow, prolactin has an expandingntepe of functions. This includes

induction of L-type calcium transporters in theestine, facilitating calcium absorption

during pregnancy. (Dorkkam et al., 2013) While aotih may affect PTH secretion

during lactation, this relationship during pregnaiscunclear.

As mentioned above, PTHrP is produced by the ptacamd increases calcium
transport across the placental circulation by paracsignaling. And while mammary
PTHrP production is greatly increased during laatatind thought to regulate bone
turnover, the serum levels are equivocal. (Wysobkie?012, Moller et al., 2013,)

Historically it has been disputed if calciotropi@orimones may vary across the
menstrual cycle. Recent studies argue that thiactsally the case. Studies have
independently reported cyclic fluctuation of PTHidg the menstrual cycle, with the

levels peaking during the follicular phase witharelation to E2 levels. (Finkelstein
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and Schoenfeld, 1999, Chiu et al., 2000, Zittermanhal., 2000, Thys-Jacobs et al.,
2007)

Estrogens

Estrogens constitute a group of steroid hormoneginally found important for the
estrous cycle. Based on the physiological contéerent estrogens are predominant.
17p-estradiol (E2) (Figure 18) is produced by the @@rmand considered the most
potent estrogen during adult female life. (Simpsbml., 2002) After menopause and
prior to adolescence estrone (E1l) is more prevalBstrogens have numerous
physiological functions, including but not limitéal reproduction, coagulation, calcium
homeostasis, metabolic changes and salt and watande. (Nilsson et al., 2001)
Hence defects in estrogen signaling can lead tdpteupathological conditions.

Estrogen signaling is mediated through estrogeaptecs (ERs). To date, two genes
encoding nuclear estrogen receptors have beenfident.e. ER. encoded byESR1
and ER encoded byESR2.ERa, identified in 1958, has been detected in ovaries,
endometrium and hypothalamus, and3ERentified in 1996, has a high expression in
e.g. the ovaries and testis. (HI, 1960, Kuiperlgtl®96) Both genes have multiple
promoters and complex 5-UTR structures, and adtiera splicing gives rise to a
variety of isoforms. The most well characterizedfosm of ESR2is ER32/ERBcx,
holding a unique C-terminus. This isoform is unabldind ligands or active estrogen
responsive elements (ERES), and is considered aiwegnhibitor of ER function.
(Zzhao et al.,, 2010) The ERs have structural simi#gar and functional domains
involved in receptor dimerization, and ligand-, DN#&nd transcription factor binding.
(Figure 19) Variations in these domains result iiffedent receptor subtype
functionality. (Leung et al., 2006, Thomas and Gission, 2011)

After ligand binding ERs dimerise and bind to ER&gmic motifs, which affect
transcriptional activity. Additionally, ERs are wived in cross-talking with other
transcription factors and affect non-EREs. Estrogey also bind to the G-protein
coupled estrogen receptor 1 (GPER/ GPR30) resultingon-genomic signaling.
(Bjornstrom and Sjoberg, 2005, Schultz et al., 260%ano et al., 2012) (Figure 20)
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In Paper IV, we utilized selective estrogen receptwdulators (SERMs), with
modulated affinity for estrogen receptors. (Figa®& Currently there is a growing
number of SERMs, with increasing number of indmagi for clinical use. In our study
we have used diaryleproprionitrile (DPN), anHRselective agonist; and 4-OHT, the
active metabolite of tamoxifen behaving both asaganist and antagonist dependent

on the context.

17B-Estradiol (E2)

O Diarylpropionitrile (DPN)

4-Hydroxytamoxifen (4-OHT)

H

Figure 18. Chemical structures of estradiol (E2) and the telective ER modulators
(SERMSs) diarylpropionitrile (DPN) and 4-Hydroxytarifen (4-OHT) used in Paper
V.
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Figure 19.Schematic illustration of domains and homologidsvben ER, f1 andp2.
The domains are involved in transcriptional acyiy/B), DNA-binding (C), structural
hinge (D), ligand binding (E) or agonistic/antaggtiti distinction (F).

Figure inspired by KlinggKlinge, 2000)
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{ = Estrogen Receptor ligand a = Growth factor signaling

= Estrogen receptor :.
@ @ = Second messenger
m@ml = G-protein coupled
"UROS estrogen receptor . = Transcription Factor

Figure 20. Estrogen receptor (ER) signaling. In classicalearcER signaling ligand-
ER complexes bind to EREs (A). In the ER-TF ass$edigpathway the ligand-ER-TF
complex binds to non-ERE (B). In membranous-ERaigg ligand activated GPERSs
transduce cytoplasmic signaling (C). Ligand indeleenn ER signaling is caused by
phosphorylation of ERs. Figure inspired by ZhaaldZhao et al., 2010)

33



Prolactin

Prolactin is a 198-aa peptide hormone secreted &owhophilic cells in the anterior
pituitary. Its secretion is regulated through intoity signaling from dopaminergic
neurons in the hypothalamus. Thyrotropin-releasiognone may increase, but is not
considered required, for prolactin secretion. (Eerdt al., 1990) As the name imply,
prolactin was originally considered mainly a laapic hormone, since its levels
increase ten-fold during pregnancy and lactation.fish it is believed to be of
osmoregulatory function. (Auperin et al., 1995) Tpeolactin receptor (PRLr) is
expressed in immune cells, liver, prostate, ovamg adipocytes. Not surprisingly
additional functions have been identified, inclydioytokine-like signaling, cellular
growth, development and neuromodulatory effect@g{idan et al., 2001, Ignacak et
al., 2012) Recently this repertoire has been exgdutal calcium homeostasis. PRLr has
been shown to up-regulate L-type calcium channeltheé intestine, increase bone
resorption and increase calcium levels in lactatékl. (Powe et al., 2011, Wongdee et
al., 2011, Dorkkam et al., 2013, Wongdee and Cimgtoendhu, 2013)
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Figure 21. The prolactin receptor gendPRLR transcripts (A) and their encoded
isoforms (B). The boxed area corresponding to ekamcludes the intramembranous
part. Alternative exons 1 are used in differerdues, and downstream splicing further
generates different transcripts. Additional isoferexists, including a soluble form

consisting of the extracellular domain (not demidtefigure).
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PRLr is a type | cytokine receptor with multipleofisrms produced by alternative
splicing. In human, five identified isoforms arenftional, excluding the soluble
isoform mainly made up by the extracellular domdgkigure 21) While downstream
signaling depends on the isoform expressed andcéflalar constitution, several
signaling pathways have been identified, includiddk-STAT/Fyn/Tec, SHP-2/VAV,
MAPK and IP3K. (Clevenger and Kline, 2001, Brookf12) Upon stimulation,
transcription of suppressors of cytokine signal{8§CS) is induced and represses

JAK-STAT signaling in a negative feedback manrieezgt et al., 1999) (Figure 22)

Prolactin signaling has been implicated in humaeate, including breast and prostate
cancer, lymphangioleiomyomatosis and autoimmuneades. (El-Garf et al., 1996,

Terasaki et al., 2010, Jacobson et al., 2011)

Figure 22. Schematic illustration of the PRLr signaling andCS feedback system.
Depending on the subcellular constitution and thd.rPisoform several signaling
pathways can be activated, including indirect dedssPRL = prolactin; JAK = Janus
kinase; STAT = Signal Transducer and Activator nkcription; c-SRC = v-src avian
sarcoma (Schmidt-Ruppin A-2) viral oncogene homplSgiC = Src homology 2
domain-containing transforming protein 1; SOCS PpBassor of cytokine signaling;
PI3K/AKT = Phosphatidylinositide 3-kinase / Prot&imase B; MAPK = Mitogen-

activated protein kinase.
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Menopause

At menopause the female monthly periods stop duwertaturally occurring alteration
of the hormonal homeostasis. The median age oftassgl years in a Caucasian
population. (McKinlay, 1996) Menopause is defingdalprimary failure of the ovaries,
resulting in amenorrhea and infertility. The ovarfailure is considered to be primarily
caused by a depletion of viable oocytes. This léa@s increase in circulating follicle
stimulating hormone (FSH) and luteinizing hormohel), and since no vital oocytes
or follicles exist, estrogen (E2) levels will fa{Figure 23) Prior to amenorrhea, the
hormonal imbalance may cause peri-menopausal symsptavhich may be treated
medically. Epidemiological studies suggest that wonsuffering from PHPT enter
menopause several years earlier. (Christenssorg) 18fie causality behind this

observation is unknown.

FSH / GnRH
LH

Inhibins
E2

1
Menarche Menopause

Perimenopause

Figure 23. Changes in circulating hormonal levels at menopa&&H = follicle
stimulating hormone; GnRH = gonadotropin-releasihaymone; LH = luteinizing
hormone; E2 = estrogen.
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AIMS OF THE THESIS

The overall aim of this thesis was to further chraze the molecular background of

parathyroid tumors, focusing on certain memberthefWnt pathway and female sex

hormone receptors. The aim of each included papgiven below:

To characterize expression of key proteins in Wat signaling cascade in
parathyroid carcinomas in comparison to adenomalslitidnally, to evaluate

APC as a potential diagnostic marker for paratltynealignancy.

To evaluate ifCTNNB1S37A mutations are present in parathyroid tumiamsn f
Swedish patients by sequencing 98 parathyroid tsimath diverse clinical

features.

To evaluate the potential involvement of prdlacsignaling in PHPT by
analyzing the expression and functionality of thaaxtin receptor in parathyroid

tumors.
To re-evaluate the expression of estrogen re@ceptuibtypes in parathyroid

adenomas. Additionally to evaluate the functiogabif any estrogen receptor

present.
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MATERIAL AND METHODS

GENETIC ANALYSIS

“It has not escaped our notice that the specificiripg we have postulated
immediately suggests a possible copying mechawisthe genetic material.”

— Francis Crick and James D. Watson; Nature 1953

“Conclusion: Big helix in several chains, phospggabn outside, phosphate-phosphate
inter-helical bonds disrupted by water. Phosphatkd available to proteins.”

— Rosalind Franklin; Lecture note February 1952

Polymerase chain reaction (PCR)

A fundamental methodology in molecular biology I tpolymerase chain reaction
(PCR), developed by Mullis in 1983. The method msdd on the enzymatic
replication of DNA strands, utilizing thermal cyalj to repeatedly anneal region-
specific primers and a DNA polymerase to exponéntamplify a target region.
(Figure 24)

TIIeTn Q = DNA polymerase
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Figure 24. PCR amplification cycle starting from double straddDNA (A),
including denaturation and annealing of primers ,(Band addition of
deoxynucleotides by DNA-polymerase (C), generatmgwv DNA copies (D),
whereafter the cycle is restarted. Black strangdsesent new copies.

Reverse transcription and quantitative real-time PCR

Reverse transcription (RT) is the conversion ofomilicleic acids (RNA) to a
complementary DNA (cDNA) strand. There are a nuntdfdrenefits for using cDNA,
since the natural stability of DNA is superior twat of RNA. The cDNA is often
analyzed by PCR, and the product can either beakzsd by gel electrophoresis or
Sanger sequenced. The cDNA is not amplified duiisgsynthesis, and hence
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quantitatively equal to the number of RNA straralgwing for indirect quantification.
Quantitative real-time PCR (gRT-PCR) can use eitBMA-binding dyes or
incorporated probes as quantitative reportersu(gi@5) The reporter signal intensity

Is corresponding to the number of strand copiemduhe PCR.

One must ensure that the PCR is run with accuféitgeacy not to introduce bias in
the quantification. With the parallel analysis afagtified housekeeping genes the
relative or absolute RNA levels can be estimatedhis thesis, gRT-PCR was used to

estimate RNA expression of genes in Papers llll'end

TagMan SYBR Green

) TagMan Probe Primer

Primer
3’ 5’ 3’ “TIIIIT 5’
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Figure 25.gRT-PCR using the TagMan and SYBR green platfoiffagiMan uses a
hybridization probe, consisting of a reporter (RYl @ reporter quencher (Q). When the
probe is cleaved, the reporter is separated framgtiencher and emits fluorescent
light. In the SYBR green protocol fluorescent SYBRen binds to double stranded
DNA as dNTPs are incorporated

Sanger sequencing

In 1977 Frederick Sanger developed an effective @fagequencing DNA. (Sanger et
al., 1977) Today this involves PCR amplificationaoDNA region of interest. In the
subsequent sequencing reaction fluorescent dideclgotides (ddNTP) are mixed
together with deoxynucleotides (dNTPs). ddNTPs $dlde practical quality of
terminating the polymerases reaction, resulting premature stop upon incorporation.
As the ddNTPs are randomly incorporated, the reasulin accumulation of DNA

fragments of different length. Fragments are thentihrough a capillary system to sort
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Figure 25. Chromatogram after Sanger sequencing. The peagsesent the
nucleotides G (black), A (green), T (red) and @bl

them according to size, and exposed to an argoragmr. As each type of ddNTP
holds different fluorescent properties, the resglfiluorescence can be interpreted as a
chromatogram (Figure 25) — each curve represerdingucleic base in the DNA
sequence. In this thesis Sanger sequencing wastaisedeen for th€ TNNB1S37A

mutation in Paper II.

DNA Pyrosequencing

“Unfortunately, | obtained financing only for thddoproject. The committee did not
share my enthusiasm for the new idea, reasoning Aii&® is a substrate for DNA
synthesis and therefore would interfere with theflrase assay. However, this point
is wrong: ATP is not a substrate for DNA polymeréase

— Pal Nyrén, 2007

Pyrosequencing has many similarities to Sangeresejug, but differs in the way it
identifies nucleotide sequences. First, a PCR dyngtie DNA region of interest.
During a sequential PCR a single type of dNTP deddat the time. The incorporation
of dNTP releases a pyrophosphate that is convéstéd P by ATP-sulfurylase. This
ATP is converted to light by a luciferase assayemghy the emission is quantitatively
equal to the number of consecutive equal basesdlirResINTPs and ATP are cleaved
by apyrase. We employed this method to quantifjhglation densities at CpG-sites of
selected promoter regions. Before the first PCRONA was treated with bisulfite,
converting non-methylated cytosine to uracil, whiteethylated cytosine remains
unchanged. The first PCR converts uracil into tmgmiThe target sequence is
programmed into the pyrosequencer, including Cp&iecations. During the second
PCR, thymine and cytosine will be added sequentfall all CpGs, resulting in two
separate reactions. By comparing the resultingt leghission between thymine and

cytosine, a quantitative estimation of the DNA ny&thon is given.
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Gene expression microarray

Expression microarray is a method to analyze leokhaultiple genes simultaneously.
Sample RNA is converted to cDNA by RT-PCR, intradgdluorescent labeling into

the cDNA. The sample cDNA is the hybridized to céengentary oligonucleotides at
specific positions on a chip. The fluorescent lightm the cDNA can be quantified for
each probe, and based on this signal strengthellaéive expression of a gene is
calculated. A number of normalization and quak&tontrol steps are performed prior
to the bioinformatic analysis. In Paper Ill we iagld expression arrays from the
Affymetrix platform to compare changes in gene egpion in parathyroid cells after

treatment with recombinant prolactin.

Whole transcriptome shotgun sequencing

With the completion of the Human genome projectw ngays of genome-wide
screenings became possible. We employed secondatjenewhole transcriptome
sequencing based on the lllumina platform to amabfzanges in gene expression. To
sort the coding RNAs from abundant rRNA, mRNA wasified using their poly(A)
tail. RNA was then hydrolysed into fragments of3wucleotides and converted into
cDNA. The cDNA fragments bind to random primers aently attached to a chip
surface, where they are amplified into colonies.riiiy the sequencing reaction,
fluorescent single dNTPs are incorporated into ttagment colonies. After its
incorporation it inhibits further elongation due #m inhibitory terminator. The
fluorescence is captured, and the terminator ctbfeen the sequence. This is repeated
in a cyclic manner. Since the amplified colonieg &ound to the surface, the
consecutive capturing of fluorescence allow for snes parallel capturing of all
fragment sequences. The resolution depends oruthber of reads (sequence depth).
Fragments can be aligned to a reference genonassembled into a transcriptore
nova Based on the read length and number of sequeeadso the reference genome,
the FPKM factor (fragments per kilobase of exonsmiion fragments mapped) can

be used to describe the relative quantity of aipeead.
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Figure 27. lllustration of gene ontology analysis after exgsien profiling. Genes are
sorted according to function (grey circles), witdtle gene represented by a color circle
where color represents increased or decreasedssigreThe size of each gene circle
represents the number of known interactions. Lswsounding the circle represent
different functional annotations.

Data analysis

Analysis of gene expression data is performed mumber of steps. First, a quality
control is done to check for possible methodoldglmas and compare raw data
signatures to expected ones. Secondly, a compabistveen the different data sets
will identify differentially expressed genes thatfill requirements with regard to the

magnitude of expression change and significancel.lé®ne issue with biological

repeats is the considerable difference betweervithdil tumors, which has to be
considered in the analysis. Since multiple genestested for significance, the false
discovery rate must be calculated. Genes considegedicant can be analyzed with
regard to their putative function. One can compgeee expression patterns with
previously published gene-sets or enrichments thways or functions based on the

gene ontology. (Figure 27)
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PROTEIN ANALYSIS

Antibodies are immunoglobulins produced by the immusystem to bind and
neutralize antigens. Molecular biology has exptbitthis ability in numerous

experiments, often to identify a specific protéFigure 28)

Biotin = (IHC); HPR = (WB); Flourescence = (IF)

Secondary antibody, e.g. rabbit anti-mouse

4\

Primary antibody, e.g. mouse anti-cyclin D1

A\
@

Figure 28.Principle of antibody usage to identify a targeigen. A primary antibody
binds the target antigen. A detection system calipéeEondary antibody targets the
primary antibody. Depending on the detection syswifferent protocols can convey
the immunological binding. IHC = ImmunohistochemystWB = Western blot
analysis; IF = Immunofluorescence.

Antigen, e.g. cyclin D1

Immunoblotting / Western Blot

“With due respect to Southern, the established iti@ud of “geographic”
naming of transfer techniques (“Southern,” “Nortmg) is continued; the
method described in this manuscript is referredd4dWestern” blotting.”

— W. Neal Burnette 1981

In Western blot analyses peptides are separatezlelojrophoresis and the protein of
interest is identified using a specific antibodyheTprimary antibody can then be
detected using several methods, e.g. radio- orrteapenzyme linked. We used
secondary antibodies coupled to horseradish-peasgid- a reporter enzyme that may
cleave chemiluminescent agents, thus allowing ceggfuof the signal using a
photographic film. Proteins can be extracted fragh cultures, fresh or fresh frozen

tissue. During the electrophoresis, denatured imoi@re separated according to size.
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Proteins are then transferred onto a membrane hwhiincubated with the primary
antibody. Subsequent incubation with a controlkanaty is done as a control of protein
guality and quantity. The methodology is highly eéegent on adequate controls and
detailed knowledge about the antibody and antigéa.applied Western blot analysis
in Paper | and lll to identify potential isoformschvalidate the specificity of the

antibodies used.

Immunoprecipitation

Immunoprecipitation isolates an antigen from a twtu Antibodies coupled to beads
or other components are added to a solution whereds to its antigen. Thereatfter, the
antigen-antibody complex is immobilized in a colufihrough a series of buffers, the
solution is cleaned and the target antigen eludgdrately. Using a solution containing
native proteins, this method is able to precipitaatein complexes. In Paper Il we
utilized regular immunoprecipitation to increase #ipecificity of antigen detection. By
using an antibody to elute a protein of interest] #then apply a second antibody to the

same protein, increased specificity can be achieved

Immunohistochemistry and Immunofluorescence

The immunological principle of protein detectiomaso be applied to histologically
intact tissues. Tissues are fixated and cut inttes| approximately 4 pm thick. Much
like immunoblotting, a primary antibody detects Hmigen of interest, followed by a
reporter linked secondary antibody. If the viswian technique is based on
fluorescent dye it is commonly referred to as imofluorescence (IF), as opposed to
immunohistochemistry using color. Fresh frozen &PE samples may be used.
Depending on the antibody, antigen retrieval teqies may be necessary, such as
boiling samples in citrate. Slides can be manuaiéwed using a brightfield light
microscopy or in the case of IF, a confocal micopgc While the signal amplification
is inferior in IF, the use of confocal microscopypwas a higher resolution. In addition,
we utilized a scanner system to capture the fidesl The digitalization of samples
made it possible to measure the staining intendiile this method is highly
dependent on the replicative accuracy of the stgjnit allows for statistical
comparisons not possible with the naked eye. Wal usenunohistochemistry to

identify immunoreactivity at histological resoluti@f specific proteins in Papers |, llI
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and IV. In addition IF was applied to increase imagsolution, making protein

localization possible on a subcellular level.

Cultures and PTH measurements

For studies of parathyroid cell functian vitro parathyroid tumor samples were
collected directly from surgery. The tumor tissuaswminced and treated with
collagenase before culturing on a plate. Thesegyiraultures were then mounted in a
column and suspended between gel filters and eHwith medium. (Figure 29) This

allowed for intermittent measurements of PTH cotregions in the perfused medium.
Although cell viability decreases over time thedtionality of the parathyroid cells can
be controlled using calcium starvation. For analysf gene expression changes,
samples were cultured on plates under differenditions after which RNA was

extracted. This method was utilized in Paper llddaionally, cells were incubated

with Fura-2, a fluorescent indicator of intraceliulcalcium levels. The fluorescent
emission characteristic of this molecule is altesden bound to calcium, making the

estimation of free calcium in a solution possible.

Parathyroid cell suspension

Flow through

Figure 29. Perifusion experiments. Parathyroid cell suspeng®ncontinuously

perfused with medium (blue arrow). Intermittentlediion of flow through (red arrow)
is used for analysis
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RESULTS AND DISCUSSION

Parathyroid carcinomas exhibit aberrations in the Wnt

signaling pathway (Paper I)

Inactivating mutations in theERPT2/CDC7gene encoding parafiboromin are present in
the majority of parathyroid carcinomas. At the tiofestudy design, parafibromin was
identified as a member of the Pafl-complex and shtawactivate Wnt-target gene
transcription by binding t@-catenin. We hypothesized that other aberrationthén
Wnt signaling pathway could be found in parathyroidlignancy. Parafiboromin had
also been proposed as a diagnostic marker in yaseditumors. However, the value of
parafibromin for clinical application was disputeahd the discovery of additional
diagnostic markers was highly warranted. Thus wegkb to characterize protein

expressions within the Wnt pathway to potentiafigeatain a malignancy marker.

Using immunohistochemistry we evaluated proteinresgion and localization for the
total and active form d-catenin (a central mediator of canonical Wnt sigga APC
and GSK3B (members of the destruction complex), and Cyclin(®known target for
Whnt signaling and known proto-oncogene in paratilytumors). The FFPE specimens
included 12 parathyroid carcinomas, 18 parathyasidnomas and normal parathyroid

rims present in 12 of the adenomas.

Cyclin D1 was increased in tumor tissues, but wassignificantly different between
adenomas and carcinomas. The levels of total anephosphorylate-catenin were
comparable in normal parathyroids, adenomas amthoanas as measured by Western
blot and immunohistochemistry. The staining pattewnas cytoplasmic and
membranous, with the addition of a mixed patterpaditive and negative nuclei for
the antibody targeting non-phosphorylafedatenin. GSK3 expression was lost in
4/12 carcinomas and 1/18 adenomas. APC immunovégctvas abolished in 9/12
carcinomas, retained in all adenomas and normal Wisimg an additional antibody
directed towards C-terminal APC, we observed los6/12 carcinomas and retained
expression in all adenomas. Parathyroid carcinamithseither loss of APC or GSK@-
immunoreactivity did not differ in thep-catenin levels. If loss of APC and/or GSK3-
causes the malignant phenotype, it may be mediaied-catenin independent

mechanisms. For example as ~20% of the proteonastisated to have GSK3-

46



phosphorylation sites, this may reflect a changegiobal protein stability of
parathyroid carcinomas intracellular milieu. (Taainet al., 2010)

These data indicate frequent molecular aberrationthin the Wnt-pathway
components in parathyroid carcinomas, and to &ilesgent, parathyroid adenomas.
The highly specific loss of APC immunoreactivity malignant lesions suggests its
usage as a marker in histopathological diagnos$is.N-terminal APC antibody held a
specificity of 100%, a sensitivity of 75%, a negatipredictive value of 99.5% and
positive predictive value of 100% for parathyromr@noma. Since the publication of
Paper |, additional studies have found usage of ARCa diagnostic marker in
parathyroid tumors. (Juhlin et al., 2010b, Juhim &oog, 2010, Kauffmann et al.,
2011, lacobone, 2012)

APC Parafibromin

Figure 30. Comparison of APC and parafibromin immunoreagtivih atypical
adenomas (T1-2) and a parathyroid carcinoma (Cl)arid C1 show negative APC
immunoreactivity, and a mixed pattern of positinel megative nuclei for parafibromin.
T2 is positive for both APC and parafiboromin. Reped with permission from
Springer. (Juhlin et al., 2010b)
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Mutations in CTNNBT1 S37A constitute a rare event in
primary hyperparathyroidism (Paper Il)
“Positive findings are around twice as likely to peblished as negative findings. This

is a cancer at the core of evidence based medicine.
- Ben Goldacre

The amino acid substitution S37A of t6@NNB1gene, encodin@-catenin, has been

described in different tumor types e.g. liver anddametrial carcinomas and
gastrointestinal carcinoids. (Terris et al., 19BQjimori et al., 2001, Saegusa et al.,
2001) The mutation is of special interest sincstabilizesp-catenin and leads to its

nuclear accumulation. (Saegusa and Okayasu, 2B6@uré 31) In parathyroid tumors

the mutation has been studied by several grougs lvath positive (Bjorklund et al.,

2007, Bjorklund et al., 2008b) and negative (Sembal., 2000, Ikeda et al., 2002,
Costa-Guda and Arnold, 2007, Cetani et al., 20i@)irfgs. In two Swedish studies
S37A was found to be relatively frequent and oftessent in homozygous form but
was not detected in patients constitutional DNAgasting that it was a somatic event.
Nuclear accumulation op-catenin was also observed in the Swedish popualatio
(Bjorklund et al., 2007, Bjorklund et al., 2008In) reports from Japan, USA and Italy
the S37A mutation was not detected, and nudkeeatenin accumulation was not
observed by us (Paper 1) or others. Thus, it wagested that the S37A mutation
predominantly occurred in the Swedish populatiomsTcould possibly be due to the
presence of an associated clinical subgroup irggngraphical region, which would be

of interest to determine for the etiology of PHRThe Swedish population.

We studied a total of 98 parathyroid adenomas f&wedish patients. Sequencing of
exon 3 of theCTNNB1gene and subsequent inspection of the S37 regited fto
identify any S37A mutations. This study ruled obe tpossibility of a Swedish
phenomenon, as well as excludBINNB1S37A mutations as an important genetic

event in sporadic parathyroid tumors.

Since our publication, Guarnieri et al. and Stasdeal. have published two studies of
the CTNNB1mutational status in PHPT, respectively. Thesdistureport absence of
S37A mutations, but in each cohort a single S33@tan was identified. (Guarnieri

et al., 2012, Starker et al., 2012) While Guarniegorted no difference if-catenin
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expression levels, Starker et al. report nucleanmcilation compared to a single non-
related normal parathyroid gland. While we onlyargd amino acid position 37 in our

cohort, a secondary review of the data did notakamy variant in position 33 (data not
published). Furthermore two studies using exomeesagng of parathyroid adenomas
have been published in whicBTNNB1 mutations were not detected. Altogether 9
PHPT tumors with S37A have been reported togethtr W22 negative cases. This

would correspond to a S37A mutation frequency s$ ldhan 1,25%. In all, an S37A

mutation in theCTNNB1 gene seems to have little impact on parathyroidotu

development.

[fc €T GG 'C/2ZCT GG CICATIT CT GGTIGCIC, C TECLCA CAIGIC TIC CTIT

S37

Figure 31. Above:Chromatogram illustrating the wild-type sequencamnexcerpt of
CTNNB1exon 3, encompassing nucleotides encoding amimb3acBelow: CTNNB1
wild-type serine 37 facilitates GSKBmediated phosphorylation and degradatiofi-of
catenin (left). Mutated alanine 37 hinder GSK®hosphorylation of the amino acid,
thus stabilizing-catenin mimicking canonical Wnt-signaling (right).
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Prolactin signaling may be involved in primary
hyperparathyroidism and normal parathyroid function
(Paper I11)

The rationale for investigating prolactin signaling parathyroid tumors was
multifaceted. Except for mainly affecting womenjdgmiological data suggest a link
between PHPT development and childbearing. Duniegrmncy, prolactin signaling in
pancreatic B-cells suppresses menin levels, causfiigell proliferation. Previous
parathyroid tumor gene expression studies indepgiydeuggested high levels of the
PRLRIn parathyroid adenomas; (Haven et al., 2004,deévcset al., 2005) additionally
supported by public EST profiling data, showingt tharathyroid adenomas have even
higher PRLR expression than breast tumoPRLR knockout mice show phenotypic
alterations in calcium, PTH levels and bone. Ptoldtas been shown to increase PTH
secretionin vitro in bovine parathyroid cells, and some clinicalrelations between
PTH and prolactin levels exist. Recently prolatias been proposed to be an important
calciotropic hormone during pregnancy. (Charoenghanet al., 2010) With this

background we choose to investigate the presene®bif in parathyroid tumors.

We found high levels of theRLRas compared to breast cancer cell lines and eifter
normal tissues. The long isoform of PRLr was foonty in parathyroid tumor samples
and the breast cancer cell line T74D. This isofboas proliferative properties in breast
cancer cells. The long PRLr isoform is regulateclisee pool of GSK$; unbound to
the destruction complex responsible ffecatenin destruction. The activity of this pool
of GSK34f is mediated by phosphorylation on serine residuéA® analyzed by
Western blot, GSK$-serine 9 phosphorylation was strong in 29, weak amd barely
negative in 2 of the parathyroid tumors, while asanegative in normal parathyroid.
Tumors without GSK3$ serine 9 phosphorylation generally had lower kel the

long PRLYr isoform.

While PRLr was uniformly expressed in cytosol agtbplasmic granule in the normal
rims, the subcellular staining pattern varied betw&imors. Tumor staining patterns
were characterized by weaker cytoplasmic stainmgmbranous localization and
absence of cytoplasmic granule. Additionally, equaal ring-like staining was seen in
some tumors. Using IF we showed that the granuld @ng-like structures

corresponded to lysosomes. Granular staining wa®stl never seen together with
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membranous staining, suggesting a possible coonettetween membranous and

lysosomal localization of the receptor.

To test the receptor functionality, primary culsigd parathyroid tumors were exposed
to prolactin. Perifusion experiments were used #diemnine PTH secretion in

physiological levels of prolactin. Treatment witB2ng/mL prolactin increased PTH
secretion as compared to 100 ng/mL prolactin. Henethese changes were not
statistically significant, possibly because of higiriability between tumors. Changes
in gene expression following prolactin treatmentravexamined using microarray
based gene expression profiling, and a similardj hariability was observed between
biological samples. Significantly increased expmassof genes in the RIG-I like

receptor, JAK-STAT and Type Il interferon signalipgthways were detected. The
effects of gene expression changes remain to lestigated. The fact that PRLr is a
cytokine receptor can explain the apparent sinylaoi cytokine signaling. With regard

to the high variability in PTH secretion and gem@ression after prolactin treatment

one could speculate that the individual tumor respe@ness to prolactin is variable.

This study provides further evidence to the expagdrepertoire of prolactin
functionality, specifically its potential role iralcium homeostasis. While the receptor
expression seems to be altered in parathyroid tsinaoiditional research is required to
determine the cause and effects of these molealiésations.
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Estrogen receptor beta is expressed and may convey tumor

suppressor like signaling in parathyroid tumors (Paper V)

“Absence of evidence in not evidence of absence.”

- Carl Sagan

Since postmenopausal women represent the predangnanp of PHPT patients,
estrogen has been investigated as a pathogenior.faés described above,
administration of estrogen has proven effects aatpgroid function m vitro andin
vivo, but ERs have not been identified in parathyrisisuie. (Duarte et al., 1988, Prince
et al.,, 1991) Hence these effects have been d#diio indirect pathways. The recent

discovery of ERR motivated us to reassess this postulate.

We investigated a panel of parathyroid tumors f8f Bnda subtypes, and identified a
wide expression of the R and ERcx isoforms. Expressional analysis showed that
ESR2 gene expression levels were comparable betweeastbi@ncer cells and
parathyroid tissue, and tumors originating from ééerpatients showed higher levels of
ESR2 These data were later reproduced using TagmaedbaRT-PCR yielding
comparable results (data not published). The sigipattern and intensity of BR was
changed in parathyroid tumors as compared to nopasa@thyroid tissue, (Figure 32)
while the expression of Hiex was uniform. ERL immunoreactivity was weaker in
larger or histopathologically adverse tumors. fsl@f ER1 signaling is important for
parathyroid tumor development one could argueviar principal mechanisms, 1) loss
of estrogen levels; and 2) loss of receptor sigaalsduction. If this hypothesis is valid,
we would expect ERL levels to be less decreased in tumors from posipaisal
women. Indeed, ERL expression was lower in premenopausal women; Yewhere

iIs a substantial risk of selection bias in this panmson. The loss of E2 levels in
postmenopausal women may also induce ER expressian feedback dependent
manner. Nonetheless, the expression levels vagasielen normal and tumor tissues,

arguing for a tumor specific event.

ERB1 functionality was tested by treating primary playeoid tumor cultures with
either DNP or 4-OHT, and measuring changes in gapeession. Observed changes
included parathyroid specific genes eMPR, CASRand ORAI2 Gene expression

profiling of significantly changed genes after D&Batment were most significantly
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associated with apoptosis of cancer cells, whil@HF was mostly associated to
inhibition of angiogenesis. Additional analysisngsiGenemania (Warde-Farley et al.,
2010) revealed that treatment with DPN (48h) magiscantly correlated to “ER
nucleus signaling pathway” (p<0.0133, unpublishat

Figure 32. Comparison of ERL immunohistochemical expression in parathyroid
adenomas and corresponding normal rims.
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Comparing genes differentially expressed in paraidyadenomas (Haven et al., 2004)
to genes significantly altered by DPN treatmeneeded an interesting overlap. Among
the 10 genes differentially expressed in paratllyemlenomas, the following 3 genes
had their expression significantly changed by DNPPRLRthat is comprehensively
covered above. Estrogen has been shown to up-ted@dRLR mRNA in human
endometrial stroma cells. (Tseng and Zhu, 1998hénparathyroid tumor panel, levels
of ESR2and PRLRinversely correlated (p=0.019, r = -0.433), sutiggsa possible
functional relationship. However, both receptorsrelated to patient gender, which
may have been a confounding factor. AYALB encoding parvalbumin, a calcium
binding protein co-localizing with PTH in normaldaneoplastic parathyroid tissue. Its
expression is increased in parathyroid adenomak hgpothesized to play a part in
PTH regulation. (Pauls et al., 2000) 3) Ephrin Attaded byEphAl is a thyrosine
kinase receptor with unknown function, (Hirai et 4987) and public EST profiling

data show the highest expression in parathyraddis

To elucidate how ERL mediate transcriptional changes, we analyzed hehet
transcriptional factor binding sites and ERE eletsemhere present in differentially
expressed genes. Binding sites of several tratgerifactors with known interaction
with ERB (Specificity protein 1 (SP1), Activator protein(AP1), CAMP response
element-binding (CREB), nuclear factor kappa-ligh&in-enhancer of activated B
cells (NFkB), Signal Transducer and Activator offiscription 5A (STAT5A), tumor
protein 53 (p35), Jun and Myc) as well as ERE eigmavere identified close
upstream of target genes. These data suggest dttatdivect and indirect signaling
(Figure 20) regulate the observed transcriptiof@nges. The role of ERXx in
parathyroid tissue is unknown. Previous data suggdeminant negative effect against
ERa transcriptional activity, but the absence of tl@septor in normal and tumorous

parathyroid could suggest another role foBER

This is the first study to identify a functionaltregen receptor in parathyroid tumors.
The decreased proteins levels in tumors and trigtiscral effects on genes in

apoptosis suggest a tumor suppressive role faetteptor in the parathyroid.
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CONCLUDING REMARKS

Although a common entity, the etiology of PHPT remeaclouded. Since gender and
menopause constitute strong risk factors for PHEMale endocrine systems have
been implicated in the pathogenesis. Additiongbiyggress in the molecular genetic
characterization of the HPT-JT syndrome suggedbed involvement of the Wnt
signaling pathway in malignant parathyroid tumdrkis thesis aimed to characterize
parts of the Wnt signaling pathway and female endecreceptors in parathyroid

tumors.
For Paper I-IV, the general conclusions are outlipelow:

Parathyroid tumors exhibit aberrations within thet\Wignaling pathway. No changes
in the levels or subcellular localization pfcatenin were observed as compared to
normal parathyroid, suggesting that the changesirwihe Wnt pathway are involved
in processes other than canonical Wnt signalingseAbe of APC immunoreactivity
was a distinguishing feature of parathyroid cancias, suggesting APC as a marker for
malignancy in parathyroid tumors. (Paper I)

The CTNNB1S37A mutation is a rare event in parathyroid tumg@®aper 11)

The PRLr is highly expressed in normal parathyrédrathyroid tumors show an
altered expression level and subcellular localratf the PRLr. Primary cultures of
parathyroid adenoma cells responded to physiolb@geals of prolactin with changes
in gene expression and PTH secretion. These dgtesua role of prolactin signaling

in normal parathyroid function and primary hypegtayroidism. (Paper I11)

Parathyroid tumors express Estrogen Recdptoand cx isoforms. HR expression

was altered in parathyroid tumors, inversely catmeg to tumor weight. Primary
cultures of parathyroid adenoma cells treated a1 selective agonist resulted in
differentially expressed genes, whose expressioofilipg suggested a tumor

suppressive function of ER. (Paper V)
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Since menopause is a risk factor for aggravaticesgmptomatic PHPT, (Silverberg et
al.,, 1999) it is appealing to think of female homaasignaling (or lack thereof) as a
mechanism to develop PHPT. Data from these stugliggest that functional female
endocrine receptors are expressed in parathyssddi While the altered expressions
of these receptors may be an oncogenic drive iatipgoid tumors, it may also be a
consequence of the tumor phenotype rather thateantieant of it. It is necessary that
further studies are conducted to establish theabteese receptors in the normal and

tumorous parathyroid glands.
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POPULARVETENSKAPLIG
SAMMANFATTNING

Manniskan har normalt fyra biskoldkortlar, vilka Blagna pa halsen. Deras funktion
ar att producera parathormon, ett viktigt verktydr fkontroll av kroppens
kalciumnivaer. Hormonet har flera funktioner i kpgm, bland annat okar det bade
nedbrytningen av vart skelett, njurarnas upptakedsium fran urinen och aktiveringen
av vitamin D — som bland annat O6kar kalciumupptafjéh tarmen. Vid laga nivaer
kalcium i blodet reagerar biskéldkortlarna meddkta produktionen av parathormon,
och aterstéller saledes kalciumnivan. Avsaknad iskthkortlar leder omgaende till
allvarliga symptom sadsom kramper och hjartarytmi@behandlat kan det leda till

doden.

Tumorer i biskéldkortlarna ar en relativt vanligpakma som drabbar ca 1 % av av den
vuxna befolkningen. Hos kvinnor som passerat kliteadét ar forekomsten hogre, och
brukar uppskattas till ca 3 %. Dessa tumoérer preducett dverskott av parathormon,
ett tillstind som kallas hyperparathyreos (efteskdldkortlarnas latinska namn,
glandula parathyroidege Sjukdomen kan leda till diffusa symptom sasodtthet,
skeletturkalkning, njursten, nedstdmdhet och fi@ystang och ar aven férenad med
Okad risk for hjart-karlsjukdom och cancer. | desth fall ar dessa tumdrer godartade,
och patienten botas genom att tumdren opereras Ibagsa fall & dock sjukdomen
elakartad, vilket leder till spridning av dottertarar i kroppen. Efter operation
undersoker en lakare (patolog) tumoren i mikroskdpts lang erfarenhet hos
patologen kan det vara svart att identifiera ekakiE (maligna) tumérer, och idag finns
inga sakra tecken pa malignitet innan spridningstéip Det har darfor lange sokts

efter ett diagnostiskt verktyg for att kunna idéeta elaka tumérer innan de sprids.

Eftersom sjukdomen oftast férekommer hos kvinneereklimakteriet har det lange
misstankts att kvinnliga konshormoner kan varaantiade i sjukdomsuppkomsten. De
molekylara strukturer (receptorer) som tar emataigr fran kvinnliga konshormoner i

biskoldkortlarna har inte kunnat pavisas, och daréi denna hypotes ifragasatts.

Vid en ovanlig genetisk sjukdom drabbas patientemnaligna biskoéldkorteltumorer.

Molekylargenetisk forskning har kunnat koppla delplandade genen till den cellulara
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signalvagen "Wingless” (flugor med genetiska fadrm Wingless saknar just vingar,
darav namnet). Vi misstankte darfor att forandringam Wingless kunde ge upphov
till maligna biskdldkorteltumorer. Inom ramen féertha avhandling har vi undersokt
denna signalkaskad och férekomsten av kvinnligaskGmmoners receptorer i

biskoldkorteltumorer.

| ett forsta arbete har vi kartlagt proteiner i Yless och funnit tumorspecifika
forandringar. Ett av dessa proteiners uttryck \@sady vara forlorat uteslutande i
elakartade tumorer. Var forhoppning ar att deftarntiden kan bli en viktig analys for

patologens bedémning av biskéldkorteltumdrers exadiat elakhet.

En central del av Wingless ar proteirfetatenin. Detta protein kodas av genen
CTNNB1. Normalt bryts p-catenin kontinuerligt ned i cellen, men vid aktae
Wingless signalering minskar denna nedbrytning pdaatenin ansamlas. Detta ar
ibland en normal process (vid exempelvis lakningsanskador i huden), men om den
sker okontrollerat kan det leda till tumorutvecklifOm genelCTNNB1har en sarskild
forandring (mutation) ka-catenin inte brytas ned, vilket ocksa tros kuredaltill
tumorutveckling. Flera studier har letat efter de€sandringar i biskéldkorteltumorer,
dock har mutationer endast kunnat hittas i svepsi@nter. Darmed uppstod fragan
om denna mutation var en viktig mekanism for turbd@gokling i just svenska

patienter.

Vi undersokte ett storre antal tumorer ifrdn svenglatienter, men kunde inte
identifiera denna forandring. Genom denna studmrevkatatistiskt sadkerstélla att denna
forandring &r av mindre betydelse, aven i den saepspulationen.

| de tva sista studierna har vi kunnat pavisa mecep for kvinnliga konshormoner i
biskoldkorteltumorer. De identifierade &r receptoge for 1) prolaktin, en

tillvaxthormonliknande substans som ar viktig vichrang, samt 2)dstrogen ett

hormon som é&r viktig vid graviditet och mens, mem &ven manga andra funktioner.
Vi har kartlagt effekterna av deras funktion ochr maceptorerna ar uttryckta i
biskoldkortlarna. | bagge fallen verkar tumoérensepgorer vara férandrade vid
jamforelse med normal biskoldkdrtel. Detta talar &t respektive molekyl kan vara
viktig for tumoruppkomst i biskoldkortlarna. Vi harcksa undersokt pa vilket satt

biskoldkortelcellen svarar pa behandling av dessmbner. Medan signalférandringen
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for prolaktin ar svarvarderad, ser Ostrogensigimdemnt att kunna skydda mot
tumoruppkomst.  Molekylarbiologiskt framstar en bildorenligt med att

hormonsignalering kan ha en del i utvecklingen iakdddkorteltumarer.
Sammanfattningsvis utgbér dessa studier en grundvidare forskning for ©kad

forstaelse kring hormonsignaleringens roll i biskdrtlarna, bade gallande dess

normala funktion och i tumorer.
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