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Abstract
Parathyroid neoplasia is most commonly due to benign parathyroid adenoma but rarely can be
caused by malignant parathyroid carcinoma. Evidence suggests that parathyroid carcinomas
rarely, if ever, evolve through an identifiable benign intermediate, with the notable exception of
carcinomas associated with the familial hyperparathyroidism-jaw tumor syndrome. Several genes
have been directly implicated in the pathogenesis of typical sporadic parathyroid adenoma;
somatic mutations in the MEN1 tumor suppressor gene are the most frequent finding, and
alterations in the Cyclin D1/PRAD1 oncogene are also firmly established molecular drivers of
sporadic adenomas. In addition, good evidence supports mutation in the CDKN1B/p27 cyclin-
dependent kinase inhibitor (CDKI) gene, and in other CDKI genes as contributing to disease
pathogenesis in this context. Somatic defects in additional genes, including β-catenin, POT1 and
EZH2 may contribute to parathyroid adenoma formation but, for most, their ability to drive
parathyroid tumorigenesis remains to be demonstrated experimentally. Further, genetic
predisposition to sporadic presentations of parathyroid adenoma appears be conferred by rare, and
probably low-penetrance, germline variants in CDKI genes and, perhaps, in other genes such as
CASR and AIP. The HRPT2 tumor suppressor gene is commonly mutated in parathyroid
carcinoma.
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1. Introduction
Primary hyperparathyroidism is a common endocrine disorder, and is almost always caused
by parathyroid neoplasia. Benign parathyroid adenoma is the commonest form of sporadic
parathyroid neoplasia, accounting for about 85% of all cases. Diffuse hypercellularity,
classically termed hyperplasia, of multiple parathyroid glands is observed in approximately
15% of cases. Parathyroid carcinoma, in contrast, is a rare cause of primary
hyperparathyroidism, accounting for less than 1% of cases, but is often associated with
severe clinical manifestations and significant mortality.
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Distinguishing between parathyroid adenoma and carcinoma is notoriously difficult on
purely histopathologic grounds. In the absence of invasion of surrounding structures and/or
metastasis, histopathologic features including fibrous bands, mitotic figures, and capsular
invasion are strongly suggestive, but not pathognomonic of carcinoma. A definitive
diagnosis of carcinoma depends upon the finding of regional or distant metastases or marked
local invasion already present at the time of surgery, thereby lowering the likelihood for
surgical cure of established parathyroid malignancy (Apel and Asa 2002). While there are a
few reports of carcinoma occurring within (and apparently evolving from) an adenoma or a
hyperplastic parathyroid gland (Murayama et al. 1977; Aldinger et al. 1982; Berland et al.
1982; Haghighi et al. 1983; Desch et al. 1984), the disproportionately overwhelming
prevalence of typical sporadic parathyroid adenoma compared with carcinoma implies that
progressive transformation from typical adenoma to carcinoma must be extremely rare. The
genetic and epigenetic changes found in benign parathyroid adenomas and malignant
parathyroid carcinomas will be discussed separately here.

2. Parathyroid Adenoma
Two genes, MEN1 and CCND1 (encoding cyclin D1), have been solidly established as
genetic drivers of benign parathyroid adenomas, meeting the most stringent criteria of (a)
the finding of recurrent, somatic mutations in typical, sporadically presenting human
parathyroid adenomas and (b) their ability to drive parathyroid tumorigenesis in
experimental animal models (or in humans, if strong/mendelian evidence of such a drive
exists). CDKN1B and other CDKI genes appear to function rarely as genetic drivers of
parathyroid tumorigenesis, and may more commonly be involved in predisposition to
sporadically presenting (and familial) parathyroid tumors. CASR, encoding the calcium
sensing receptor, also has a role, albeit very limited, in predisposition to parathyroid
adenoma but not as a driver of sporadic tumors via somatic mutation. In this discussion and
previously analyzed series, we have defined typical sporadic adenoma as cases with
clinically determined single gland disease, occurring in adults with no personal/family
history of primary hyperparathyroidism nor a personal/family history suggestive of multiple
endocrine neoplasia or a related syndrome, and for which neither gross examination nor
histopathology demonstrates atypical or malignant features (described below). Defining
criteria for case ascertainment is important, since use of different (especially less stringent)
criteria in some studies may well influence the apparent genetic contributors that emerge.

2.1 MEN1
The involvement of the MEN1 tumor suppressor gene in sporadic parathyroid adenomas was
first suspected based on its involvement in the familial Multiple Endocrine Neoplasia Type 1
syndrome (Chandrasekharappa et al. 1997). MEN1 is discussed more thoroughly in another
article in this issue [reference to follow] but its relevance to sporadic parathyroid tumors is
detailed here.

Loss of heterozygosity of chromosome 11q, the genomic location of the MEN1 gene, is the
most frequent genomic aberration found in parathyroid adenomas. Following positional
cloning of the MEN1 in familial MEN1, somatic mutations of MEN1 were identified in
sporadic parathyroid tumors, with biallelic inactivation of MEN1 occurring in 12-35%
(Heppner et al. 1997; Carling et al. 1998a; Farnebo et al. 1998; Tanaka et al. 2002; Cromer
et al. 2012; Newey et al. 2012). Rarely, patients presenting with apparently sporadic
parathyroid adenoma will present with germline MEN1 mutations (Starker et al. 2012a).

Mouse models of MEN1 have been developed. Homozygous inactivation of Men1 is
embryonic lethal and mice heterozygous null for Men1 develop a spectrum of tumors similar
to the human syndrome, including parathyroid tumors (Crabtree et al. 2001; Harding et al.
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2009). Additional conditional knockouts of Men1 have been developed using the Cre-LoxP
system. Targeted inactivation of Men1 specifically to the parathyroid glands resulted in
parathyroid neoplasia accompanied by hypercalcemic hyperparathyroidism (Libutti et al.
2003).

2.2 CCND1
The CCND1 (PRAD1) oncogene, encoding cyclin D1, was first identified as a human
oncogene through its involvement in parathyroid tumorigenesis. In a subset of parathyroid
adenomas, a peri-centromeric inversion of chromosome 11 results in the juxtaposition of the
PTH 5’ regulatory region to the CCND1 coding region. This rearrangement places
expression of CCND1 under the control of the PTH promoter/enhancer; this rearrangement
is illustrated in Figure 1. Since PTH is normally expressed at high levels in parathyroid cells,
the PTH-CCND1 rearrangement resulted in high-level overexpression of CCND1 (Motokura
et al. 1991). While the PTH-CCND1 rearrangement is appears to occur in up to 8% of
sporadic parathyroid adenomas (Westinet al. 2009), overexpression of cyclin D1 has been
seen in 20-40% of these tumors (Hsi et al. 1996; Tominaga et al. 1999; Vasef et al. 1999).
Subsequently, overexpression of cyclin D1 due to CCND1 DNA amplifications or gene
rearrangements have been demonstrated in a variety of tumor types, confirming CCND1's
importance as a bone fide human oncogene (Arnold 1995; Arnold and Papanikolaou 2005).

A mouse model of the PTH-CCND1 rearrangement, similar to that found in human
parathyroid tumors, has been developed (Imanishi et al. 2001). Cyclin D1 overexpression in
the parathyroid glands of these transgenic mice is driven by the PTH regulatory region.
These mice develop moderate chronic biochemical hyperparathyroidism and parathyroid
gland hypercellularity, providing direct experimental evidence for cyclin D1's role as a
driver of parathyroid neoplasia, and also establishing the mice as a model of human
hyperparathyroidism.

2.3 CDKN1B/CDKIs
With the establishment of CyclinD1 as a bona fide parathyroid oncogene, its binding
partners in cell cycle regulation, cyclin dependent inhibitors were also suspected to play a
role in parathyroid tumorigenesis. Mutation of Cdkn1b, encoding the cyclin-dependent
kinase inhibitor (CDKI) p27kip1, was later determined to cause a multiple endocrine
neoplasia syndrome, including parathyroid tumors, in a spontaneous occurring rat model
(Fritz et al. 2002; Pellegata et al. 2006). Patients with clinical criteria suggestive of MEN1
(e.g. multigland parathyroid hyperfunction or parathyroid plus another MEN1-related
tumor), but lacking any detectable MEN1 mutation, were subsequently screened for
sequence abnormalities in CDKN1B and other CDKI genes (reviewed in (Georgitsi)) and
mutations of suspected pathologic significance were identified in CDKN1B and additional
CDKI-encoding genes (CDKN1A, encoding p21Cip1, CDKN2B, encoding p15Ink4b and
CDKN2C, encoding p18Ink4c) (Agarwal et al. 2009).The role of CDKI genes in familial
endocrine tumors will be addressed elsewhere in this issue [reference to follow].

With the involvement of CDKNIB in familial/syndromic hyperparathyroidism having been
established, a role for CDKN1B mutation in sporadic parathyroid tumors was sought. Non-
synonymous, intragenic CDKN1B point mutations were identified in three patients with
typically presenting sporadic parathyroid adenomas; in all three cases, the sequence variants
were also present in the patients’ germline DNA. One additional adenoma contained a
somatic frameshift mutation coupled with tumor-specific LOH at CDKN1B and the
surrounding genomic region (Costa-Guda et al. 2011) and unpublished observations).
Allelic loss at the CDKN1B locus is uncommon in parathyroid tumors (Tahara et al. 1996;
Palanisamy et al. 1998), but decreased expression of p27 has been described at both the
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RNA (Buchwald et al. 2004) and protein levels (Erickson et al. 1998; Tokumoto et al.
2002). The finding of somatic mutation in sporadic human parathyroid adenomas coupled
with the ability of Cdkn1B mutation to drive tumorigenesis in rats provides strong evidence
supporting CDKN1B's candidacy as a genetic driver of benign parathyroid tumors. Future
documentation of the recurrence of p27 mutation in sporadic cases would enable CDKN1B
mutation to be solidly characterized as an established driver of typical sporadic parathyroid
adenomas.

The remaining 6 CDKI genes, CDKN1A, CDKN1C, CDKN2A, CDKN2B, CDKN2C and
CDKN2D, encoding p21, p57, p14ARF/p16, p15, p18, and p19 respectively, were
subsequently examined for mutations in sporadic parathyroid adenomas. Non-synonymous,
intragenic point mutations in CDKN1A, CDKN2B or CDKN2C were identified in five
tumors; a single, somatic mutation was identified in CDKN2C, while the remaining
mutations were germline or of undetermined germline/somatic status. No mutations of
potential pathogenic significance were identified in CDKN1C, CDKN2A or CDKN2D.
Functional evidence supporting the potential pathogenicity of observed sequence variants
was demonstrated for 3 of the 5 variants, one in each gene. Hypermethylation of CDKN2A
and CDKN2C has also been described in parathyroid tumors (Starker et al. 2011). Mice null
for Ckdn2c, encoding p18, rarely develop parathyroid neoplasia but when crossed with
Cdkn1b null mice, p18/p27 null animals demonstrate an increased incidence of parathyroid
tumors (Franklin et al. 2000). p18 null/Men1 heterozygotes also demonstrate an increased
incidence of parathyroid tumors as compared to single knockout of p18 or Men1
heterozygous littermates (Bai et al. 2007). Thus, the evidence that the mentioned mutations/
variants CDKN1A, CDKN2B and CDKN2C may contribute to parathyroid tumorigenesis by
somatic mutation or germline predisposition is strengthened their ability, at least in
combination, to drive parathyroid tumorigenesis experimentally.

2.4 Calcium sensing receptor
The extracellular calcium level is monitored by the parathyroid glands via cell surface
receptors and, at least when chronically low, can serve as an important regulator of
parathyroid cell growth. The calcium sensing receptor (CaR) is encoded by the CASR gene.
Calcium stimulates the CaR, a G-protein coupled receptor, which responds by activating
phospholipase C, through Gq and G11, resulting in production of inositol triphosphate and
release of calcium from intracellular stores. Diacylglycerol concentrations are also
increased, stimulating protein kinase C, which phosphorylates the CaR, promoting β-arrestin
binding and internalization of the CaR. CaR stimulation decreases PTH production and
secretion. In the absence of a strong negative feedback stimulus from extracellular calcium,
the CaR is relaxed and PTH secretion is relatively unrestrained. Over the short term, a
parathyroid cell lacking CaR stimulation will secrete PTH from granules stored in the
cytoplasm and begin to increase transcription of the PTH gene and protein production. A
prolonged absence of stimulus from CaR will trigger the cell to grow and divide. Activating
germline mutations of CASR are associated with a hypocalcemic, hypoparathyroid
phenotype (Pearce et al. 1996) while inactivating mutations are seen in patients with familial
hypocalciuric hypercalcemia (FHH) and neonatal severe hyperparathyroidism (NSHPT).
Inactivating mutations result in reduced sensitivity to extracellular calcium, which alters the
calcium-PTH set-point in parathyroid cells. An increased level of Ca2+ is required to
suppress PTH release. Mutations in genes involved in CaR signaling, GNA11, which
encodes Gα11, and AP2S1, which encodes AP2 σ, involved in CaR internalization, have also
been demonstrated in FHH (Nesbit et al. 2013a; Nesbit et al. 2013b). Along with increased
serum calcium and PTH, mild (FHH) to severe (NSHPT) parathyroid hyperplasia is seen in
these patients, suggesting that CASR could function as a parathyroid tumor suppressor gene
(Pollak et al. 1993). Parathyroid hyperplasia has also been demonstrated in homozygous
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Casr knockout mice, but not in heterozygous knockout mice (Ho et al. 1995). However,
somatic, inactivating mutations have not been found in typical, sporadic parathyroid
adenoma (Hosokawa et al. 1995; Cetani et al. 1999), and must be quite rare if they exist at
all. Germline CASR mutations have been described in sporadically presenting
hyperparathyroidism (Guarnieriet al. 2010; Starker et al. 2012a), although in only one case
fitting our criteria for typically presenting, sporadic parathyroid adenoma (Guarnieri et al.
2010), underscoring the importance of case selection in genetic studies. Despite the rarity of
mutations, aberrant CASR expression is more frequently seen in parathyroid tumors and may
contribute at least to the hyperparathyroid biochemical phenotype, if not directly to
parathyroid cell growth (Imanishi et al. 2001).

2.5 Additional Genetic Considerations
A number of additional genes have been reported as rare targets of somatic or germline
mutation in benign, sporadic parathyroid adenomas but their ability to “drive” parathyroid
tumorigenesis has yet to be established experimentally.

2.5.1 β-catenin—Several studies have examined the role of CTNNB1, encoding the
oncogene β-catenin, in parathyroid adenomas. Phosphorylation of β-catenin by GSK3β
normally leads to its proteosomal degradation (Clevers 2006); stabilization and
accumulation of non-phosphorylated β-catenin, leading to increased activation of Wnt
signaling, in human tumors can also be accomplished by mutation of the GSK3β recognition
motif (encoded by exon 3) in the β-catenin gene CTNNB1 (Morin et al. 1997). Indeed,
virtually all CTNNB1 mutations identified in human tumors are located in exon 3 and most
affect serine-threonine phosphorylation sites or adjacent residues, making this a hotspot for
mutational activation of CTNNB1 (Ilyas 2005).

Two studies of Swedish patients with parathyroid adenomas revealed an identical, somatic
homozygous stabilizing mutation, encoding a serine to alanine change at amino acid 37
(S37A), in exon 3 of CTNNB1, in 9 of 124 tumors studied. Aberrant β-catentin staining was
observed in all tumors analyzed immunohistochemically, regardless of mutation
status(Bjorklund et al. 2007a; Bjorklund et al. 2008). Other groups have collectively
interrogated nearly 600 additional parathyroid adenomas (including 98 from a distinct group
of Swedish patients) for mutations of CTNNB1 exon 3 and S37A mutation has not been
identified in any additional patients (Semba et al. 2000; Ikeda et al. 2002; Costa-Guda and
Arnold 2007; Juhlin et al. 2009; Cetani et al. 2010; Haglund et al. 2010). However, a
heterozygous, somatic mutation encoding a serine to cysteine change at amino acid 33
(S33C) has been identified in two patients from distinct cohorts (Guarnieri et al. 2012;
Starker et al. 2012b), suggesting CTNNB's overall mutation frequency in parathyroid
adenomas is likely less than 1.8% and perhaps as low as 0.3%. Beyond the noted
discrepancies in reported frequencies of CTNNB1 mutations, it is difficult to explain why the
S37A mutations reported by Bjorklund et al were uniformly homozygous, whereas the two
S33C mutations reported by other groups were heterozygous; heterozygosity would be more
consistent with CTNNB1's role as a direct-acting oncogene and the copy number of such
mutations when observed in other types of human tumors. Also in contrast to the initial
reports by Bjorklund et al, only two parathyroid adenomas of the 115 examined
immunohistochemically in later studies, including only one of the two cases with S33C
mutation, were reported to demonstrate abnormal β-catenin staining (Ikeda et al. 2002;
Starker et al. 2012b), a value more consistent with the estimated mutation frequency.
Aberrant splicing of the Wnt co-receptor LRP5, resulting in increased expression of β-
catenin, has also been described in parathyroid adenoma (Bjorklund et al. 2007b). The role
of β-catenin and other Wnt signaling pathway components in parathyroid tumorigenesis is
an important issue that merits further investigation.
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2.5.2 mtDNA—Mitochondrial alterations, including mitochondrial DNA (mtDNA)
mutations have been described in a variety of tumor types. It has been hypothesized that a
selective advantage conferred by mtDNA mutation could in particular contribute to benign
tumorigenesis of a slowly replicating tissue like the human parathyroid. Acquired
mitochondrial DNA mutations were identified in a subset of parathyroid adenomas,
particularly in those with an oxyphil cell phenotype (Costa-Guda et al. 2007). Oxyphil cells
have a characteristic eosinophilic granular cytoplasm that is densely packed with
mitochondria (Munger and Roth 1963; Apel and Asa 2002), as compared with the typical
chief cell. While the exact mechanism remains controversial, mtDNA mutations may well
contribute to the molecular pathogenesis of benign parathyroid tumors. Statistically
significant differences in mutation prevalence in oxyphil vs. chief cell adenomas also
suggest that mtDNA mutations may contribute to the oxyphil phenotype (Costa-Guda et al.
2007).

2.5.3 Next generation sequencing—Advances in sequencing technologies, allowing
for analysis of virtually all transcribed exons throughout the entire genome, have recently
been applied to sporadic parathyroid adenomas (Cromer et al. 2012; Newey et al. 2012).
Interestingly, these two studies failed to identify any frequent genetic alterations in
parathyroid adenomas or any alterations common to both studies (except MEN1),
demonstrating the genetic heterogeneity of parathyroid adenomas. The most frequent, and
the only recurrent, abnormality identified was mutation of the MEN1 gene which, as noted
above, was already well-recognized as a key contributor to sporadic (and familial)
parathyroid neoplasia. A heterozygous, somatic missense mutation of EZH2, an oncogenic
contributor to multiple human tumor types, was identified in one of eight tumors subjected
to next-generation sequencing and an identical mutation was found in one of 185 additional
tumors examined by Sanger sequencing (Cromer et al. 2012). Identical mutation of EZH2
has previously been described in follicular lymphoma and diffuse large B-cell lymphoma
and has been demonstrated to act as a dominant, gain-of-function mutation.(Yap et al.
2011). While EZH2 mutation has not yet been experimentally demonstrated to drive
hyperparathyroidism, it is a strong candidate for rare involvement as a parathyroid
oncogene. Mutations in a number of additional genes, such as POT1, were reported to affect
single tumors, but could not be determined by Sanger sequencing of additional tumors to be
recurrent. Further studies are required to determine the extent and nature of involvement of
these additional genes in the pathogenesis of parathyroid adenomas.

2.5.4 Others—A number of additional candidate genes, whose involvement in parathyroid
tumorigenesis has been suspected, have also been examined. Benign parathyroid tumors are
found in patients with germline RET mutations (MEN2). However, somatic mutations of
RET have not been identified in sporadic parathyroid adenomas (Pausova et al. 1996). It is
unknown whether alterations in RET expression and/or function may contribute to the
molecular pathogenesis of sporadic parathyroid tumors in some way.

Germline alterations of the AIP gene, located 2.6 megabases away from MEN1 on 11q13
and encoding the aryl hydrocarbon receptor interacting protein, predispose patients to
pituitary tumors, often such heritable mutations have a sporadic presentation. A germline
AIP mutation has also been described in a single patient with a pituitary tumor and
parathyroid hyperplasia, who tested negative for MEN1 or CDKN1B gene mutations (Belar
et al. 2012). A recent study examined a series of 132 sporadically presenting parathyroid
adenomas for AIP mutations and identified germline mutation in 2 cases, accompanied by
loss of the normal allele in one case. One of the two mutation-positive patients had
persistent hypercalcemia/hyperparathyroidism following surgery, suggestive of multi-gland
disease. The same c.911G>A (R304Q) mutation was identified in both, unrelated patients
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and has been previously seen in several familial isolated pituitary adenoma kindreds and
sporadic pituitary tumors (Pardi et al. 2013). Homozygous inactivation of Aip in genetically
engineered mice is embryonic lethal, and no parathyroid abnormalities were reported in Aip
heterozygous knockout mice (Kang et al. 2011). Thus, a rare predisposition allele of AIP is a
good candidate for linkage to occasional cases of sporadic hyperparathyroidism; in the
absence of reported somatic mutations and direct experimental functional evidence it
remains to be determined if such mutations can function as a genetic drivers of typical
sporadic parathyroid adenomas.

Parathyroid cell proliferation is a normal response to vitamin D deficiency. Clinically,
patients with vitamin D deficiency or suboptimal vitamin D nutrition have increased
parathyroid gland weight (Silverberg et al. 1999). The PTH gene promoter contains a
vitamin D responsive element (VDRE)(Demay et al. 1992) and 1,25(OH)2D3 (the active
form of vitamin D)-VDR complex suppresses PTH transcription and secretion (Silver et al.
1999). Active vitamin D has been shown to suppress parathyroid cell growth both in vitro
and in vivo (Cantley et al. 1985; Nygren et al. 1988). However, increased parathyroid cell
proliferation seen in VDR-deficient mice can be rescued by a calcium and phosphate rich
diet (Li et al. 1998), and mice with a parathyroid-specific VDR deletion do not demonstrate
enlarged parathyroid glands (Meir et al. 2009), suggesting that parathyroid proliferation is
primarily influenced by calcium levels. Vitamin D metabolism has been linked to
tumorigenesis in various cell types. Active vitamin D can inhibit cell cycle progression,
associated with decreased cyclin D1 and increased p21 and p27 levels, and functions in
regulation of growth factors, angiogenesis, apoptosis and telomerase activity [reviewed in
(Buchwald et al. 2005)]. Despite roles in both parathyroid cell growth and human
tumorigenesis, and reduced expression in parathyroid adenomas (Carling et al. 1998b;
Carling et al. 2000), VDR mutations have not been found in parathyroid tumors (Brown et
al. 2000; Samander and Arnold 2006).

2.5 Epigenetics
The role of epigenetic alterations in parathyroid adenomas has not been extensively studied.
A few studies, focusing on an individual gene or a small group of genes, have been
performed. The Rb-interacting zinc finger gene, RIZ1, a tumor suppressor gene capable of
driving tumor development in humans and experimental animals, was hypermethylated in
40% of the parathyroid adenomas studied. Further, hypermethylation was accompanied by
loss of heterozygosity at 1p36, the genomic locus of RIZ1 (Carling et al. 2003). However,
aberrant expression of RIZ1 has not been reported in parathyroid tumors and loss of RIZ1
does not appear to be able to drive parathyroid tumor development in genetically engineered
mice (Steele-Perkins et al. 2001). Hypermethylation of APC, the gene responsible for
familial adenomatous polyposis (FAP), occurs frequently in parathyroid adenomas (Juhlin et
al. 2010). Parathyroid tumors have been reported in a few FAP patients (Sakai et al. 2002;
Andreasson et al. 2012), but owing to the relatively high prevalence of hyperparathyroidism,
this may be a chance occurence. Despite hypermethylation, aberrant APC expression has not
been demonstrated in parathyroid adenomas (Juhlin et al. 2009; Svedlund et al. 2010),
except in the setting of germline APC mutation (Andreasson et al. 2012). RASSF1A (Juhlin
et al. 2010) and HIC1 (Svedlund et al. 2012), genes, frequently subject to epigenetic
inactivation in human cancers, are also frequently hypermethylated in parathyroid
adenomas. A comprehensive methylome analysis, including methylation sites of more than
14,000 genes, was performed on a series of benign and malignant parathyroid tumors. This
study revealed aberrant methylation of 367 genes, including RIZ1, APC and RASSF1A, in
parathyroid adenoma and 175 genes in parathyroid carcinoma, as compared to normal
parathyroids, and methylation patterns of 263 genes differed between parathyroid adenoma
and carcinoma (Starker et al. 2011). It remains unclear which of these aberrantly methylated
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genes may be important to the pathogenesis of parathyroid tumors and if any of them may
eventually serve as the basis of novel therapeutic interventions.

3. Parathyroid Carcinoma
Parathyroid carcinoma is an exceedingly rare, but highly aggressive, form of primary
hyperparathyroidism. The rarity of this tumor has made the study of its genetic basis more
difficult. It has been controversial whether parathyroid cancers typically arise de novo or
from preexisting benign adenomas through further accumulation of genetic abnormalities,
akin to the colorectal cancer model (Vogelstein et al. 1989). While there are a few reports of
carcinoma occurring within (and apparently evolving from) an adenoma or a hyperplastic
parathyroid gland (Murayama et al. 1977; Aldinger et al. 1982; Berland et al. 1982;
Haghighi et al. 1983; Desch et al. 1984), the disproportionately high prevalence of typical
sporadic parathyroid adenoma compared with carcinoma implies that progressive
transformation from typical adenoma to carcinoma must be extremely rare.

Substantial evidence for a progression model has been demonstrated in colon cancer and
other solid tumors, with normal tissue advancing through hyperplastic/dysplastic and benign
neoplasia stages, via incremental accumulation of acquired genetic abnormalities, before
becoming malignant. In a progression model, genetic alterations already present in early/
benign disease are found at equal or greater frequencies in advanced/malignant disease, and
additional alterations (that were important for progression) are present selectively in the
malignant tumors. For this progression model to be generally true for parathyroid cancer, the
same genetic alterations already present in parathyroid adenomas should be at least equally
well represented in parathyroid carcinoma, along with additional acquired genomic changes
found in carcinomas. The most common (and most informative) alterations in benign
parathyroid tumors, loss of 11q and mutation of MEN1, occur in 35% of parathyroid
adenomas (Tahara et al. 1996; Agarwal et al. 1998; Farnebo et al. 1999; Hunt et al. 2005;
Cromer et al. 2012; Newey et al. 2012; Costa-Guda et al. 2013a). A progression model
would predict that 11q loss and MEN1 mutation would be found in at least 35% of
carcinomas; however, these changes are rarely, if ever, seen in parathyroid cancer (Agarwal
et al. 1998; Farnebo et al. 1999; Kytola et al. 2000; Costa-Guda et al. 2013a). These
observations suggest that parathyroid cancer generally arises de novo, rather than evolving
from a preexisting typical benign adenoma.

3.1 HRPT2
An exception to the above-noted predominant process of de novo parathyroid
carcinomagenesis appears to occur in patients with germline HRPT2 mutations. These
patients do indeed appear to develop parathyroid carcinomas that evolve from preexisting
benign or atypical adenomas, and might explain those rare reports of apparent progression.
HRPT2 mutation is responsible for Hyperparathyroidism Jaw-Tumor syndrome (HPT-JT),
an autosomal dominant disorder predisposing to multiple benign and/or malignant tumors in
the parathyroid glands, kidneys and uterus and benign tumors of the jaw bones, typically
classified as ossifying and/or cementifying fibroma. Germline HRPT2 mutations are also
found in a subset of families with Familial Isolated Hyperparathyroidism.

Studies of sporadic parathyroid tumors demonstrated somatic, intragenic, inactivating
mutations of HRPT2 in a large percentage of malignant parathyroid tumors (Shattuck et al.
2003b), but they very rarely occur in sporadically presenting benign parathyroid adenomas
(Howell et al. 2003; Krebs et al. 2005; Bradley et al. 2006). Expression of parafibromin, the
protein product of HRPT2, is also lost in the majority of parathyroid carcinomas but retained
in adenomas. Owing to its specificity for parathyroid cancer, except in the setting of
germline mutation, parafibromin immunohistochemistry has been proposed as an aid to
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diagnosis of parathyroid cancer in clinically equivocal cases (Tan et al. 2004; Gill et al.
2006; Cetani et al. 2007) but parafibromin staining alone may not be sufficient to serve as a
diagnostic marker of parathyroid cancer (DeLellis 2011).

Unexpectedly, a substantial minority of patients with seemingly sporadic parathyroid cancer
possess germline HRPT2 mutations, suggesting they may represent novel cases of HPT-JT
or a phenotypic variant, and having important implications for long term management of the
patients and their families (Shattuck et al. 2003b; Cetani et al. 2004; Guarnieri et al. 2006;
Arnold and Marx 2008). A summary of HRPT2 mutations in both familial and sporadic
hyperparathyroidism is shown in Figure 2. Identified mutations are scattered throughout the
1593 coding base pairs of the 17 exon gene, with an over-representation of mutations in
exons 1, 2 and 7. As expected for a classical tumor suppressor gene, in many tumors
biallelic inactivation of the gene can be demonstrated, through mutation accompanied by
LOH or through independent mutations in both alleles (Howell et al. 2003; Shattuck et al.
2003b; Cetani et al. 2004). Inactivation of HRPT2 through gross deletion of the gene has
also been observed (Cascon et al. 2011; Domingues et al. 2012; Bricaire et al. 2013).

Parafibromin is a 531 amino acid, ubiquitously expressed and evolutionarily conserved
protein with a nuclear localization signal and no homology to any known protein functional
domains. The C-terminal portion contains sequence similarity to yeast cell-division protein
Cdc73p, a component of the yeast polymerase-associated factor 1 complex (Paf1c), which
associates with RNA polymerase II during transcriptional initiation and elongation.
Additional evidence suggests Paf1c is involved in histone modification and
posttranscriptional events, including modification of the poly (a) tail. The human PAF1
complex (hPAF1C) includes homologs most of the same subunits as the yeast Paf1c and
shares similar functions.

Studies in Drosophila have demonstrated that Hyrax, the Drosophila homolog of
parafibromin, is involved in canonical Wnt/Wingless signaling (Mosimann et al. 2006), a
central regulator of development and proliferation, thereby providing one potential
mechanism for parafibromin's role in tumorigenesis. Activation of canonical Wnt signaling
leads to activation of gene transcription by β-catenin; many targets of Wnt signaling
promote cell proliferation. Expression of cyclin D1, an oncogene capable of driving
parathyroid neoplasia, is regulated in part by Wnt signaling (Shtutman et al. 1999; Tetsu and
McCormick 1999) and Wnt pathway abnormalities have been well documented in various
types of human tumors (reviewed in (Karim et al. 2004)). Loss of Wnt pathway components
APC and GSK3β (Juhlin et al. 2009) and accumulation of β-catenin have also been
described in parathyroid cancer (Svedlund et al. 2010). Parafibromin has been demonstrated
to inhibit cancer cell growth and cause G1 phase arrest in vitro, in part through regulation of
Cyclin D1 (Woodard et al. 2005; Lin et al. 2008).

Conventional and conditional transgenic mouse knockouts of Hrpt2 have been developed to
elucidate the in vivo function of parafibromin. Homozygous deletion of Hrpt2 is embryonic
lethal by embryonic day 6.5 and controlled germline deletion of Hrpt2 at later stages of
development led to growth retardation, severe cachexia and death within 20 days (Wang et
al. 2008). These results indicate that Hrpt2 expression is important for both embryonic
development and survival of adult mice. It remains to be determined how loss of Hrpt2
expression promotes tumorigenesis in tissues such as parathyroid and kidney in humans and
whether this phenotype can be recapitulated in the setting of a model organism.

3.2 Additional Genetic Considerations
Studies of parathyroid cancer have focused primarily on identifying locations of allelic
imbalance and interrogating candidate genes for sequence and/or expression abnormalities.
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Using comparative genomic hybridization and molecular allelotyping, recurrent regions of
loss likely to contain a key tumor suppressor gene(s) have been localized to chromosomes
1p, 3, 13q and 14. Recurrent regions of gains likely to contain driver oncogene(s) are located
on chromosomes 1q and 16 (Agarwal et al. 1998; Farnebo et al. 1999; Kytola et al. 2000;
Hunt et al. 2005; Sulaiman et al. 2012; Costa-Guda et al. 2013a). Mutations in important
human tumor suppressor genes such as p53 (Cryns et al. 1994; Hakim and Levine 1994),
pRb and BRCA2 (Shattuck et al. 2003a) have been sought but none have been identified.

Recently, a single parathyroid carcinoma and a recurrence from the same patient were
subjected to whole genome, next-generation sequence analysis. Somatic point mutations
were detected in 23 genes; of these, 15 were detected in both the primary tumor and the
recurrence, 7 were found only in the recurrence and one (PIK3CA) was found only in the
primary tumor. Of particular interest, mutations were identified in MLL2, a putative tumor
suppressor gene known to interact with MEN1; mTOR, a gene upstream of the parathyroid
oncogene Cyclin D1; and THRAP3, a member of the SNARP complex that can regulate
Cyclin D1 expression. A mutation was also identified inCDKN2C/p18; interestingly
affecting the same amino acid residue as a mutation previously identified in a parathyroid
adenoma (Costa-Guda et al. 2013b). Two inter-chromosomal translocations and one intra-
chromosomal inversion, expected to result in the formation of fusion proteins, were also
identified; it is unclear however if any of these fusion proteins were actually expressed in the
tumor (Kasaian et al. 2013). Since these results are from a single patient, it is impossible to
predict which of the mutated genes identified in this study will emerge as important driver
genes in parathyroid cancer. However, the identification of such mutations is a potentially
important step in expanding our understanding of the molecular pathogenesis of parathyroid
cancer.

4. Conclusions
Several important advances have been made towards the goal of understanding the
molecular basis of sporadic parathyroid tumors. Mutations in the MEN1 tumor suppressor
gene are the most common finding in benign parathyroid adenomas. Mutations in CDKN1B,
encoding p27, and other CDKI genes are found at a low frequency in parathyroid adenomas
and germline variants may function as predisposition alleles in seemingly sporadic cases.
The cyclin D1/PRAD1 oncogene has been identified as a parathyroid oncogene, is
overexpressed in 20–40% of parathyroid adenomas, and is also involved in the development
of many additional tumor types. Alterations in additional genes such as those encoded by the
mitochondrial genome, β-catenin, and others identified by next-generation sequencing
methods, including POT1 and EZH2, may contribute to parathyroid adenoma formation but
their ability to drive parathyroid tumorigenesis remains to be demonstrated experimentally.
Somatic mutations in the RET gene, the causal defect in MEN2, plus CASR and VDR, appear
to contribute rarely if ever to the development of sporadic parathyroid tumors. The
identification of the tumor suppressor parafibromin, encoded by the HRPT2 gene, has
provided important insight into parathyroid carcinoma. Observations from comparing
regions of allelic imbalance as well as known gene mutations suggest that parathyroid
cancer generally arises de novo, rather than evolving from a preexisting typical benign
adenoma. Additional genes important to the development of parathyroid tumors are likely to
be identified by next-generation sequence analysis and the extent and nature of their
involvement will need to be carefully examined and validated with genetic and
experimental-functional approaches.
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Highlights

• Parathyroid adenoma is the most common parathyroid tumor; parathyroid
carcinoma is rare.

• Parathyroid carcinoma does not evolve through a benign intermediate, except in
HPT-JT.

• Somatic MEN1 mutations are the most frequent finding in parathyroid adenoma.

• Cyclin D1/PRAD1 is also an established driver of sporadic adenomas.

• Mutation in CDKN1B/p27 and other CDKI also appears to contribute to
parathyroid adenoma development.

• Genetic predisposition to sporadic parathyroid adenoma may be conferred by
rare, germline variants in CDKI genes, CASR and AIP.

• The HRPT2 tumor suppressor gene is commonly mutated in parathyroid
carcinoma.
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Fig. 1. Schematic diagram illustrating the DNA rearrangement involving the PTH gene and the
CCND1 gene in a subset of parathyroid adenomas
The chromosomal inversion event is deduced as the simplest cytogenetic event consistent
with the molecular details of this DNA rearrangement.
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Fig. 2. Schematic diagram of known mutations and polymorphisms in HRPT2 (CDC73)
The HRPT2 gene consists of 17 exons (boxes), the coding region is indicated by shaded
boxes and the untranslated regions are unshaded. The sites of known mutations are indicated
by vertical lines below the gene. The length of line indicates mutation type as illustrated.
Germline mutations (solid lines), somatic mutations (wide interrupted lines), and undefined
mutations (narrow interrupted) are indicated . Figure originally published in (Newey et al.
2010).
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