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Abstract: Parathyroid carcinoma is a rare disease that needs an additional diagnostic tool and wide
therapeutic options. The genomics and proteomics approach may help to find the tools to improve
the prognosis of the disease by early detection and metastatic control. The findings from genomics
were mainly CDC73, PRUNE2, CCND1, and genes related to PI3K/AKT/mTOR and Wnt pathways.
CDC73, PRUNE2, and CCND1 were closely related to each other, and PRUNE2 and CCND1 genes
are related to expression levels of parafibromin protein, which may aid in supporting the definite
diagnosis of the disease. PI3K/AKT/mTOR and Wnt pathways could be a potential therapeutic
target for the disease, which needs further basket trials to prove the concept. In this review, current
findings from genomics and proteomics studies in parathyroid carcinoma were reviewed.
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1. Introduction

Parathyroid carcinoma (PC) is a rare endocrine malignancy that accounts for less
than 1% of parathyroid tumors [1,2], and its incidence has been increasing in Caucasian
and Asian populations [2,3]. Surgical resection was the only curative treatment option.
Thus, the prognosis of PC is poor in cases of local invasion or metastasis. Therefore, early
diagnosis and intervention are crucial for treating patients with PC, while diagnosing PC
is complicated and contentious. Since specific biochemical or clinical features are lacking,
preoperative PC diagnosis is difficult. Therefore, PC is usually diagnosed postoperatively
by histological examination [4]. However, histological diagnosis is often confusing unless
patients present a definite local invasion or metastasis [5], and diagnostic accuracy largely
depends on the pathologist’s experience.

In addition, there is no effective treatment option for recurrent or metastatic PC except
for surgical resection. It has been focused on controlling hypercalcemia using bisphospho-
nates and calcimimetics, and no chemotherapy regimen has been proven effective in clinical
trials so far [6]. Therefore, in addition to improving preoperative diagnosis, effective treat-
ment options other than surgery are needed. In line with the situation, exploring genetic
and proteomic alterations can help understand the pathophysiology of PC to diagnose and
treat the disease effectively. There have been some studies using genomics and a limited
number of studies using the proteomics approach in PCs [7–10]. The article reviewed
current findings from previous genomics and proteomics studies in PC.

2. Genetics of PC
2.1. CDC73

Germline mutation of CDC73, also known as HRPT2, is responsible for a rare auto-
somal dominant disorder, Hyperparathyroidism Jaw-Tumor syndrome (HPT-JT), charac-
terized by multiple benign or malignant tumors in parathyroid, kidney, uterus, and jaw
bones [11]. CDC73 encodes a protein of 531 amino acids termed parafibromin, named due
to the relationship to parathyroid and fibro-osseous lesions found in HPT-JT patients [11].
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In these patients, the lifetime risk of PC is about 20%, implying a strong association between
the pathophysiology and the mutation [11].

Subsequently, researchers focused on discovering CDC73 mutations in sporadic PC
patients. Somatic mutations of the CDC73 gene have become the most established genetic
alteration in PC [12]. Biallelic loss-of-function mutations of the CDC73 tumor suppressor
gene are major genetic drivers and found in 9% to 70% of sporadic PCs [13,14], while
they were found in <1% of benign parathyroid adenomas [15]. The percentage of CDC73
mutation among PC varies among studies; some reported ~70% had the mutation, while
others reported only ~9% [16]. Considering the extreme rarity and different prevalence of
PCs, the discordance among the studies may be due to selection bias and ethnic differences.

The CDC73 mutations are of a missense nature due to frameshift mutations or prema-
ture truncations in conserved regions. The mutations can inactivate human polymerase-
associated factor 1 (hPAF1) or nuclear localization signals (NLSs) of parafibromin. In
addition to inactivating mutations, loss of heterogeneity in the CDC73 gene locus and
hypermethylation of the CDC73 promoter region have also been found as somatic events
of PCs [17,18]. In a recent whole genome sequencing study, CDC73 mutations were found
in 39% of patients, and 8% had copy number variations of CDC73 [19].

The CDC73 gene is ubiquitously expressed, and the encoded parafibromin is an
evolutionarily conserved protein. It is a member of the hPAF regulatory complex to regulate
transcriptional activity by histone-modifying and chromatic remodeling (Table 1) [20]. It has
been reported to be associated with tumor-suppressive properties since most tumors with
CDC73 mutations had a loss of parafibromin expression, and functional in vitro studies
showed an anti-proliferative effect of the wild-type parafibromin [21,22]. In addition,
parafibromin has been reported to regulate cyclin D1.

Table 1. Major biological functions of wild-type parafibromin protein.

Protein Localization The Function of the Protein

Nucleus A member of the PAF1 complex, functioning as a transcriptional
regulator by histone-modifying and chromatic remodeling [20]
Tumor suppressor, involved in cell cycle progression by
regulating cyclin D1/PRAD1 expression and the Wnt pathway,
potentially downregulating β-catenin and c-Myc [21]
Has a role in nuclear localization since the N-terminal of
parafibromin contains a highly conserved functional monopartite
nuclear localization signal (NLS) [19]

Cytoplasm Interacts with the actin-binding proteins, actinin-2 and actinin-3,
which are involved in cytoskeletal structure organization [23]

Clinically, as a confident diagnosis of PC is a challenging task, parafibromin immuno-
histochemistry has been suggested to help diagnose equivocal cases. In previous studies,
loss of nuclear expression of parafibromin was a distinguishable feature between PC and
adenoma [14], showing sensitivity and specificity of 75~90% and >90% with a kappa value
of 0.9. However, there were also reports that parafibromin may not be enough to dis-
tinguish PC since only 46% of PCs showed negative staining of parafibromin [24]. The
discrepancy among studies could be related to selection bias, differences in retrieval and
antibodies, and different criteria for assessing reactivity. Despite these discrepancies, the
loss of parafibromin nuclear staining is a useful marker that can support the diagnosis of
PC in confusing cases. Additional markers for the definite diagnosis of PC-such as loss of
APC expression have been suggested, although attempts to find more markers and further
validation for potential markers are needed.

2.2. PRUNE2 Gene

The PRUNE2 gene was reported to be associated with PC [10]. PRUNE2 protein is
known as a tumor suppressor, suppressing Ras homolog family member An activity that
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leads to inhibiting oncogenic transformation. In a recent whole exome sequencing study,
18% of PC patients had the PRUNE2 mutation, while none of the parathyroid adenoma
patients had [10], suggesting that the PRUNE2 gene could be a potentially oncogenic gene
alteration. In previous cases, somatic nonsense mutations of the PRUNE2 gene were found
along with the CDC73 mutation, implying a synergic effect of tumor suppressors—PRUNE2
and CDC73—may contribute to carcinogenesis [9]. It was previously reported that three
missense mutations of the PRUNE2 gene were likely pathogenic by inhibiting the function
of the PRUNE2 protein [10]. The nonsense mutations were likely to produce a truncated
PRUNE2 protein without a BNIP-2 and Cdc42GAP Homology (BCH) domain to lose control
of cellular transformation by losing its tumor suppressor function. However, in another
study, only 1 case among 25 PC cases harbored previously identified somatic mutations of
PRUNE2. Therefore, further studies with whole PRUNE2 gene sequencing on larger cases
of PCs are needed to confirm the exact prevalence of the PRUNE2 mutation.

2.3. CCND1 Gene

CCND1, which encodes cyclin D1, was reported to act as an oncogene in parathyroid
adenoma through PTH-CCND1 rearrangement. It has been observed that cyclin D1 was
more significantly overexpressed in parathyroid adenomas and carcinomas than in the
normal parathyroid [25]. It has also been reported that mRNA and protein expression
levels were higher in PCs than in adenomas [26]. In previous genomic studies, CCND1
amplification was observed in 71–90% of PCs [9,26]. As a mechanism, it has been sug-
gested that the loss of parafibromin may cause overexpression of cyclin D1 and thus
activate cell proliferation [21]. However, interestingly, in a recent report, 80% of cases with
CCND1 amplification were mutually exclusive of CDC73 somatic mutations, suggesting
that CCND1 amplification could be an alternative mechanism of CDC73 inactivation to
upregulate CCND1 expression [9]. As CCND1 overexpression is also frequently found
in parathyroid adenomas, other concurrent mutations in PC may synergize and lead to
a malignant phenotype.

2.4. MEN1 Gene

Multiple endocrine neoplasia 1 syndrome (MEN1) is an autosomal dominant disorder
caused by mutations in the MEN1 gene [27]. In MEN1 syndrome, 99% of cases are benign
parathyroid adenomas or hyperplasia, and only 1% of them were reported as PC or atypical
parathyroid adenomas [28,29]. Although somatic MEN1 mutations are reported to be
infrequent in PCs, two genomic profiling studies found genetic alterations in the MEN1
gene in 13–31% of cases, suggesting MEN1-caused development of PCs as a cause of
sporadic primary hyperparathyroidism may be more prevalent than initially thought [7,30].
Interestingly, unlike CDC73-mutated cases, all MEN1-mutated cases had definite single
allele loss of heterogeneity (LOH) or copy number neutral LOH, implying that biallelic
inactivation of the MEN1 gene is a mandatory step for carcinogenesis [7].

2.5. PI3K/AKT/mTOR Pathway-Related Genes

The PI3K/AKT and mTOR signaling pathways are critical in cell growth and survival
in physiological and pathological conditions, including cancer. Therefore, the pathway,
frequently activated in various cancers, has been considered a potential therapeutic target.
The pathway contributes to oncogenic transformation by regulating cell cycle progression,
survival, suppression of autophagy, and senescence [31]. Activation of the pathway leads to
increase cell growth, angiogenesis, and metastatic potential [32]. Clinically, it was reported
that PIK3CA and PTEN mutation, which may activate the pathway, were among the top
three mutated genes in a meta-analysis of 21 types of cancer [33].

In PC, genetic alterations that can activate the pathway—such as PTEN, mTOR, and
PIK3CA—were found in 13–20% of patients [7–10], representing a major pathogenic path-
way and a potential therapeutic target for PCs. In previous studies, PIK3CA mutations
were mutually exclusive from CDC73 mutations, suggesting that they could both be onco-
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genic but act independently [9]. Further, an activated PIK3CA mutation without a CDC73
mutation was reported in a PC case, consistent with other reports of mutual exclusivity
of PIK3CA and CDC73 mutation [8]. Moreover, mTOR gene mutations were found in PCs,
mutually exclusive from PIK3CA mutations in a study, but further supporting studies
are needed [9].

As the activation of the pathway could be one of the main oncogenic pathogeneses of
PC, it has been suggested that modulating the axis by using PI3K/AKT/mTOR inhibitors
could be helpful in the subset of patients [34]. However, PC is too rare to conduct a
randomized controlled clinical trial to prove the efficacy of the inhibitors. Therefore, to
overcome the rarity of the disease, as in other rare cancers, the routine evaluation of genetic
alteration in PC and considering the basket trials for the disease may help improve the
outcomes. ‘Basket trial’ means a trial design in which the targeted treatment is examined
in multiple diseases with common molecular alterations. Furthermore, PIK3CA/mTOR
mutations may help diagnose PC before the surgical resection, although the prevalence of
the mutations in parathyroid adenomas needs to be assessed in further studies.

2.6. Wnt Signaling Pathway-Related Genes

The Wnt signaling pathway is known to regulate various cellular events, including
cell proliferation, apoptosis, and survival. Aberrant activation of Wnt signaling and
accumulation in the cytoplasm and nucleus plays a role in the pathogenesis of various
cancer types [35]. The pathway has also been reported as a potential oncogenic pathway
in PC. Although CDC73 has been reported to regulate the Wnt signaling pathway by
stabilizing β-catenin, genetic and epigenetic changes in APC and RNF43 genes have been
identified as another key regulator of the Wnt signaling pathway [9,36]. In a previous study
of five cases of PC, all tumor tissues of five cases showed increased nonphosphorylated
active β-catenin accumulation compared to adjacent normal parathyroid tissue [36]. They
suggested that the activation of the Wnt pathway is likely due to a loss in expression
of the APC gene caused by promoter DNA methylation. Inactivating somatic mutations
of the APC gene in a study by Pandya et al. implied the importance of Wnt signaling
in the carcinogenesis of parathyroid tissue, as in other cancer types [9]. APC is one of
the members of the β-catenin destruction complex to target β-catenin for proteasomal
degradation [36]. When the APC function is lost, β-catenin translocates into the nucleus
to promote proliferation by activating S-phase regulators, including c-myc and cyclin D1.
Therefore, mutations of the APC gene causing Wnt signaling dysregulation are well known
as a first-hit mechanism and found in 10–80% of colorectal carcinomas, as well as in other
cancer types [37–39].

Inactivating the mutation of the RNF43 gene was also reported in PC, which is another
key regulator of the Wnt signaling pathway [9]. RNF43 encodes E3 ubiquitin-protein ligase
that acts as a negative regulator of the pathway by mediating the ubiquitination, endo-
cytosis, and subsequent degradation of Wnt receptor complex components Frizzled [40].
The protein acts on canonical and non-canonical Wnt signaling pathways [40]. Like the
APC gene mutation, the RNF43 mutation was frequently found in colorectal and endome-
trial carcinomas [41]. Interestingly, mutations of RNF43 are mutually exclusive to APC
mutations in colorectal carcinomas [41], as found in a previous study of PCs [9]. However,
somatic mutations of these genes have only been reported in a small number of cases of PC.
Further studies focusing on the genes related to the Wnt pathway are needed.

2.7. Other Mutations

Somatic inactivating TERT gene mutations were reported in sporadic PCs. The TERT
gene encodes the telomerase catalytic subunit, which regulates transcriptional regulation,
the foremost limiting step in telomerase activity [42]. In 2013, two hotspot mutations
were discovered in the TERT promoter in over 70% of melanomas [43]. Interestingly, the
same hotspot mutations were found in PC cases [7], implying the possibility of impaired
telomerase activity as one of the major oncogenic pathogeneses.
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AKAP9 gene encodes a member of the A-kinase anchor proteins that regulate cellular
localization and function of protein kinase A. The somatic biallelic inactivation mutations
were reported in 17% of PCs [9]. The biallelic inactivation implies the loss of a putative
tumor suppressor activity and subsequent loss of function of protein kinase A, which may
lead to parathyroid carcinogenesis.

Heterozygote somatic mutations of ZEB1 were also reported in PCs [9]. It encodes
a zinc finger transcription factor that plays a role in repressing the E-cadherin promoter
and including epithelial-mesenchymal transition. The activation of the gene may promote
epithelial-mesenchymal transition, tumor progression, and metastasis.

Somatic biallelic truncating mutations of the FAT3 gene were reported in 10% of PCs,
encoding a member of the atypical cadherin family [9]. Although the protein’s function
is yet unknown, the biallelic truncating mutations imply the loss of a putative tumor
suppressor activity. Further elucidating studies are needed in FAT3 gene mutation.

3. Proteomics of PC

Proteomic approaches are widely accepted for finding biomarkers for diagnosis and
prognosis and to identify therapeutic targets for various cancers [44,45]. However, only a
small number of studies have reported proteomic analysis in parathyroid diseases [46–49].
In 2011, Giusti et al. started to perform proteomic analysis on parathyroid adenomas
compared to normal parathyroid tissue using two-dimensional electrophoresis and the
MALDI-MS/MS technique [46]. Other researchers also investigated the proteomic profile
of parathyroid hyperplasia and adenoma tissues [47,48].

However, only a few studies have reported proteomic analysis on PCs. A previous
study compared proteomic profiles between five PC and five adenoma tissues using two-
dimensional electrophoresis with mass spectrometry [49]. They reported 33 differentially
expressed proteins associated with protein ubiquitination, cellular metabolism, and cell
signaling. Specifically, they found that the UCH-L1 protein was overexpressed in PCs. It
is a member of the deubiquitinase family, an enzyme involved in processing ubiquitin
precursors [50]. The deubiquitinase family plays essential roles in pathways involved in
carcinogenesis, including cell growth, DNA repair, and apoptosis. In previous reports, the
deubiquitinase activity of UCH-L1 promoted carcinogenesis in hypoxic conditions by acti-
vating the TGFβ signaling pathway [51], which supports the recent proteomic study that the
overexpression of UCH-L1 could be associated with PC. Further, a recent case reported the
overexpression of UCH-L1 protein comparing PC to normal parathyroid tissue, supporting
the potential importance of the UCH-L1 protein in parathyroid carcinogenesis [52].

In addition, the expression of the ANXA2 protein has been reported to be overex-
pressed in PCs compared to in adenomas [49]. It is a protein that binds to membrane
phospholipids, dependent on extracellular calcium levels. ANXA2 overexpression has been
reported in other types of cancers, and it was correlated with the aggressiveness of the
disease [53]. It was also reported to be overexpressed in parathyroid adenomas compared
to normal parathyroid tissue [46].

On the other hand, circular RNAs are single-stranded, covalently closed RNA molecules.
Circular RNAs have biological functions, including transcriptional regulators, interacting with
proteins, and being translated into polypeptides. The expression of hsa_circRNA_0035563
was found to be increased in PCs compared to adenomas, supporting the previous findings,
since a corresponding transcript of hsa_circRNA_0035563 is ANXA2 mRNA [54]. However,
since the number of studies that have investigated PC using the proteomic approach is lacking,
further studies with larger datasets are needed to discover the diagnostic and prognostic
proteomic markers.

4. Conclusions

PC is a rare disease that needs additional diagnostic tools and wide therapeutic options.
The genomics and proteomics approach may help to find the tools to improve the prognosis
of the disease by early detection and metastatic control. The findings from genomics
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were mainly CDC73, PRUNE2, CCND1, and genes related to PI3K/AKT/mTOR and Wnt
pathways. CDC73, PRUNE2, and CCND1 are closely related to each other, and PRUNE2 and
CCND1 genes are related to the expression levels of parafibromin protein, which may aid
in supporting the definite diagnosis of the disease. PI3K/AKT/mTOR and Wnt pathways
could be potential therapeutic targets for the disease, which need further basket trials to
prove the concept. As both genetics and proteomics studies may give insight into finding
promising targets for this rare but important disease, multicenter studies with a larger
volume are needed.
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