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Abstract. Background/Aim: The lack of specific parathyroid
carcinoma (PC) biomarkers in clinical practice points out the
importance of analyzing the proteomic signature of this
cancer. We performed a comparative proteomic analysis of
PC and parathyroid adenoma (PA) co-existing in the same
patient. Patients and Methods: PC and PA were taken from a
63-year-old patient. Using two-dimensional differential gel
electrophoresis (2D-DIGE) coupled to mass spectrometry we
examined the differences between PC and PA proteins. For
validation, additional PC and PA samples were obtained from
10 patients. Western blot analysis was used to validate the
difference of expression observed with 2D-DIGE analysis.
Bioinfomatic analysis was performed using QIAGEN's
Ingenuity Pathways Analysis (IPA) to determine the
predominant canonical pathways and interaction networks
involved. Results: Thirty-three differentially expressed
proteins were identified in PC compared to PA. Among these,
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ubiquitin C-terminal hydrolase-L1 (UCH-LI) was highly
overexpressed in PC. The result was confirmed by Western
Blot analysis in additional PC samples. Conclusion: Our
comparative proteomic analysis of co-existing neoplasms
allowed detecting specific and peculiar differences between
PC and PA overcoming population biological variability.

Primary hyperparathyroidism (PHPT) is an endocrine
disease characterized by excessive parathyroid hormone
(PTH) secretion and hypercalcemia. Approximately 85% of
the patients have a single parathyroid adenoma (PA), 10%
hyperplasia and 3% double adenoma. In contrast, atypical
PA and parathyroid carcinoma (PC) are rarer, being the
latter the rarest parathyroid tumor (<1%) (1, 2). Most
parathyroid tumors are sporadic, although approximately 5-
10% are associated to familial syndromes, namely multiple
endocrine neoplasia (MEN) types 1, 2A, and 4,
hyperparathyroidism-jaw tumor syndrome (HPT-JT) and
familial isolated hyperparathyroidism (FIHP) (3). The
majority of PCs have an indolent course and the most
frequent clinical manifestations, due to PTH-related
hypercalcemia, are similar, but more severe, to those of the
benign counterpart (4).

On the sole basis of clinical signs, diagnosis of PC can
be difficult and is usually made postoperatively at
histology. In some cases, the distinction between PC and
atypical PA can be challenging. Of note, atypical PA
represents an intermediate form of parathyroid neoplasm
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with uncertain malignant potential presenting histological
features (i.e. solid growth pattern, fibrous bands and
cellular atypia) common to PC. At variance with PC,
atypical PA lacks evident signs of local invasion and/or
metastasis (2, 4).

The pathogenic mechanisms and gene dysfunctions
underlying sporadic PHPT development are still unknown in
about half of cases, although in recent years several studies
have associated different genetic aberrations to sporadic PAs
or PCs (2, 5). Rearrangement or overexpression of the cyclin
D1 (CCND1) gene can occur in 20-40% of sporadic PAs (6),
while somatic mutations of the MEN1 gene, encoding menin,
are detected in 12-35% (7, 8). Rare somatic mutations of
other genes have also been implicated in a small percentage
of sporadic PAs (5). Mutations of the tumor suppressor cell
division cycle 73 (CDC73) gene, which encodes
parafibromin, are responsible for hereditary HPT-JT and up
to 70% of sporadic PCs (2, 9). Recently, whole exome
sequencing has confirmed the prevalence of CDC73
mutations in PCs but also highlighted other genetic
aberrations mainly implicated in cancer-related pathways (2).
Truncating mutations are the most frequent CDC73
aberrations predicting either the lack or reduction of
parafibromin expression. Parafibromin immunostaining has
been proposed as a diagnostic tool to differentiate PCs from
PAs since diffuse or focal loss of the protein has been
frequently detected in the former but very rarely in the latter
tumors (9). Other immunohistochemical markers have been
suggested but none has the desirable sensitivity and
specificity for the differential diagnosis of PC (9). The lack
of specific PC biomarkers in clinical practice points out the
importance of analyzing the proteomic signature of this
cancer to better comprehend the protein networks involved
in PC pathogenesis. However, such deep study is made
difficult by the rarity of this cancer. Since 2011, when Giusti
et al. (10) firstly used a proteomic approach to analyze the
total protein expression of PAs compared to normal
parathyroid tissues, other authors have investigated the
proteomic profile of PAs and parathyroid hyperplastic tissues
(11-13). The characterization of the proteomic signature of
PA could represent a useful starting point for a comparative
analysis with the proteome of PC.

In the present study, using an approach based on two-
dimensional electrophoresis (2DE) coupled to mass
spectrometry (MS), we performed a comparative proteomic
analysis to examine the global differences of protein profile
between a PC and a PA co-existing in the same patient, an
extremely rare clinical condition. This intra-individual
comparison represented a unique and useful opportunity,
which allowed us to reveal distinctive PC protein features
without any hindrance due to differences among patients
such as age, sex, genetic background, life style and
environmental factors.
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Patients and Methods

Case report. A 63-year-old man was referred to our Clinic in July
2007 for persistent PHPT. The clinical history was notable for
recurrent nephrolithiasis. In 2004, at the age of 59 years, severe
PHPT was diagnosed by marked hypercalcemia (serum calcium 15
mg/dl) and markedly elevated PTH levels (>1,000 pg/ml). One
month later he was submitted to surgery with the removal of a 4-cm
enlarged lower left parathyroid. There was no mention of local
invasion in the surgical report. The histological diagnosis was
consistent with atypical PA. A persistent PHPT was evident after
surgery. At the time of our observation, serum calcium and PTH
were mildly elevated (10.7 mg/dl and 115 pg/ml, respectively). Neck
ultrasound did not show a parathyroid lesion. Computed tomography
(CT) showed the presence of a left 9-mm and an inferior right 4-mm
parathyroid lesion. Therefore, surveillance was advised. During
follow-up, serum calcium and PTH progressively increased up to
13.8 mg/dl and 361 pg/ml, respectively. Neck ultrasound and CT
displayed a 3.5 cm cervico-mediastinal parathyroid lump. Abdomen
CT excluded kidney stones and detected multiple millimetric
pancreatic lesions. Neuroendocrine markers were in the normal
range. In July 2014, the patient underwent an en bloc resection of
the cervico-mediastinal mass, left thyroid lobe, central lymph nodes
and lower right parathyroid gland. No sign of local invasion was
evident at neck exploration. Histology showed a PC infiltrating the
left thyroid lobe and the nearby tissues, metastatic lymph nodes of
central compartment, whereas the lower right parathyroid exhibited
signs of hyperplasia. Immunohistochemical staining showed that PC
was positive for chromogranin A but negative for thyroglobulin and
thyroid transcription factor 1 (TTF1). In addition, histology revealed
two small papillary thyroid carcinomas. After surgery, a persistence
of PHPT was still evident. Imaging studies excluded residual tumoral
parathyroid tissue in the left side and showed the presence of an
additional inferior right enlarged parathyroid gland. Therefore, 4
months later, the patient underwent surgical removal of the lower
right parathyroid and histology revealed a chief cell PA.

Taking into account the presence of multiple parathyroid and
thyroid tumors, adrenal gland hyperplasia and suspicious pancreatic
neuroendocrine microlesions, MEN1 or MEN4 syndromes were
suspected. However, no germline mutations of MENI, cyclin
dependent kinase inhibitor 1B (CDKN1B) and CDC73 genes were
detected. During follow-up, the patient showed normocalcemia and
no evidence of disease recurrence or metastasis. For proteomic
analysis, PC and PA samples were immediately snap frozen in liquid
nitrogen and stored at —80°C until use

Patients for validation. Additional PC and PA samples were
obtained from 10 patients (5 PA and 5 PC), whose clinical and
biochemical characteristics are shown in Table I. All tissue samples
were collected during surgery, immediately snap frozen in liquid
nitrogen and stored at —80°C until use.

Ethics statements. The research was carried out according to the
guidelines of the Declaration of Helsinki, and the Local Ethics
Committee (Comitato per la Sperimentazione Clinica dei Farmaci,
Azienda Ospedaliera Universitaria Pisana) approved the study, and the
patients gave written informed consent for the inclusion in the study.

Protein extraction. Frozen parathyroid tissues were suspended with
lysis buffer (30 mM Tris, 7 M urea, 2 M thiourea, 4% CHAPS, pH
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Table 1. Clinical and biochemical data of patients with parathyroid carcinoma and parathyroid adenoma used in validation experiments.

ID Gender Age at diagnosis Ionized calcium PTH 25-hydroxyvitamin D Clinical
(years) (mmol/l) (pg/ml) (ng/ml) manifestations

Parathyroid adenoma

1 F 60 1.9 322 33.8 Osteoporosis
Nephrolithiasis

2 F 62 1.4 178 17.8 Osteoporosis
Nephrolithiasis

3 F 49 1.6 234 7.8 Osteoporosis

4 F NA NA NA NA NA

5 F NA NA NA NA NA

Parathyroid carcinoma

6 M 62 1.8 384 NA Nephrolithiasis

7 M 45 NA NA NA NA

8 F 58 1.8 640 9.2 Osteoporosis
Nephrolithiasis

9 M 53 1.6 444 NA Osteoporosis
Nephrolithiasis

10 F 43 1.8 501 NA Osteoporosis
Nephrolithiasis

PTH: Parathyroid hormone; F: female; M: male; NA: not available. Normal ranges: Ionized calcium=1.13-1.32 mmol/l; PTH=10-65 pg/ml; 25-
hydroxyvitamin D: <10 ng/ml deficiency, 10-30 ng/ml insufficiency, >150 ng/ml toxicity.

8.5). Tissues were sonicated 4 s x 6 times and subsequently
transferred on a pre-cooled potter for the homogenization on ice.
After incubation for 30 min at room temperature, the homogenate
was centrifuged at 16,000 x g for 10 min to remove undissolved
material. Protein concentration was determined using the RC-DC
Protein Assay (BioRad, Hercules, CA, USA) and bovine serum
albumin was used as standard.

Two-dimensional differential in-gel electrophoresis (2D-DIGE). The
dilution of samples with lysis buffer was adapted to have the same
concentration for both tumor samples. The pH of samples was
adjusted with NaOH to reach a value of 8.6. Cyanine dyes (CyDye)
(GE Healthcare, Little Chalfont, Buckinghamshire, UK) were
reconstituted in dimethylformamide and, before to perform the
DIGE experiment, the binding between CyDye and the samples was
verified by a labeling test. For this purpose, samples were pooled
(total 25 pg) and labeled with CyDye 2 (1 pg proteins/8 pmol
CyDye) and lysine 10 mM (same volume of the dye). Proteins in
the sample were separated on 7% SDS-PAGE gels. After verifying
binding of the samples with CyDye, 2D-DIGE was performed.
Forty ug of proteins from each sample were labeled with 320
pmol of Cy3 or Cy5. The internal standard was a pool of equal
amounts of the two samples and was labeled with Cy2. A total of 3
gels were run, each gel contained 120 pg of proteins: 40 pg of
adenoma (Cy5), 40 ug of carcinoma (Cy3) and 40 pg of the internal
standard (Cy2). Lysine 10 mM was added at the same volume as
the CyDye. These labelled pooled samples were prepared for 2D by
adding 0.5% immobilized pH gradient buffer and 34 mM
dithiothreitol (DTT), and then incubated for 20 min to promote
reduction. Isoelectrofocusing (IEF) was performed using 18 cm
Immobiline Dry Strips (BioRad) with a nonlinear pH 3-10 gradient.

IEF was carried on the PROTEAN® i12™ [EF System (BioRad).
After IEF, the strips were equilibrated during two steps of 15 min
each in equilibration buffer (0.05 M Tris, 6 M urea, 2% SDS, 20%
glycerol) with 1% DTT in the first incubation or 2.5%
iodoacetamide in the second one. The subsequent electrophoresis
was performed on 12.5% SDS-PAGE gels with the EttanDALTsix
electrophoresis unit (GE Healthcare Europe, Uppsala, Sweden) at a
constant power of 1.5 W/gel. Gel images were acquired with a
Typhoon apparatus (GE Healthcare Europe) following manufacturer
protocol and analyzed using the 2D-DIGE module of the SameSpots
v4.1 software (TotalLab; Newcastle Upon Tyne, UK). Statistical
analysis was based on the normalized volume of each spot
calculated by the software. Briefly, a total of 9 images, three
technical replicates of PC, PA and internal standard, were aligned
in a two stage process where each sample image was aligned to its
internal standard (Cy2) and each internal standard image was
aligned to the overall reference image (the image chose to align all
the images). The gels were aligned to place all spots in exactly the
same location, and afterwards, the spot detection produced a
complete data set since all gels contained the same number of spots,
each matched to its corresponding spot on all gels. After the
alignment, quantification of spot intensity data was performed by
the 2D-DIGE module of the SameSpots v4.1 software. All spots
from each gel were detected and normalized volume ratios for each
protein were calculated using the individual signal of pooled-sample
Cy2-labeled as an internal standard. A comparison between PA and
PC was performed using the Graph Pad Prism 8.4.2 software.

Protein identification. Spots that exhibited a fold change greater

than 1.2 and p-value <0.05 were taken into consideration for further
protein identification. Preparative gels were arranged with 200 ug
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of proteins and stained with Ruthenium II tris (bathophenanthroline
disulfonate) tetrasodium salt (RuBP) (Cyanagen Srl, Bologna, Italy).
Images were acquired with ImageQuant LAS4010 (GE Healthcare
Europe) and matched with those of the analytical gels using the
SameSpots software. The selected spots were manually cut out from
preparative gels, digested with trypsin and identified by nano-liquid
chromatography-mass/mass  spectrometry  (nano-LC-MS/MS)
analysis as previously described (14) using a Proxeon EASY-nLCII
(Thermo Fisher Scientific, Milan, Italy) chromatographic system
coupled to a Maxis HD UHR-TOF (Bruker Daltonics GmbH,
Bremen, Germany) mass spectrometer. Briefly, peptides were loaded
on the EASY-Column C18 trapping column (2 cm x 100 pm i.d., 5
um particle size, Thermo Fisher Scientific), and then separated on
an Acclaim PepMap100 C18 (25 cm x 75 um i.d., 5 pm particle
size, Thermo Fisher Scientific) nanoscale chromatographic column
at a flow rate of 300 nl/min and with a standard gradient from 3 to
35% of acetonitrile for 15 min. The mass spectrometer was
equipped with a nanoESI spray source and operated in positive ion
polarity and Auto MS/MS mode (Data Dependent Acquisition -
DDA), using N2 as collision gas for CID fragmentation. In-source
reference lock mass (1,221.9906 m/z) was acquired online
throughout the runs.

Raw data were processed with DataAnalysis v. 4.2 to apply the
lock mass calibration and then loaded in PEAKS Studio v7.5
software (Bioinformatic Solutions Inc, Waterloo, Canada) using the
‘correct precursor only’ option. The mass lists were searched against
the NextProt database (downloaded July 2017 and containing
42,151 entries). Carbamidomethylation of cysteines was selected as
fixed modification and oxidation of methionines and deamidation
of asparagine and glutamine were set as variable modifications. Non
specific cleavage was allowed to one end of the peptides, with a
maximum of 2 missed cleavages and 2 variable post translational
modifications (PTMs) per peptide. 10 ppm and 0.05 Da were set as
the highest error mass tolerances for precursors and fragments,
respectively. -10log10(p) threshold for peptide spectrum matches
(PSMs) was manually set to 30.

Bioinformatic analysis. Proteins differentially expressed in PC
compared to PA were functionally analyzed using QIAGEN’s IPA
(QIAGEN Redwood City, USA, www.qiagen.com/ingenuity, Build
version: 321501M Content version: 21249400) with the aim to
determine the predominant canonical pathways and interaction
networks involved. Swiss Prot accession numbers and official gene
symbols were inserted into the software along with corresponding
comparison ratios and p-values. Based on known associations in the
literature, canonical pathways associated with differentially expressed
proteins were defined. A comparison of the different analyses was
created and the upstream regulators whose activity appears to change
in a significant manner, according to the activation z-score value, were
shown. Finally, the impact of activated or inhibited regulators on
downstream functions and diseases were investigated. The use of an
algorithm allowed merging upstream and downstream results from the
upstream regulator, through one or more iterations. The networks were
merged only if the overlap of protein targets was of possible statistical
significance (Fisher’s exact test). Hypotheses with higher scores were
those with more consistent causal paths represented by a high
Consistency Score.

Western blot (WB). WB was performed in order to validate the
increased expression in PC compared to PA, found by 2D-DIGE, of
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UCH-L1, Superoxide Dismutase, Mitochondrial (SOD2) and
Annexin A2 (ANXA2).

Aliquots of protein samples (5 PA and 5 PC) (30 pg for UCH-
L1, 15 pg for SOD2 and ANXA2) were mixed with Laemmli
solution, run in 8-16% polyacrylamide gels (Mini-PROTEAN®
Precast Gels, BioRad), using a mini Protean Tetracell (BioRad) and
transferred onto nitrocellulose membranes (0.2 um), using a Trans
Blot Turbo transfer system (BioRad), as previously described (15).
A mouse anti-UCH-L1 antibody (Santa Cruz, sc-271639; Dallas,
TX, USA) was used at 1:500 dilution whereas mouse anti-SOD2
(Santa Cruz, sc-133134) and rabbit anti-ANXA?2 (Cell Signaling
Technology, Beverly, MA, USA) antibodies were used at 1:1,000.
In order to normalize the optical density of immune-reactive bands,
the total protein optical density was calculated. Therefore,
immediately after electrophoresis, the membranes were stained with
1 uM RuBP. HRP-goat anti-rabbit and -mouse secondary antibodies
were used at the dilution of 1:10,000. Immunoblots were developed
using the enhanced chemiluminescence detection system (ECL).
The chemiluminescent images were acquired using LAS4010 (GE
Health Care Europe). The immunoreactive specific bands were
quantified using the Image QuantL software.

Statistical analysis. All quantitative results are expressed as
meanzstandard error of mean (SEM) of 3 replicates for protein
spots or 3 to 5 tumor samples for WB analysis. Paired Student’s ¢-
test was used to assess differences of protein abundance between
gels whereas an unpaired Student’s 7-test was performed for WB
(Graph Pad Prism 8.4.2 software).

Results

Proteome changes between PC and PA co-existing in one
patient. By 2D-DIGE experiments, three images were produced
representing PC, PA and the internal standard formed by equal
amounts of PC and PA proteins, respectively. Representative
2D-DIGE gel images are shown in Figure 1. Computational
comparison of color intensities revealed 43 differentially-
expressed protein spots out of which 32 were up-regulated and
11 down-regulated in PC, compared to PA. Each deregulated
protein spot exhibited greater than 1.2 fold change of mean
value intensity (% of volume) in PC with respect to PA.

Identification of differentially expressed proteins between PC
and PA co-existing in one patient. In order to identify
differential expressed proteins showing greater than 1.2 fold
change and a p-value <0.05, PC and PA proteins were
separated using preparative 2DE followed by staining with
RuBP. Preparative gel images were matched with those of
analytical gels (Figures 2, 3, 4) and the spots differentially
stained both in 2D-DIGE and 2DE were excised, trypsin
digested and analyzed by nanoLC-MS/MS. Figure 5 shows
the enlarged images of the most noteworthy protein spots in
preparative 2DE gels and histograms of the corresponding
volume percentage. All 32 up-regulated protein spots were
identified, yielding 23 different proteins. Nine different
proteins were found in more than one spot, while more than
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Figure 1. Representative 2D-DIGE images. 2D-DIGE was performed as described in Methods. (A) Cy3-labeled PC proteins; (B) Cy5-labeled PA
proteins; (C) Cy2-labeled PA and PC proteins (internal control); (D) superimposed images.

one identifications were reported for one spot, since
molecular weight (MW) and isoelectic point (pI) were not
distinguishable. All 11 down-regulated protein spots were
identified with 2 proteins found in more than one spot. On
the other hand, more than one identification was reported for
two spots. A list of identified proteins, MW, pl, score and
coverage values of MS/MS, expression level fold change,
and p-values are shown in Table II.

Functional analysis of differentially expressed proteins of PC.
Ingenuity Pathway Analysis (IPA) software allowed us to find
diseases and biological functions in which proteins
deregulated in PC are involved. The disease and disorder
category included ‘"endocrine system  disorders",
“inflammatory response” and “gastrointestinal, inflammatory
and immunological diseases".

All differentially-expressed proteins in PC were further
analyzed to discover potential canonical pathways, upstream
regulators and downstream effects derived from their

activation or inhibition. The main canonical pathways
involved were 14-3-3-mediated signaling, gluconeogenesis,
nuclear factor erythroid 2-related factor 2 (NRF2) mediated
oxidative stress response, glutathione redox reactions, and
TCA cycle. IPA software also generated two main networks,
namely “cancer, gastrointestinal, and hepatic system
diseases” and “endocrine system disorders, gastrointestinal,
and immunological diseases”, with 43 and 30 score values,
respectively (Figure 6). Moreover, the key molecular and
cellular functions involving deregulated proteins were
revealed by downstream analysis, which pointed out the
following cell functional activities: “cell death and survival”,
“cellular movement”, “molecular transport”, “cell cycle”,
and “free radical scavenging”. All differentially-expressed
proteins also concurred in an upstream analysis to predict
activation or inhibition of potential transcription factors or
molecules. Table III shows a list of top activated and
inhibited upstream regulators based on both p-value and
number of targets molecules.
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Figure 2. Magnified images of the acid region of 2DE gels showing medium and high molecular weight proteins. (A) A representative image of a
whole 2DE gel where the region of interest is highlighted. (B) A representative image of a 2DE-DIGE superimposed gel. The spots found differentially
expressed are encircled. (C) A representative image of a preparative RuBP stained 2DE-gel of PC proteins and (D) a preparative RuBP stained
2DE-gel of PA proteins, where the spots found differentially expressed in 2DE-DIGE analysis are encircled.

Immunoblotting confirmation of changes in selected
differentially expressed proteins. Three identified deregulated
proteins, UCH-L1, SOD2, and ANXA2, were chosen for
validation by WB analysis on PC and PA samples obtained
from additional 10 (5 PC and 5 PA) patients. All three
proteins resulted up-regulated in PC with =2-fold change
with respect to PA by comparative analysis of 2D-DIGE and
preparative 2D gel images. Figure 7B shows three
representative immunoblots for each parathyroid tumor type.
The optical density of each immunoreactive band was
measured and normalized over the total density of RuBP
stained protein bands. Resulting mean valuestSEM were
compared between PC and PA samples (Figure 7A). WB
analysis confirmed the increased expression of all three
proteins in PC compared to PA tissues.
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Discussion

PC is a quite rare endocrine tumor with clinical
manifestations mainly due to PTH-related hypercalcemia
rather than tumor burden. Clinical diagnosis is challenging,
although essential for optimal surgical treatment. Histological
criteria in the absence of distant metastasis are considered the
gold standard for a definitive diagnosis of PC. A few
immunohistochemical biomarkers have been also proposed as
an adjunct to histology for a correct diagnosis (2, 16). Indeed,
single biomarkers such as Ki-67, parafibromin, PGP9.5, and
galectin-3, are among the most utilized, even though none has
yet proven to be clinically useful (4).

To identify the network of key proteins involved in PC
pathogenesis and thus open the way to biomarker discovery,
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Figure 3. Magnified images of the basic region of 2DE-gels showing medium and high molecular weight proteins. (A) A representative image of a
whole 2DE gel, where the region of interest is highlighted. (B) A representative image of a 2DE-DIGE superimposed gel. The spots found
differentially expressed are encircled. (C) A representative image of a preparative RuBp stained 2DE-gel of PC proteins and (D) a preparative
RuBP stained 2DE-gel of PA proteins, where the spots found differentially expressed in 2DE-DIGE analysis are encircled.

we performed a comparative proteomic analysis between PC
and PA samples obtained from a single patient suffering from
severe PHPT. The co-occurrence of malignant and benign
parathyroid lesions is an extremely rare condition and
represented a unique opportunity to compare the specific
protein signatures without the hindrance due to the biological
variability among patients. Using a 2DE coupled to LC-
MS/MS approach, a total of 33 differentially-expressed
proteins were identified, of them 23 resulted over-expressed
and 10 under-expressed in PC compared to PA. WB analysis
used as validation study of three over-expressed proteins in
PC, UCH-L1, ANXA2 and SOD2, confirmed proteomic
results on additional parathyroid tumor samples. Identified

proteins participate in a variety of biological functions
including protein ubiquitination [UCH-L1, 60 kDa heat
shock protein, mitochondrial (HSPD1), proteasome subunit
alpha type-6 (PSMAG6)], cellular metabolism [cytoplasmic
malate dehydrogenase (MDHI1), aconitate hydratase,
mitochondrial (ACO2), a-enolase (ENO1), phosphoglycerate
mutase 1 (PGAMI)], cell signaling [14-3-3 protein T/0
(YWHAZ), 14-3-3 protein ¢ (YWHAE), protein disulfide
isomerase A3 (PDIA3), tubulin B-4B chain (TUBB4B),
vimentin (VIM)) and oxidative stress response (SOD?2,
glutathione S-transferase P (GSTP1), glutathione S-
transferase w1 (GSTO1), endoplasmic reticulum resident
protein 29 (ERP29), actin cytoplasmic 2 (ACTG1)].
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Figure 4. Magnified images of acidic and basic regions of 2DE-gels showing low molecular weight proteins. (A) A representative image of a whole
2DE gel, where the region of interest is highlighted. (B) A representative image of a 2DE-DIGE superimposed gel. The spots found differentially
expressed are encircled. (C) A representative image of a preparative RuBP stained 2DE gel of PC proteins and (D) a preparative RuBP stained
2DE-gel of PA proteins, where the spots found differentially expressed in 2DE-DIGE analysis are encircled.

Our data indicated that UCH-L1, also known as PGP9.5,
was highly over-expressed in PC. This enzyme, a member of
deubiquitinase (DUB) family, is a thiol protease involved in
processing ubiquitin precursors and probably also
ubiquitinated proteins. UCH-L1, which is highly expressed
in neuronal and endocrine cells, has both hydrolase and
ligase activities (17). All DUBs play important roles in
pathways usually dysregulated in cancer, such as DNA
repair, cell growth, and apoptosis. It has been also reported
that UCH-L1 acts either as an oncogene or a tumor
suppressor gene depending on the types of cancers (18-21).

Recently, an epigenetic mechanism has been suggested in
the regulation of UCH-L1 promoter on the basis of the
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observation that UCH-L1 is significantly down-regulated in
nasopharyngeal carcinoma (NPC) exhibiting promoter
hypermethylation whereas the restoration of UCH-LI1
suppressed NPC invasion and metastasis via ubiquitin ligase
degradation of cortactin (22). On the other hand, the DUB
activity of UCH-L1 appears to promote tumorigenesis in
hypoxic conditions via activation of the TGFp/SMAD
signaling (23). Taking into account UCH-L1 involvement in
cancer, it is not surprising that IPA included the enzyme in the
“cancer, gastrointestinal, and hepatic system diseases’ network,
together with other over- and under-expressed proteins.
Haven et al. (24) firstly found the up-regulation of UCH-
L1 mRNA in a cluster of tumors containing CDC73 mutated
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Figure 5. Enlarged images of selected 2D gel spots to highlight differential expression. (A) Preparative 2D gels were stained using RuBP, images
acquired, matched with 2D-DIGE and compared. Protein spots identified as ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCH-LI), protein-
S100-All (S100A11), cytoplasmic malate dehydrogenase (MDH) 1, annexin A2 (ANXA2), superoxide dismutase, mitochondrial (SOD2), 14-3-3
protein §/0 (YWHAZ), apolipoprotein-Al (APOAI), and serotransferrin (TF) are from representative gels. Spot number and corresponding identified
protein are listed in Table 1. (B) Histograms of each spot volume (%) showing the fold-change in PC compared to PA. Data are presented as
mean+SEM of the normalized spot volumes of three gel replicates. Normalization was performed as described in Methods. Statistical analysis was

performed using paired Student’s t-test: *p<0.05, **p<0.01, ***p<0.001.

sporadic and familial PCs and CDC73 mutated familial
benign adenomas. UCH-L1 up-regulation has been also
confirmed in one case of PC compared to normal parathyroid
gland of the same patient (25). Of interest, a strong
immunostaining for PGP9.5 has been reported in PCs and
PGP9.5, either as single marker or combined in a panel
together with Ki-67, parafibromin, adenomatous polyposis
coli protein (APC) and galectin-3, may be used as a helpful
diagnostic adjunct for the diagnosis of challenging
parathyroid lesions (26-30).

Among the over-expressed proteins in the “cancer,
gastrointestinal, and hepatic system diseases” network,
ANXAZ2 is a 36 kDa multifunctional protein, which binds to
membrane phospholipids in a Ca?*-regulated manner

mediating many aspects of intercellular and extracellular
microenvironment communications and cell survival.
Increased expression of ANXA?2 has been found in a variety
of cancers correlating to invasiveness and metastasis (31).
We and other authors have reported an increased expression
of ANXA2 in PA compared to normal and hyperplastic
parathyroid tissues, respectively (10, 13). Interestingly, Hu
et al. (32) have found an increased expression of
hsa_circRNA_0035563 and its corresponding linear
transcript, ANXAZ2, in PC compared to PA and a correlation
with recurrence in PC patients.

Another protein found over-expressed in PC compared to
PA is S100-A11, a member of the S100 protein family, which
includes small EF-hand-type Ca2+binding proteins exerting
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Table II. List of proteins identified by nano-liquid chromatography-mass/mass spectrometry (LC-MS/MS).

Spot n° Protein 1D Gene Peptides Unique Coverage MW  pl MW pl Ratio p-Value
name peptides (%) obs obs PC/PA

Underexpressed in parathyroid carcinoma

397 Phosphoglycerate mutase 1 P18669 PGAMI 22 12 69 29 6.7 26 74 0.20 0.00168

319 Actin, cytoplasmic 2 P63261  ACTGI 9 9 28 42 53 41 4.6 0.38 0.00006

123 Serotransferrin P02787 TF 34 34 51 77 6.8 77 6.8 0.46 0.00003

127 Serotransferrin P02787 TF 47 47 58 77 6.8 71 7.1 0.40 0.00008

125 Serotransferrin P02787 TF 46 46 55 71 6.8 71 6.9 0.43 0.00007

154 Serum albumin P02768 ALB 61 61 74 69 59 69 59 0.44 0.00014

155 Serum albumin P02768 ALB 56 56 63 69 59 69 6.3 0.44 0.00018

205 Vimentin P08670 VIM 42 39 70 54 5.0 61 5.0 0.60 0.00145

205 Vitamin D-binding protein P02774 GC 4 4 7 55 55 61 50 0.60 0.00145

438 Apolipoprotein A-I P02647 APOAI 9 9 35 31 55 24 52 0.68 0.00747

266 Reticulocalbin-1 Q15293  RCNI 27 27 56 39 4.8 49 4.7 0.84 0.02134

408 Peroxiredoxin-6 P30041  PRDX6 22 21 69 25 6.0 25 6.8 0.85 0.01947

408 Proteasome subunit a type-6 P60900  PSMA6 10 10 42 27 6.3 25 6.8 0.85 0.01947

Overexpressed in parathyroid carcinoma

249 a-enolase P06733  ENOI 32 32 58 47 7.0 52 7.6 1.20 0.03690

104 Aconitate hydratase, Q99798  ACO2 35 35 52 85 74 80 7.5 1.26 0.01562
mitochondrial

219 Tubulin 3-4B chain P68371 TUBB4B 44 5 71 50 4.8 58 49 1.27 0.01579

623 14-3-3 protein € P62258 YWHAE 27 27 76 29 4.6 30 4.6 1.31 0.03566

623 Tropomyosin a-4 chain P67936 TPM4 29 17 64 29 4.7 33 4.6 1.31 0.03566

403 14-3-3 protein ¢/ P63104 YWHAZ 21 14 69 28 4.7 26 47 1.31 0.01752

105 Aconitate hydratase, mitochondrial Q99798 ACO2 39 39 48 85 74 80 7.7 1.34 0.02348

239 Spliceosome RNA Q13838 DDX39B 10 10 21 51 5.6 57 5.6 1.34 0.01349
helicase DDX39B

200 Protein disulfide-isomerase P07237  P4HB 36 36 63 57 4.7 62 4.8 1.37 0.02617

210 Protein disulfide-isomerase A3 P30101  PDIA3 47 47 65 57 59 60 58 1.38 0.00425

187 60 kDa heat shock protein, P10809  HSPDI 46 46 61 61 57 64 52 141 0.03579
mitochondrial

206 Protein disulfide-isomerase A3 P30101  PDIA3 36 36 57 57 59 61 5.7 1.42 0.01559

495 Peptidyl-prolyl cis-trans P62937 PPIA 20 19 75 18 7.7 18 8.1 142 0.00416
isomerase A

305 Macrophage-capping protein P40121 CAPG 25 25 43 38 5.8 44 6.5 1.44 0.00011

498 Peptidyl-prolyl cis-trans P62937 PPIA 13 13 67 18 7.7 18 7.7 145 0.00093
isomerase A

401 Endoplasmic reticulum P30040  ERP29 15 15 52 29 6.7 26 59 1.51 0.04005
resident protein 29

178 Prelamin-A/C P02545  LMNA 47 46 68 65 6.4 65 7.1 1.53 0.00047

441 Glutathione S-transferase P P09211  GSTPI 33 33 69 23 54 24 55 1.60 0.00907

453 Superoxide dismutase [Mn], P04179  SOD2 10 10 36 19,7 78 23 74 1.64 0.01299
mitochondrial

496 Peptidyl-prolyl cis-trans P62937 PPIA 9 9 47 18 7.6 18 73 1.66 0.04039
isomerase A

493 Peptidyl-prolyl cis-trans P62937 PPIA 17 17 60 18 7.6 18 7.9 1.66 0.03170
isomerase A

392 Glutathione S-transferase w-1 P78417  GSTO! 27 27 64 28 6.2 27 6.3 1.73 0.02476

633 Protein S100-A11 P31949  S100A11 13 13 71 12 6.5 12 6.6 1.77 0.02421

354 Annexin A2 P07355 ANXA2 17 17 47 39 7.5 38 7.1 2.00 0.00127

354 Malate dehydrogenase, P40925  MDH]I 6 6 18 36 6.9 38 7.1 2.00 0.00127
cytoplasmic

455 Superoxide dismutase [Mn], P04179 SOD2 27 26 59 25 8.3 23 7.6 2.00 0.00097
mitochondrial

355 Annexin A2 P07355 ANXA2 53 53 76 39 7.6 38 7.5 2.10 0.00047
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Table II. Continued

Spot n° Protein ID Gene Peptides Unique Coverage MW  pl MW pl Ratio p-Value
name peptides (%) obs obs PC/PA

356 Malate dehydrogenase, P40925  MDHI 13 13 34 39 7.6 38 74 2.10 0.00067
cytoplasmic

389 Chloride intracellular 000299 CLICI 24 24 69 27 5.1 29 5.1 2.20 0.01001
channel protein 1

550 Protein S100-A11 P31949  S100A11 4 4 27 12 6.5 12 52 225 0.00360

382 Annexin A4 P09525  ANXA4 22 22 54 36 5.8 32 55 2.50 0.00001

383 Annexin A4 P09525  ANXA4 74 71 78 36 5.8 36 5.8 3.00 0.00282

422 Ubiquitin carboxyl-terminal P09936  UCHLI 20 20 77 25 53 25 52 3.60 0.00069
hydrolase isozyme L1

421 Ubiquitin carboxyl-terminal P09936 UCHLI 55 54 87 25 53 25 53 5.96 0.00017

hydrolase isozyme L1

Protein ID: SwissProt accession number; PI and MW: theoretical and observed isoelectric point and molecular weight (kDa), PC: parathyroid

carcinoma; PA: parathyroid adenoma.

both intracellular and extracellular functions upon CaZ+
activation. Over-expression of S100-A11 has been reported
in several tumors where it associates with metastasis and
poor prognosis (33). S100 proteins can interact and form
complexes with annexins, such as the S100-A10 and
ANXAZ2 heterotrimeric complex. A role of S100-A11 and the
binding partner ANXA?2 in plasma membrane repair of
cancer cells has been described (34). However, we have
previously found an increased expression of S100-A11 in PA
compared to normal parathyroid tissue (10).

14-3-3 € protein, encoded by the YWHAZ gene, is a key
protein in common and specialized signaling pathways and
is the central hub within the protein network shown in Figure
3A. The family of 14-3-3 proteins includes phospho-binding
proteins which regulate every main cellular function
including cell cycle progression, glucose metabolism,
autophagy and cell motility (35). 14-3-3 proteins control and
regulate multiple signaling pathways through dynamic
interactions with a multitude of proteins, which respond to
environmental condition changes. Therefore, these proteins
are now considered pivotal players in cancer, allowing
cancer cell to adapt to adverse growth conditions. Many lines
of evidence indicate that 14-3-3 T plays a central role in
promoting oncogenic and chemoresistance pathways in
cancer (31). Our data showed that 14-3-3 € protein was over-
expressed in PC with respect to PA albeit at a PC/PA ratio of
only 1.31. Of note, the protein has also been found up-
regulated in PA with respect to normal parathyroid tissue
(10). Interestingly, in PC, at variance with PA, the up-
regulation of 14-3-3 T was associated with the increased
expression of 14-3-3 ¢, encoded by the YWAHE gene. An
increased expression of 14-3-3 T has been also observed in
malignant thyroid nodules with respect to benign nodules
(36). 14-3-3 T and 14-3-3 & can form both active

homodimers and heterodimers, which directly interact with
and regulate target phospho-proteins including some over-
and under-expressed in PC. 14-3-3 T forms straight
interactions with the up-regulated ANXA2, mitochondrial 60
kDa heat shock protein (HSP60), prelamin-A/C (LMNA)
proteins, and ENO1, a glycolytic/gluconeogenetic enzyme,
as well as with the down-regulated VIM, ACTGI, and
PGAMI1, another glycolytic enzyme, shown in the protein
network of Figure 3A. In this network, both direct and
indirect interactions of 14-3-3 T with important elements of
various signaling cascades are also presented. Although 14-
3-3 € and other proteins (ANXA2, S100-A11 and HSP60)
were found over-expressed both in PC and PA, the protein
networks obtained by IPA of deregulated proteins were quite
different, suggesting that the whole protein set makes the
difference between PC and PA.

Mitochondrial HSP60 coded by HSPD1 gene is another
protein whose expression was increased in PC with respect
to PA; however, it has also been shown to be over-expressed
in PA with respect to normal parathyroid tissue, as reported
by Giusti et al. (10). HSP60 is a chaperonin, which
facilitates the correct folding of imported proteins and
macromolecule assembly inside mitochondrial matrix. All
HSPs operate in a variety of physiological and protective
processes to prevent cellular homeostasis perturbation. In
particular, HSP60 plays an important role in regulating
mitochondrial functions as indicated by HSP60-dependent
folding of the SOD2 protein, a key antioxidant enzyme, to
the native state (37) and is implicated in tumor cell
proliferation, metastasis and drug resistance (38). HSP60
may function as promoter or suppressor of carcinogenesis
depending on the tumor type. In ovarian cancer, HSP60
increased expression drives tumor progression while it limits
the metastatic potential of hepatocellular carcinoma (39, 40).
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Figure 6. Network analysis of differentially expressed proteins using Ingenuity Pathways Analysis (IPA) software. Proteins showing significant
changes in PC compared to PA were analyzed by IPA. (A) The most significant connections of the global network with 43 score value, consisting of
16 deregulated proteins in PC (red, up-regulated proteins; green, down-regulated proteins) and additional interacting molecules, are indicated.
Both direct (solid lines) and indirect (dashed lines) protein-protein interactions or regulations are shown and are based on data published in the
literature. (B) The most significant connections of the global network with 30 score value, consisting of 13 deregulated proteins in PC (red, up-
regulated proteins; green, down-regulated proteins) and additional interacting molecules, are indicated. Both direct (solid lines) and indirect (dashed
lines) protein-protein interactions or regulations are shown and are based on data published in the literature.

To our knowledge, the only endocrine carcinoma showing
HSP60 up-regulation is the papillary thyroid carcinoma
harboring a specific serine/threonine-protein kinase B-raf
(BRAF) mutation (T1799A) (41, 42). Notably, HSP60 over-
expression negatively correlates to the presence of lymph
node metastasis (41). Conversely, our patient had metastatic
lymph nodes, which may suggest a different role of HSP60
in papillary thyroid carcinoma and PC progression.

In this study we also found the over-expression of the
protein encoded by chloride intracellular channel protein 1
(CLIC1) gene in PC. CLICI is usually expressed in the
cytoplasm, nucleus, endoplasmic reticulum and plasmatic
membranes, where forms membrane bound chloride channels.
CLICI membrane insertion is redox regulated and seems to
occur only in oxidizing conditions. This chloride ion channel
is involved in regulating cell cycle, cell proliferation and
differentiation. Increased expression of CLIC1 has been
reported in different cancer types including breast ductal
carcinoma, ovarian cancer, and high grade gliomas (43-46).
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It has also been proposed as an ovarian cancer biomarker
since it was detectable in soluble form in the plasma of
patients (44). Interestingly, CLIC1 is considered both a sensor
of reactive oxygen species (ROS), which promote its
translocation to the membrane and a necessary effector as the
chloride current supports ROS production by NADPH
oxidase (46). ROS, which are considered as second
messengers regulating cellular metabolism and growth, can
exhibit both positive and negative activities depending on
their amount. Cancer cells frequently have a higher
production of ROS due to their increased growth demands
and hypoxic tumor microenvironment.

Taking into account all deregulated proteins in PC, IPA
software included within activated canonical pathways the
NRF2-mediated oxidative stress response. NRF2 is a
transcription factor which regulates the cellular defense
against oxidative and stress insults through the expression of
genes involved in oxidative stress response and drug
detoxification. NRF2 activation induces the expression of
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Table III. List of top upstream regulators obtained by means of Ingenuity Pathways Analysis (IPA) analysis of parathyroid carcinoma (PC)

differentially expressed proteins.

Upstream regulator Molecule type Activation p-Value Target molecules
Z-score
MYCN Transcription regulator 2 7.62E-04 ACTG1, HSPD1, UCH-L1, VIM
NFE2L2 Transcription regulator 1.594 7.75E-09 ACTGI1, DDX39B, ERP29, GSTO1, GSTP1,
LMNA, PDIA3, PSMA6, SOD2
FOS Transcription regulator 1.528 1.36E-04 ACTGI1, ANXA4, ENOI1, GSTP1, VIM, YWHAZ
TP53 Transcription regulator 1.319 4 86E-05 ACO2, ALB, ANXA2, ANXA4, GC, GSTP1, HSPD1,
P4HB, PRDX6, SOD2, VIM
ANGPT2 Growth factor 1.206 9.64E-06 HSPDI1, P4HB, PDIA3, SOD2, VIM
PDGF* Group 1 4 .87E-10 HSPD1, PAHB, PDIA3, VIM
MYC Transcription regulator 0.873 3.28E-06 ALB, ANXA4, DDX39B, ENO1, HSPD1,
PGAMI, PPIA, SOD2, TF, VIM
E2F1 Transcription regulator 0 6.38E-06 CLIC1, DDX39B, HSPD1, MDH1, SOD2, VIM, YWHAE
*(Family)
over 250 genes, which regulate diverse processes beside
redox homeostasis, such as carbohydrate and lipid A 0.6- * * *
metabolism, autophagy, apoptosis and DNA repair (47). . .
SOD2 represents one of the essential player of the m o
antioxidant system of the cell, in which in the mitochondrial 5
matrix promotes the dismutation of the superoxide anion to S 0.4
hydrogen peroxide, preventing mitochondrion damage. Due 3 N
to this scavenging function, SOD2 has been considered a %‘ ) .
tumor suppressor for a long time, but later became clear that E o
several cancers increase its expression depending on the g 0.2 1 o*
stage of tumor progression (48). SOD2 expression is a ° * . o
dynamically regulated at transcriptional level by multiple ’JS‘
activators and repressors, although ROS-dependent 0.0 —Se ) LAA
activation of NRF2 appears to promote SOD2 over- UCH-L1 SOD2 ANXA2
expression in advanced cancer (47). In our PC sample, SOD2 B
was clearly up-regulated compared to the matched PA UCH-L1| | IQ - ,,,.|
sample and validation analysis confirmed the significant
over-expression in five unrelated PC compared to PA S0OD2 | — h | | ——— —|
samples. At surgery, our patient clearly presented an
advanced PC infiltrating the thyroid tissue and the lymph ANXA2 | — | |— !C — |
PA P

nodes of the central compartment, suggesting a correlation
with SOD2 increased expression as reported for other
cancers (48). Interestingly, SOD2 up-regulation seemed to
correlate with the concomitant increased expression of
HSP60 in the PC of the patient compared to the PA. We
would underline that SOD2 over-expression has been also
reported in anaplastic thyroid cancer compared to poorly
differentiated thyroid cancer, while other thyroid cancer
types showed either normal or reduced expression (49). In
addition, reduced SOD2 expression in anaplastic thyroid
cancer and adrenocortical carcinoma correlates with poorer
survival of patients (49).

Three metabolic enzymes, namely MDH1, ACO2, and
ENOI1, were up-regulated in PC compared to PA while

Figure 7. Validation of UCH-LI, SOD2 and ANXA2 differential
expression by western blot analysis. (A) Bar graph showing band
normalized optical density values. The total density of RuPB stained
bands in each lane was used for internal normalization of
immunostained bands. Data represent mean value+SEM of three to five
parathyroid tumor specimens analyzed. Significantly different values
(PC vs. PA), as determined by the unpaired Student t-test, are indicated
(*p<0.05). (B) A representative experiment showing the immunoreactive
bands of three different tissue samples for each tumor type. Protein
electrophoretic separation, transfer to nitrocellulose membrane and
immunostaining were performed as described in Materials and
Methods. Five PC (green symbol) and 5 PA (red symbol) samples were
analyzed for each specific protein except when the surgical specimen
was available in a limited amount. PC: Parathyroid carcinoma; PA:
parathyroid adenoma.
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PGAMI1, which catalyzes a critical step of glycolysis, was
down-regulated. Among the up-regulated enzymes, MDH1
showed the most prominent variation. This cytosolic
enzyme, as well as the mitochondrial isoenzyme, MDH2,
catalyzes the NAD/NADH-dependent reversible oxidation
of malate to oxaloacetate, playing a key role in the malate
aspartate shuttle across the mitochondrial membrane. The
mRNA of both isoenzymes MDH1 and MDH2 has been
found significantly elevated in non small cell lung
carcinoma (NSCLC) (50). However, only MDHI
expression seems to be associated with poor prognosis (50).
Wang et al. (51) have demonstrated that MDH1 is over-
expressed in pancreatic ductal adenocarcinoma, where it is
involved in an unconventional metabolic pathway required
to sustain glutamine metabolism. Further studies have
confirmed the pivotal role of MDHI1 for the metabolic
requirements of cancer cells cooperating with lactate
dehydrogenase (LDH) to NAD regeneration needed for
glycolysis (52). Therefore, the increased expression of
MDHI1 in PC points out the metabolic reprogramming of
the tumor as also supported by the increased and reduced
expression of ENO1 and ACO2, and PGM1, respectively.
PGM1 decreased expression suggests that PC cells may
prefer to divert glucose carbon atoms towards biosynthetic
pathways. Furthermore, MDHI1 can be proposed as a
malignancy marker of parathyroid tumors since it is not up-
regulated in PA (10, 13).

The main limitation of our study is the rarity of
parathyroid carcinoma is a cancer. The presence of PC and
PA co-existing in one patient is an extreme rarely clinical
condition. Moreover, the potential PC biomarkers suggested
from this analysis are preliminary and need of a robust
validation in a large cohort of PC patients.

In conclusion, our differential proteomic analysis
highlighted some molecular aspects of PC, which outline
the malignant cell metabolic reprogramming, oxidative
stress resistance, and increased proliferation. The
occurrence of both PC and PA in the same patient allowed
us to detect specific protein changes overcoming population
variability due to age, sex, genetic background,
environmental factors, life styles, concomitant pathological
conditions, and pharmacological treatments. Although some
deregulated proteins in PC have been also found over- or
under-expressed in PA (10), others are peculiar of PC and
seem to represent a distinctive molecular signature of PC
with respect to PA. Those proteins exclusively over-
expressed in PC may be considered as potential
immunohistochemical biomarkers. While UCH-L1 is
already a well established PC biomarker, MDH1, CLIC1,
and SOD2 might be regarded as candidate biomarkers. Of
course, further studies on large populations of PC and PA
patients are required to support the use of these proteins as
diagnostic tools.
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