
C L I N I C A L R E S E A R C H A R T I C L E

Identification of Differential Transcriptional Patterns
in Primary and Secondary Hyperparathyroidism

Samira Mercedes Sadowski,1 Marc Pusztaszeri,2,3 Marie-Claude Brulhart-Meynet,4,5

Volodymyr Petrenko,4,5,6,7 Claudio De Vito,2 Jonathan Sobel,8
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Context: Hyperparathyroidism is associated with hypercalcemia and the excess of parathyroid
hormone secretion; however, the alterations in molecular pattern of functional genes during
parathyroid tumorigenesis have not been unraveled. We aimed at establishing transcriptional
patterns of normal and pathological parathyroid glands (PGs) in sporadic primary (HPT1) and
secondary hyperparathyroidism (HPT2).

Objective: To evaluate dynamic alterations in molecular patterns as a function of the type of PG
pathology, a comparative transcript analysis was conducted in subgroups of healthy samples,
sporadic HPT1 adenoma and hyperplasia, and HPT2.

Design: Normal, adenomatous, HPT1, and HPT2 hyperplastic PG formalin-fixed paraffin-embedded
samples were subjected to NanoString analysis. In silicomicroRNA (miRNA) analyses and messenger
RNA–miRNA network in PG pathologies were conducted. Individual messenger RNA and miRNA
levels were assessed in snap-frozen PG samples.

Results: The expression levels of c-MET, MYC, TIMP1, and clock genes NFIL3 and PER1 were sig-
nificantly altered in HPT1 adenoma compared with normal PG tissue when assessed by NanoString
and quantitative reverse transcription polymerase chain reaction. RET was affected in HPT1 hy-
perplasia, whereas CaSR and VDR transcripts were downregulated in HPT2 hyperplastic PG tissue.
CDH1, c-MET, MYC, and CaSR were altered in adenoma compared with hyperplasia. Correlation
analyses suggest that c-MET, MYC, and NFIL3 exhibit collective expression level changes associated
with HPT1 adenoma development. miRNAs, predicted in silico to target these genes, did not
exhibit a clear tendency upon experimental validation.

Conclusions: The presented gene expression analysis provides a differential molecular character-
ization of PG adenoma and hyperplasia pathologies, advancing our understanding of their etiology.
(J Clin Endocrinol Metab 103: 2189–2198, 2018)
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Hyperparathyroidism (HPT) is characterized by the
oversecretion of parathyroid hormone (PTH).

Primary HPT (HPT1) is a dysfunction of the para-
thyroid tissue with autonomous over-secretion and
unclear etiology, leading to high serum calcium level,
whereas secondary HPT (HPT2) generally results from
hypocalcemia and/or low vitamin D level (1). HPT1
has a prevalence of 3:1000 in the general population (2).
Most HPT1 cases are sporadic, with only 5% being
hereditary, including multiple endocrine neoplasia
[MEN1 (MEN1 tumor suppressor),MEN2A (RET proto-
oncogene), MEN4, hyperparathyroidism-jaw tumor
syndrome (HRPT2), and familial hypocalciuric hyper-
calcemia, CaSR] (1). HPT1 is caused by a single gland
adenoma in 80% to 85% of cases, diffuse hyperplasia of
all four glands in 12% to 15% of cases, or double
adenomas in 2% to 5%. Parathyroid carcinoma is
extremely rare (,1%). Histologically, parathyroid tu-
mors are heterogeneous, with subtle differences between
histologic subtypes, making classifications difficult.
Studies of clonality did not allow distinguishing be-
tween these tumor types (3), and their diagnosis remains
challenging.

Somatic alterations in MEN1 and cyclin D1 genes
have emerged as important drivers in the development of
25% to 40% of sporadic parathyroid adenomas (4). No
somatic mutations of the CaSR gene have been identified
in sporadic HPT so far, although its role in familial HPT
is well documented (5). Reduced expression of vitamin D
(1,25- dihydroxyvitamin D3) receptor (VDR) and CaSR,
translating aberrant CaSR signaling, was detected in
sporadic parathyroid adenomas, suggesting their role
in parathyroid tumorigenesis (6). Moreover, mutation
in tumor suppressor gene HRPT2, encoding for parafi-
bromin protein, was detected in familial and sporadic
parathyroid carcinoma (7).

Diurnal variation of PTH levels exhibit pronounced
circadian rhythm, with peak levels in the early morning.
When comparing patients with HPT1 with healthy
subjects, the circadian rhythm of serum PTH level seems
to be disrupted in patients with HPT1 with a return to
rhythm for serum PTH observed only after surgical
treatment of HPT1 (8). Moreover, circadian disruption is
often associated with cell-cycle dysregulation and tu-
morigenesis (9–11). The changes in core-clock gene ex-
pression exhibit tissue and tumor specificity and have not
yet been explored for the parathyroid gland (PG).

MicroRNAs (miRNAs) are conserved small noncoding
RNA, functioning as negative regulators of gene expression
(12). A large-scale study by Rahbari et al. (13) detected
downregulation of most PG miRNAs in parathyroid car-
cinoma, with the upregulation of these miRNAs in HPT1.

In spite of substantial efforts, there are still no reliable
molecular markers associated with histological HPT
subtypes. To better understand the etiology of distinct PG
pathologies, comparative large-scale transcript expres-
sion analysis by probe-based NanoString has been
conducted in PG adenoma and hyperplasia. To get
possible mechanistic insights into these obtained mo-
lecular patterns, in silico differential miRNA expression
analyses and modeling of the PG adenoma and hyper-
plasia messenger RNA (mRNA)–miRNA network have
been undertaken and were validated experimentally.

Materials and Methods

Study participants and PG tissue sampling
Formalin-fixed paraffin-embedded (FFPE) samples from

human PG were obtained from the archives of the Pathology
Department, Geneva University Hospital. Normal PG FFPE
samples were selected from patients without hyperparathy-
roidism whose PG was removed inadvertently during the
planned thyroid surgery. Adjacent normal PG samples for
paired analyses were selected from same patients with spo-
radic HPT1 adenoma. Fresh samples from PG adenomas
were obtained at surgery. Control tissue samples from
healthy PG were either accidentally dissected at total thy-
roidectomy or dissected from the neighboring parathyroid
adenoma tissue. Samples were washed in phosphate-buffered
saline, snap-frozen in liquid nitrogen, and stored at 280°C.
Histological sections from the same tissues were processed
for the classification. Clinical characteristics of all the pa-
tients are summarized in Supplemental Table 1. The study
protocol was approved by the local ethics committee
(CER 2016-01384).

RNA extraction
For RNA extraction from FFPE samples, 3-mm-thick tissue

sections were deparaffinized in xylol, proteins were digested
overnight, and total RNA was subsequently extracted using the
High Pure miRNA isolation kit (Roche) according to the
manufacturer’s instructions. Regarding snap-frozen PG sam-
ples, 10 mg of tissue was homogenized, and total RNA was
extracted using the High Pure miRNA isolation kit according to
manufacturer’s protocol.

Gene expression quantification using
NanoString nCounter

Twenty-nine candidate genes were selected for analysis,
including genes involved in PG function, circadian clock, cell
cycle, and apoptosis, based on our own previous studies (14,
15) and on literature search. Probes were designed and
synthesized by NanoString nCounter Technologies (Sup-
plemental Table 2). A total of 400 ng of RNA, extracted from
the FFPE samples, were hybridized with multiplexed probes,
as described previously (16). Background correction was
made by subtracting from the raw counts the mean 6 2
standard deviation of counts obtained with negative controls.
Values ,1 were fixed to 1 to avoid negative values after
log transformation. Then, counts for target genes were
normalized with the geometric mean of five housekeeping

2190 Sadowski et al Molecular Patterns of the Human Parathyroid Gland J Clin Endocrinol Metab, June 2018, 103(6):2189–2198



genes (HPRT1, RPL13A, GAPDH, b-2-microglobulin, and
b-actin) selected as the most stable using the geNorm algo-
rithm (17). Normalized data were log2 transformed for
further analyses.

Assessment of mRNA expression in snap-frozen
PG samples

Gene expression was assessed in the total RNA (200 ng per
sample) using reverse transcription quantitative polymerase
chain reaction (RT-qPCR), as previously described by us (18).
The RT-qPCR primers are listed in Supplemental Table 3.
Expression level of each target gene was normalized to the
average expression of two housekeeping genes (ribosomal
protein S9 and HPRT1).

Statistical analyses
For NanoString data, statistical analysis was carried out as

described in detail in the Supplemental Materials. Pairwise
Pearson correlation analysis was applied to test the correlation
between gene expression data obtained by NanoString and by
RT-qPCR analysis. Student unpaired two-tailed t test was
applied to compare obtained data from normal and adenoma
PG tissue gene and miRNA expression.

Modeling the PG adenoma and hyperplasia
mRNA–miRNA network

Based on the differential expression analysis of miRNA
by Rahbari et al. (13), we selected miRNA that were

significantly upregulated (with a false discovery rate ,0.05)
in HPT1 adenoma and hyperplasia. For each miRNA of
interest, the predicted targets were retrieved from several
sources (DIANA-microT, ElMMo, miRBase, miRanda,
miRDB, PicTar, PITA, and TargetScan) using theMultiMir R
package (19). We filtered the retrieved interaction using our
list of identified genes. The resulting network was visual-
ized with Igraph (20), mapping the information of the log
fold change between hyperplasia or adenoma vs control
condition.

Results

NanoString analysis of transcript expression
patterns in HPT1 adenoma, HPT1 hyperplasia, and
HPT2 hyperplasia compared with healthy PG tissue

NanoString analysis of 29 candidate genes, listed in
Supplemental Table 2, was conducted in 6 normal PG, 18
HPT1 adenoma, 12 HPT1 hyperplasia, and 6 HPT2
hyperplasia samples (see Supplemental Table 1 for pa-
tient characteristics). Of note, the proto-oncogenic tran-
scripts c-MET and MYC were 5-fold downregulated in
HTP1 adenoma (Table 1). NFIL3, encoding for a protein
that represses expression of the core-clock components
PER1 and PER2, was downregulated 4-fold in HTP1
adenoma (Table 1). Expression of CDKN1B gene
encoding for cyclin-dependent kinase inhibitor 1B,

Table 1. Altered Transcript Expression in HPT1 Adenoma, HPT1 Hyperplasia, and HPT2 Hyperplasia FFPE
Samples Compared With Independent Healthy PG Samples (N = 6) or Adjacent Normal PG Samples From the
Same Patients (N = 5, Paired Analysis)

Gene P Value Fold Change Total Number of Samples
Number of Samples With Expression

Value >50 (Linear Scale)

HPT1 adenoma (N = 18) vs healthy (N = 6)
c-MET 0.0012 25.13 24 19
MYC 0.0006 25.66 24 24
NFIL3 0.0484 24.16 24 23
CDKN1Ba 0.0349 1.58 24 24
CRY1a 0.0242 21.71 24 24
CRY2a 0.0058 21.81 24 24
PER2a 0.0259 21.75 24 24

HPT1 hyperplasia (N = 12) vs healthy (N = 6)
RET 0.0382 213.56 18 13

HPT2 hyperplasia (N = 6) vs healthy (N = 6)
NFIL3 0.0320 26.71 12 11
VDR 0.0347 27.47 12 11
CDKN1Ba 0.0247 1.82 12 12
CRY2a 0.0413 21.69 12 12

HPT1 adenoma vs adjacent normal (paired samples from N = 5 human individuals)
c-MET 0.0201 23.07 10 9
MYC 0.0109 24.23 10 10
NFIL3 0.0056 23.68 10 10
PER1 0.0154 22.12 10 10
TIMP1 0.0242 24.55 10 10
CASRa 0.0193 21.60 10 10
CDH1a 0.0150 1.84 10 10
DBPa 0.0213 1.74 10 10
VDRa 0.0234 21.79 10 10

aAltered transcripts with fold change between 1.5 and 2.
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inhibiting cell-cycle progression, was upregulated,
whereas expression of core-clock genes CRY1, CRY2,
and PER2 was downregulated 1.5- to 2-fold in these
samples (Table 1). Moreover, RET transcript levels
revealed a trend toward a 7-fold downregulation, which
did not reach statistical significance, whereas TIMP1 was
downregulated 2-fold (Supplemental Table 4).

In HTP1 hyperplasia, RET exhibited a 13-fold
downregulation (Table 1), whereas the cell-cycle–related
gene cyclin-dependent kinase 1 showed a nonsignificant
trend toward a 4-fold downregulation (Supplemental
Table 3). In HPT2 hyperplasia, 6-fold downregulation
was observed for NFIL3, with 7-fold for VDR (Table 1).
Similarly, to HPT1 adenoma, expression of CRY2 tran-
script was 1.7-fold downregulated, whereas CDKN1B
exhibited significant 1.8-fold upregulation (Table 1).RET
levels were downregulated 12-fold, and CaSR showed a
trend toward a 45-fold downregulation, although without
statistical significance (Supplemental Table 4).

NanoString analysis of transcript expression
patterns in HPT1 adenoma and adjacent normal PG
samples from the same patients (paired samples)

To ensure that the observed differences in gene ex-
pression were stemming from PG pathology itself and not
from interindividual genetic background differences in
our cohort, we next analyzed a subgroup of HPT1 ad-
enoma samples compared with adjacent normal PG
obtained from the same five patients (Supplemental
Table 1, group 2* and 3*). In good agreement with the
results obtained for unpaired samples (Table 1, upper),
the expression levels of c-MET, MYC, and NFIL3
exhibited a 2- to 4-fold downregulation (Table 1, paired
sample analysis, lower). Moreover, TIMP1 and PER1

were significantly downregulated (Table 1, lower. Lower
(1.5- to 2-fold) statistically significant downregulation
was observed for CaSR and VDR transcripts, whereas
DBP and CDH1 transcripts were upregulated (Table 1,
lower). Finally, a trend for 7-fold downregulation in
expression levels of RET was observed (Supplemental
Table 5).

Comparing transcript expression patterns in HPT1
adenoma, HPT1 hyperplasia, and HPT2 hyperplasia
with combined group of paired and independent
healthy PG samples

Additionally, a comparison among HPT1 adenoma,
HPT1 hyperplasia, and HPT2 hyperplasia samples with
all normal PG samples enrolled in this study (Supple-
mental Table 1; groups 1 and 2; N = 11) has been
conducted. The levels of c-MET, MYC, TIMP1, RET,
andNFIL3were significantly downregulated 3- to 7-fold
in HTP1 adenoma. Lower but significant downregulation
was observed for CRY2, whereas CDH1 was upregu-
lated 1.9-fold (Table 2).

In HTP1 hyperplasia, a 14-fold downregulation of RET
was observed (Table 2), along with a trend for 2.5- and
8-fold downregulation of cyclin-dependent kinase 1 and
CaSR, respectively (Supplemental Table 6). In HPT2
hyperplasia, expression levels of VDR and NFIL3 levels
were downregulated by a 5- to 7-fold,RET by 14-fold, and
CaSR was as much as 53-fold downregulated (Table 2).

Alteration in gene expression levels between
different HPT histological subtypes

Finally, gene expression comparison has been con-
ducted across HPT pathologies. The expression levels of
tumor suppressor CDH1 were 2-fold downregulated in

Table 2. Altered Transcript Expression in HPT1 Adenoma, HPT1 Hyperplasia, and HPT2 Hyperplasia Samples
Compared With All Healthy PG Samples and Adjacent Normal PG Samples (N = 11, Representing the Two
Groups of Healthy Controls Presented in Table 1 Combined)

Gene P Value Fold Change Total Number of Samples Number of SamplesWith Expression Value >50

HPT1 adenoma vs combined control samples
c-MET 0.0002 24.33 29 24
MYC 0.0001 24.82 29 29
NFIL3 0.0352 23.25 29 28
RET 0.0265 27.61 29 25
TIMP1 0.0199 22.99 29 29
CDH1a 0.0383 1.92 29 29
CRY2a 0.0041 21.61 29 29

HPT1 hyperplasia vs combined control samples
RET 0.0077 214.75 23 18

HPT2 hyperplasia vs combined control samples
CaSR 0.0167 253.09 17 15
NFIL3 0.0259 25.24 17 16
RET 0.0296 213.95 17 14
VDR 0.0115 27.47 17 16

aAltered transcripts with fold change between 1.5 and 2.
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HPT1 hyperplasia vs HPT1 adenoma, whereas c-MET
andMYC levels were significantly upregulated (Table 3).
To address differences in molecular pattern, 6 HPT2
hyperplasia and 18 HPT1 adenoma samples were com-
pared. Transcript expression levels of CDH1 and CaSR
were downregulated 3- and 45-fold, respectively, whereas
levels of c-MET and MYC were 3- to 4-fold upregulated
(Table 3). When comparing transcriptional patterns of
HPT2 vs HPT1 hyperplasia, no substantial alterations
were revealed (Supplemental Table 7).

Alterations of c-MET, MYC, and NFIL3
expression levels in HPT1 adenoma exhibit
pairwise correlations

As the NanoString approach assesses numerous
transcript levels within the same sample, pairwise cor-
relations have been established among the altered tran-
scripts. In HPT1 adenoma, c-MET revealed strong
positive correlations with MYC and NFIL3 when com-
pared with independent healthy PG samples (Fig. 1A),
paired normal PG samples (Fig. 1B), and combined
healthy samples (Fig. 1C). In summary, analysis of
c-MET, MYC, and NFIL3 levels in the same PG samples
suggests that changes in the expression level of these
genes is strongly correlated, which may indicate that
collective changes in these gene expressions are tightly
associated with HPT1 adenoma development.

miRNA–mRNA network in HPT1 adenoma
and hyperplasia

Using the differential expression analysis of miRNA
from Rahbari et al. (13), we selected miRNA that were
significantly upregulated in HPT1 adenoma and at the
same time were predicted to target the genes that were
downregulated in our Nanostring analysis (Fig. 2). In-
deed, miRNA (miR)-144-3p, miR-211-5p, miR-21-5p,
and miR-218-5p were strongly upregulated in HPT1
adenoma and were predicted to target c-MET and RET.
Additional upregulated miRNA were found to target
NFIL3, MYC, and TIMP1, with some miRNA targeting
multiple of these genes (Fig. 2; miR fold change in

Supplemental Table 8). In HPT1 hyperplasia, miR-21-
5p, miR-29b-3p, and miR-330-3p exhibited .1.5-fold
change, and were predicted to target downregulated
proto-oncogene RET, as well as VDR and CaSR (Sup-
plemental Fig. 1; miR fold change in Supplemental
Table 9).

Expression levels of the individual genes associated
with PG pathologies and miRNA predicted to target
these genes in snap-frozen PG samples

To validate the alterations in the gene expression
observed in the studied PG pathologies employing
NanoString analyses, we conducted qRT-PCR analyses
on RNA extracted from snap-frozen healthy and ade-
noma PG tissues (see Supplemental Table 1 for patient
clinical characteristics). In a good agreement with the
NanoString results (Tables 1 and 2), significant 2- to
3-fold downregulation was observed for c-MET, MYC,
and CaSR in this set of samples, whereas TIMP1 was
1.87-fold down (Table 3). Of note, strong positive cor-
relation between c-MET and MYC expression presented
in Fig. 1 was confirmed in qRT-PCR data on snap-frozen
samples (Table 3, R = 0.67, P = 0.0469). Finally, PTH
expression was about 2-fold downregulated in the same
PG adenomas.

Analysis of miRNA predicted to target these genes
(Fig. 2), conducted in the same snap-frozen samples,
revealed no substantial changes in the expression levels of
miR-21-5p, miR-27a-3p, miR-34a-5p, miR-144-3p, and
miR-218-5p between adenoma samples and healthy
controls (Supplemental Table 10).

Discussion

NanoString analysis identifies c-MET, MYC, and
NFIL3 as molecular markers associated with single
HPT1 adenoma

NanoString nCounter is a color-coded probe-based
method with a highly sensitive approach to quanti-
fication of gene expression. Based on direct probe
hybridization, it allows for the collective assessment

Table 3. Altered Transcript Expression Between the Different HPT Subgroups

Gene P Value Fold Change Total Number of Samples Number of SamplesWith Expression Value >50

HPT1 hyperplasia vs HPT1 adenoma
CDH1 0.0275 22.06 30 30
c-MET 0.0110 2.69 30 25
MYC 0.0043 3.04 30 30

HPT2 hyperplasia vs HPT1 adenoma
CaSR 0.0199 245.32 24 22
CDH1 0.0063 23.16 24 24
c-MET 0.0194 3.14 24 18
MYC 0.0045 4.05 24 24
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of a large number of transcripts within the same sample,
including high precision analyses of FFPE samples, as pre-
viously demonstrated (14, 16). Using this powerful ap-
proach, we report important alterations of expression levels
of c-MET, MYC, TIMP1, CDH1, and NIFL3 in HPT1
adenoma (Tables 1 and2),whichwas confirmed for c-MET,

MYC, andTIMP1 by qPCRanalysis (Table 3). Importantly,
screening of pairedHPT1 adenoma and adjacent normal PG
samples, attempting to rule out the possible bias introduced
by interindividual differences, further validates that the
observed transcriptional changes are likely to be associated
with HPT1 adenoma development (Table 1).

Figure 1. Pairwise correlations among c-MET, MYC, and NFIL3 transcript changes in HPT1 adenoma. Pearson correlation analysis revealed
pairwise correlations of transcript changes in HPT1 adenoma compared with (A) independent healthy PG samples, (B) paired PG samples and (C)
combined healthy PG samples (n = 11). The correlation strength was based on Evans classification (see Methods), with a coefficient r value
,0.20 reflecting very weak correlation; 0.20 to 0.39, weak; 0.40 to 0.59, moderate; 0.60 to 0.79, strong; and .0.80, very strong. The dots on
each graph represent normalized respective gene expression values.
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c-MYC, a well-characterized proto-oncogene involved
in cell growth, differentiation, apoptosis, and invasion,
was previously demonstrated to play a role in PG cell-cycle
regulation (21). c-MYC mRNA has been previously
shown to be overexpressed in a number of human
cancers (14, 15), and in PG pathologies including
HPT1 and HPT2 (22). A discrepancy between our
data and previous work (22) may stem from the
differences in the sample selection. Indeed, we sepa-
rately assessed HPT1 hyperplasia and adenoma
samples, which allowed us to distinguish hyperplasia
from local changes associated with single adenoma.
Moreover, MYC protein downregulation in sub-
population of cancer cells was reported to contribute
to the cell survival upon glucose and oxygen defi-
ciency (23), with glucose deprivation inducing MYC-
mediated apoptosis in cancer cells (24). This may possibly
explain the downregulation of MYC transcript observed

by us in FFPE and snap-frozen adenomas (Tables 1
and 4).

Furthermore, although activation of c-MET and
TIMP1, along with loss of function of CDH1, is asso-
ciated with progression and metastasis in many of hu-
man cancers (25), our study demonstrates simultaneous
downregulation of c-MET, c-MYC, and TIMP1, and
upregulation of CDH1 expression levels in HPT1

Figure 2. Network maps of miRNA in HPT1 adenoma. Network maps of upregulated miRNA based on log fold change between HPT1 adenoma
vs control, using microarray data from Rahbari et al. (13). After retrieving the predicted targets for each miRNA, they were filtered based on the
interactions using our list of differentially expressed biomarkers from the NanoString analysis. miRNA is represented with green cubes, with size
according to log fold change; targeted genes are in red circles.

Table 4. Altered Transcript Expression Between
Snap-Frozen HPT1 Adenoma (N = 5) and Healthy PG
(N = 4) Samples

Gene P Value Fold Change

MET 0.013 23.2
c-MYC 0.09 22.27
TIMP1 0.078 21.87
CaSR 0.005 22.17
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adenoma. Such differences in the gene transcription
pattern may possibly represent a compensatory mecha-
nism aiming at preventing further malignant trans-
formation in this condition. Upregulation of CDH1 was
previously associated with sporadic PG carcinoma (26).

Analysis of HPT1 adenoma samples revealed strong
pairwise correlations between c-MET, MYC, andNFIL3
when compared with normal PG samples (Fig. 1). Spe-
cifically, c-MET and MYC transcript levels showed a
strong positive correlation within the same FFPE and
snap-frozen samples (Fig. 1). Furthermore, NFIL3 tran-
script levels showed a strong positive correlation with
those of c-MET and MYC within the same PG samples.
These correlations, made possible by simultaneous anal-
ysis of these transcript levels in the same samples by the
NanoString, strongly argue that the observed collective
changes in these gene expressions might have functional
significance, and further underscore a potential link be-
tween circadian clock and cell-cycle regulation during
PG tumorigenesis.

Furthermore, in paired-sample analysis of HPT1
adenomas, a slight but statistically significant de-
crease in CaSR and VDR expression was observed
(Table 1), in agreement with previous work reporting
association of these genes with highly proliferative
parathyroid adenomas (27). This finding was fur-
ther confirmed for CaSR in snap-frozen adenomas
(Table 4).

Finally, despite high PTH blood levels observed in
patients with adenoma, PTH expression levels in HPT1
adenomas were downregulated (28), in a good agreement
with our qRT-PCR data in snap-frozen adenomas.

miRNA may play a role in PG
pathology development

One plausible mechanism for the observed down-
regulation of proto-oncogenes in PG pathologies could be
through miRNA, because several have been shown to be
upregulated in benign HPT1 but downregulated in para-
thyroid carcinoma (13). Indeed, miR-144-3p, miR-211-5p,
miR-21-5p, andmiR-218-5p, upregulated inHPT1adenoma
according to Rahbari (13), are targeting c-MET, NFIL3,
MYC, and TIMP1 according to our in silico analysis, with
several miRs, comprising miR-27a-3p, miR34b-5p, and
others targeting multiple genes (Fig. 2). Our qPCR analyses
aimed to compare selected miRNA expression in ade-
noma and healthy snap-frozen PG samples revealed no
substantial differences (Supplemental Table 10). This
may most likely stem from high interindividual vari-
ability within each group and a low number of samples.
Additional measurements of more PG samples will be
required to draw firm conclusions regarding the po-
tential role of miRNA in PG tumorigenesis.

NanoString analysis identifies circadian clock
genes as molecular markers associated with
HPT1 adenoma

Our NanoString analysis demonstrates reduced ex-
pression levels of core-clock genes PER1, PER2, CRY1,
and CRY2, and clock output gene NFIL3/E4BP4, par-
alleled with upregulation ofDBP in HPT1 adenoma, but
not in hyperplasia (Tables 1 and 2). Disruption of cir-
cadian rhythms and changes in expression levels of in-
dividual core-clock genes have been previously linked to
tumorigenesis (9–11). The circadian clock output gene
NFIL3/E4BP4 is a D-box–negative regulator that plays
an essential role in setting the circadian period length
of the mammalian oscillator, along with its positive
D-box–regulating counterpart Dbp (29), in a good agree-
ment with the opposite tendency that we observed
for these gene alterations in paired HPT1 adenoma
(Table 1). In view of the variable surgery timing, which
makes the comparison of circadian gene levels be-
tween the samples problematic, the subgroup of paired
samples (Table 1, lower) allows unbiased comparison
of the clock gene expression.

A decrease in PER1 expression level, observed by us in
paired adenoma samples as well (Table 1), was pre-
viously reported in a variety of cancers, and loss of its
rhythmic expression have been recently detected in hu-
man cholangiocarcinoma cells (30). Of note, miR-34a
was also rhythmically expressed, and was directly tar-
geting PER1 in cholangiocarcinoma (30). Interestingly,
according to our in silico analysis, miR-34a targets PER1
(not shown) and NFIL3 (Fig. 2), suggesting a potential
link between overexpression of miR-34a and down-
regulation of PER1 and NFIL3in HPT1 adenoma de-
velopment. Our analysis of miR-34a expression in frozen
samples failed to confirm this hypothesis (Supplemental
Table 1), possibly because of the circadian variability of
miR-34a expression, which may further increase the
variability between subjects.

Altered gene expression in HPT hyperplasia
identifies and confirms previously reported
gene expression changes

Our analysis shows a strong downregulation of proto-
oncogene RET expression in sporadic HPT1 and HPT2
hyperplasia (Tables 1 and 2). In contrast to MEN2-A,
associated with oncogenic activation of RET tyrosine
kinase domain (31), we have shown that sporadic HPT1
hyperplasia is associated with a decrease in RET ex-
pression, making this gene an excellent candidate for
allowing to distinguish these two pathologies.

Importantly, our analysis reports an upregulation of
CDKN1B gene in HPT2 hyperplasia and in HPT1 ad-
enoma. It was recently shown that mutations in this gene
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were associated with sporadic parathyroid adenomas
(32). Also, we confirm a significant downregulation of
expression of CaSR (as much as 54-fold) and VDR
(7-fold) in HPT2 hyperplasia (Tables 1 and 2). This is
consistent with previous studies reporting that sporadic
parathyroid adenomas show reduced expression of VDR
andCaSR, translating aberrant CaSR signaling, and both
may play an important role in parathyroid tumorigenesis
(6, 33). We report here a downregulation of circadian
rhythm regulator, NFIL3, in HPT2 hyperplasia.

In summary, our study reveals that expression levels of
RET and NFIL3 genes are downregulated in HPT hy-
perplasia and confirms previously observed alterations in
CaSR and VDR to be associated with this pathology.

Molecular distinction between PG hyperplasia
and adenoma

Our comparative analysis between HPT adenoma and
hyperplasia demonstrates significantly lower expression
levels of CDH1, whereas c-MET and MYC transcripts
showed significantly higher expression levels in both HPT1
and HPT2 hyperplasia compared with HPT1 adenoma
(Table 4). Downregulation of c-MET and MYC in HPT
adenoma vs hyperplasia might indicate a separate tumori-
genesis pathway for adenoma. Studies have shown MYC
expression to depend on calcium concentration and CaSR
and to influence differentiation (34). Our findings may
suggest that CaSR and MYC dysregulation is implicated
in PG tumorigenesis. Furthermore, CaSR is significantly
downregulated in HPT2 hyperplasia vs HPT1 adenoma, in
agreement with previous studies (33), further confirming
previous findings on aberrant CaSR signaling in hyperplasia.
Similarly, our results confirm a downregulation of VDR in
HPT2 hyperplasia in agreement with previous study (35).

In conclusion, this study provides a transcriptional
characterization of healthy PG, sporadicHPT1adenomaand
hyperplasia, and HPT2 hyperplasia. Alterations of proto-
oncogenes c-MET, MYC, and TIMP1 and core-clock genes
NFIL3 and PER1 were associated with PG adenoma. Ad-
ditional transcripts related to PG function such as CaSR and
VDR were significantly downregulated in HPT1 adenoma
and HPT2 hyperplasia. Last, pairwise expression levels of
c-MET, MYC, and NFIL3 represent a cluster of markers
whose collective changes are associatedwithHPT1 adenoma
development and might be potentially predictive of HPT1
adenoma diagnosis. Observed collective changes in several
transcripts involved in PG function, cell cycle, and circadian
clock may suggest a functional importance for these
expression changes.
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