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Circular RNA profile of parathyroid neoplasms: analysis of co-expression networks of
circular RNAs and mRNAs
Ya Hu *, Xiang Zhang *, Ming Cui, Mengyi Wang, Zhe Su, Quan Liao , and Yupei Zhao

Department of General Surgery, Peking Union Medical College Hospital, Chinese Academy of Medical Sciences & Peking Union Medical College,
Beijing, China

ABSTRACT
Circular RNAs (circRNAs) are a recently identified class of non-coding RNAs that participate in multiple
biological processes and tumour progression. However, circRNA expression pattern in parathyroid
neoplasms remains unknown. The circRNA profile of 6 parathyroid carcinomas (PCs), 6 parathyroid
adenomas (PAs) and 4 normal parathyroid tissues was assessed by a microarray. Bioinformatic analyses
were performed to investigate potential core circRNAs via co-expression network. CircRNA and corre-
sponding mRNA expression were validated in a cohort of parathyroid neoplasms by RT-qPCR and
fluorescence in situ hybridization (FISH). Compared to normal parathyroid, 5310 and 1055 circRNAs
were differentially expressed in PC and PA tissues, respectively. The differential expression of 4 circRNAs
(hsa_circRNA_0035563 (p = 0.006), hsa_circRNA_0017545 (p = 0.009), hsa_circRNA_0001687 (p = 0.005)
and hsa_circRNA_0075005 (p = 0.001)) and 4 mRNAs (MYC, FSCN1, ANXA2 and AKR1C3) between PC and
PA tissues were confirmed by RT-qPCR. In addition, high expression of hsa_circ_0035563 was related to
CDC73 mutations (p = 0.022) and recurrence in PC patients (p = 0.042). Furthermore, hsa_circ_0075005
helped distinguish PCs from benign lesions using FISH, and the area under the curve was 0.779
(p = 0.013). Our findings describe the circRNA profile of PC for the first time and suggest that
circRNAs and mRNAs interact in parathyroid tumourigenesis. This study demonstrates that hsa_-
circ_0075005 and MYC mRNA may be used for the differential diagnosis of PC and PA. The expression
levels of hsa_circ_0035563 are related to CDC73 mutations and recurrence in malignancy, highlighting
the significance of this parameter in prognosis of PC patients.
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Introduction

Parathyroid carcinoma (PC) is a rare malignancy with a poor
prognosis. PC accounts for less than 1% of cases of primary
hyperparathyroidism in Western countries, while the inci-
dence of PC is greater than 5% in China and other Eastern
countries [1]. Compared with benign parathyroid adenomas
(PAs), PC is characterized by more severe clinical symptoms
and more remarkable biochemical parameters, which may
indicate the risk of malignancy in patients with hyperpar-
athyroidism. However, diagnosis remains challenging because
of the overlap in the clinical presentation and histopathologi-
cal findings between PC and PA unless recurrence or metas-
tasis has occurred. The 5-year and 10-year overall survival
rates were reported to be 82.3% and 66%, respectively [2]. The
main reason for mortality due to PC is uncontrollable hyper-
calcaemia during the late stage rather than tumour invasion.
Radical resection in the initial operation is suggested to
decrease the risk of recurrence and metastasis, but more
than 60% of patients suffer from local relapse or distant
metastasis. Furthermore, thus far, PC has responded poorly
to chemotherapy and radiotherapy [3]. Early diagnosis is
critical for radical resection and close follow-up, which may

be the only way to cure this malignancy. A set of molecular
markers is desperately needed to screen patients for radical
surgery before the initial operation or timely remedial opera-
tion after the initial operation. Unfortunately, the exact mole-
cular mechanisms involved in the tumourigenesis, recurrence,
metastasis and chemoradiotherapy resistance of PC are still
poorly understood [4]. Although 50–70% of patients with
sporadic PC have been found to carry CDC73 inactivating
mutations, gene sequencing and immunohistochemical stain-
ing still cannot identify any mutation in CDC73 in a variable
percentage of sporadic PC cases [5]. In addition, some PA
tissues can also carry CDC73 mutations [6,7]. Therefore, other
diagnostic markers and molecular therapeutic targets are
needed to identify these patients.

Circular RNAs (circRNAs) belong to a novel class of non-
coding RNAs with regulatory potency in biological processes.
In contrast to linear RNAs with terminal 5ʹ caps and 3ʹ tails,
the 3ʹ and 5ʹ ends of circRNAs are covalently linked to form
a closed circular structure, rendering them more stable than
their linear counterparts [8]. Initially, circRNAs were mista-
ken as outcomes of mis-splicing. However, since 2012, their
biological functions have been recognized due to technologi-
cal breakthroughs in high-throughput deep RNA sequencing
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(RNA-seq) [9,10]. With the development of RNA-seq tech-
nology and bioinformatics, more than 200,000 circRNAs have
been identified in tumor tissue [11]. Accumulating evidence
has revealed that circRNAs play important roles in multiple
biological and pathological processes [12]. CircRNAs play
different roles in cancer development via multiple mechan-
isms, such as acting as microRNA (miRNA) sponges, regula-
tors of RNA binding proteins, and modulators of the Wnt
signalling pathway [13,14]. Notably, ‘miRNA sponge’ repre-
sents the most prominent and definite function of circRNAs
[15]. In a type of post-transcriptional regulation, some
circRNAs compete with miRNAs for the same binding sites
in corresponding mRNAs [16]. Recently, some endogenous
circRNAs have been reported to be translatable in living
human cells [17,18]. This finding suggests that circRNAs
may also play an important role in transcription levels, even
though the extent of their participation is not currently
known.

Studies have increasingly shown that the aberrant expression
of circRNAs is related to a variety of tumours, including
laryngeal cancer, colorectal cancer, ovarian cancer, gastric can-
cer, bladder cancer and oesophageal cancer [19–21]. In oeso-
phageal squamous cell carcinoma and colorectal carcinoma,
circular RNA ITCH has been found to exert its inhibitory effect
through the Wnt/β-catenin pathway [22]. In oral cancer,
circRNA_100290 has been found to regulate CDK6 expression
by sponging miR-29b family members [23]. Because circRNAs
are resistant to ribonucleases due to their unique circular
structure, circRNA molecules are speculated to be more stable
in plasma than linear RNAs [24,25]. The levels of hundreds of
circRNAs in the blood have been shown to be higher than
those of their homologous linear transcripts [26]. These fea-
tures suggest that circRNAs may serve as novel diagnostic
markers and therapeutic targets for the treatment of malig-
nancy. The hsa_circ_0001017 and hsa_circ_0061276 circRNAs
in plasma were identified as new potential biomarkers of gastric
cancer [27]. Furthermore, more than 400 circRNAs have been
identified in human cell-free saliva [28]. However, the signifi-
cance of circRNAs in parathyroid neoplasms remains
unknown.

So far, whether PA intermediates the process of PC
development remains unclear and meanwhile PA is
responsible for the majority of primary hyperparathyroid-
ism. Lack of effective diagnostic markers to identify the PC
from PA may lead to inaccurate diagnosis and interfere the
optimal treatment strategy. In this study, we investigated
the global circRNA expression profile with a circRNA
microarray in a Chinese cohort of patients. We focused
on the most differentially expressed circRNAs in PC that
are potentially associated with known pathogenic genes.
The results of the mRNA expression profiles were also
used to construct a circRNA-mRNA co-expression net-
work. A group of differentially expressed circRNAs and
mRNAs was validated with quantitative real-time reverse
transcription polymerase chain reaction (RT-qPCR) and
fluorescence in situ hybridization (FISH). The significance
of these circRNAs as diagnostic markers and relevant
mechanisms of cancer progression was tentatively explored
in a series of parathyroid tissues.

Results

Identification of differentially expressed circRNAs among
PC, PA and normal parathyroid tissues

An SBC Human CircRNA expression microarray (Shanghai
Biotechnology Corporation, Shanghai, China) containing
88371 probes for circRNAs was used in our study.
CircRNAs were analysed by the high-throughput human
microarray of 6 PC, 6 PA and 4 normal parathyroid (PaN)
tissues. To obtain an overview of the circRNAs in the para-
thyroid disease, PaN were deemed as the control. In sum,
2668 upregulated and 2642 downregulated circRNAs were
identified in PC, with a fold change ≥ 2.0 or ≤ 0.5 and
a p-value < 0.05. In the PA tissues, there were 420 upregulated
and 635 downregulated differentially expressed circRNAs,
which was much lower than that the number found in the
PC tissues (Supplementary Figure 1). Figure 1 shows the
distribution of these differentially expressed circRNAs on
human chromosomes. To further explore the distinct
circRNAs for potential markers, PC was compared to PA.
Consequently, 2521 upregulated and 2232 downregulated
circRNAs were identified in PC. The volcano plot (Figure 2
(a)) and heat map (Figure 2(b)) were constructed to visualize
the differential circRNA expression between PC and PA tis-
sues. These data reveal distinct circRNA expression in PC
and PA.

Co-expression network analysis of circRNAs and mRNAs

To identify the critical circRNA in PCs, a circRNA-mRNA co-
expression network was constructed based on the degree of
the correlation between PC and PA (Supplementary Fig. 2A
and B). Briefly, the Pearson correlation of each RNA pair was
calculated. The higher the degree of the correlation, the more
important is the RNA in the network. Based on the micro-
array data and analysis, the candidates for validation were
selected based on the following criteria: (1) fold changes in
circRNA expression ≥ 2.0 or ≤ 0.5; (2) p-value < 0.01; (3) raw
intensity > 200; (4) host genes known to be related to cancer;
and 5) absolute network difference > 0.1. In total, 6 circRNAs
and 4 mRNAs from the co-expression network were selected
as candidates for further validation. The 4 mRNAs (FSCN1,
ANXA2, AKR1C3, and MYC) were the corresponding linear
transcripts of hsa_circ_0079278, hsa_circ_0035563, hsa_-
circ_0017545 and hsa_circ_0085534. Hsa_circ_0001687 and
hsa_circ_0075005 were also selected. CDC73 is also believed
to be a critical gene in PC. However, in the present study, the
circRNAs related to CDC73 were not aberrantly expressed
in PC.

Validation of dysregulated circRNAs and the
corresponding mRNAs in parathyroid neoplasm tissues

The expression of the selected circRNAs and mRNAs was eval-
uated by an RT-qPCR analysis of 20 PC and 41 PA tissues. Based
on Mann-Whitney U test or t-test analysis, PC samples were
compared with the PA samples. The expression of
hsa_circRNA_0035563 (p = 0.006), hsa_circRNA_0017545
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(p = 0.009), hsa_circRNA_0001687 (p = 0.005) and
hsa_circRNA_0075005 (p = 0.001) were significantly upregu-
lated in the PC samples. The detected circRNAs, i.e.,
hsa_circRNA_0079278 and hsa_circRNA_0085534, did not

significantly differ between the PC and PA samples (Figure 3
(a-e, j)).

We also detected the linear transcripts (mRNAs) of the
circRNA host genes in the 20 PC and 41 PA samples. The

Figure 1. The distribution of the differentially expressed circRNAs on human chromosomes among parathyroid carcinomas (PCs), parathyroid adenomas (PAs) and
normal parathyroid tissues (PaN). The brown and green bars represent the up- and downregulated circRNAs between the tumour and normal samples, respectively.

Figure 2. A volcano plot (2A) and heat map (2B) were used to identify the difference in circRNA expression between the PC and PA samples. In the volcano plot, the
log2 fold change is plotted on the x-axis, and the negative log10 p-value is plotted on the y-axis. The heat map visualizes the differential circRNA expression
(p < 0.05 and fold change ≥ 2.0 or ≤ 0.5) between the PC and PA samples. Each column represents one sample, and each row indicates a circRNA transcript. The
colour scale ranges from blue (low intensity) and yellow (medium intensity) to red (strong intensity). PC, parathyroid carcinoma; PA, parathyroid adenoma.
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mRNA expression of MYC, FSCN1, ANXA2 and AKR1C3 was
significantly upregulated in the PC specimens compared with
that in the PA tissues (Figure 3(f-i)). A significant positive
correlation was observed between circ_0079278 and FSCN1
mRNA, between hsa_circ_0035563 and ANXA2 mRNA, and
between hsa_circ_0017545 and AKR1C3 mRNA (Spearman’s
correlation, p < 0.001, Figures 4 and 5). No correlation was
identified between hsa_circ_0085534 and MYC mRNA
(Spearman’s correlation, p = 0.117). In each sample, the expres-
sion levels of hsa_circ_0079278, hsa_circ_35563 and hsa_-
circ_0085534 were much lower than those of their linear
counterparts FSCN1, ANXA2 and MYC (Figure 4).

Correlations between circRNA and mRNA expression and
clinicopathological characteristics

Binary logistic regression analysis indicated that hsa_-
circ_0075005 was the most promising diagnostic marker for

distinguishing PC from PA. The receiver operating characteristic
(ROC) curves are created to select possibly the optimal models
and the area under the curve (AUC) varying between 0 and 1 was
calculated to demonstrate the performance of a diagnosticmarker.
Here, the ROC analysis revealed that the AUC of hsa_-
circ_0075005 was 0.770 (95% confidence interval (CI),
0.633–0.906; p = 0.001). Regarding the mRNAs, MYC showed
a better distinguishing potential with an AUC of 0.909 (95% CI,
0.823–0.994; p < 0.001, Supplementary Fig. 3).

The Mann-Whitney U test showed that hsa_circ_0035563
(p = 0.002), hsa_circ_0017545 (p = 0.012), AKR1C3
(p = 0.003), hsa_circ_001687 (p = 0.047), FSCN1 (p = 0.012),
ANXA2 (p < 0.001), and MYC mRNA (p = 0.020) were dysre-
gulated between PC patients with and without CDC73 inactivat-
ing mutations. The expression of hsa_circ_0035563 (p = 0.002),
hsa_circ_001687 (p = 0.002), and ANXA2 (p = 0.002) mRNA
differed between PC patients with and without recurrence.
Furthermore, the binary logistic regression analysis indicated

Figure 3. Validation of the differentially expressed circRNAs (a-e, j) and mRNAs (f-i) between the PC and PA tissues. FSCN1, ANXA2, AKR1C3 and MYC represent the
host genes of hsa_circ_0079278, hsa_circ_0035563, hsa_circ_0017545 and hsa_circ_0085534. hsa_circ_0035563, hsa_circ_0017545, hsa_circ_0001687 and hsa_-
circ_0075005 were upregulated in the PC tissues. All transcripts were verified in a cohort of PC (n = 20) and PA (n = 41) tissues. * p < 0.05, ** p < 0.01.

Figure 4. The relative expression levels of circRNAs and mRNAs (2−ΔCt) in each PC and PA tissue. Each column represents one sample, and each row indicates the
expression level of an RNA transcript. For the convenience, the ordinate scale differs for each RNA in this diagram. The expression levels of hsa_circ_79278 and
hsa_circ_85534 were much lower than those of their linear counterparts FSCN1 and MYC. The expression levels of hsa_circ_0079278 and FSCN1 mRNA,
hsa_circ_0035563 and ANXA2 mRNA, and hsa_circ_0017545 and AKR1C3 mRNA were found to be correlated in each parathyroid neoplasm tissue.
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that high expression of hsa_circ_0035563 was related to CDC73
mutations (p = 0.022) and recurrence in the patients with PC
(p = 0.042).

Correlations between circRNAormRNAexpression levels and
clinical characteristics were further analysed (Spearman’s correla-
tion, Figure 5). The preoperative serum calcium levels of the
patients with parathyroid neoplasms were correlated with the
levels of hsa_circ_0035563 (rs = 0.413, p = 0.001), hsa_-
circ_0085534 (rs = −0.269, p = 0.036), hsa_circ_0075005
(rs = 0.283, p = 0.027), MYC mRNA (rs = 0.347, p = 0.006) and
ANXA2 mRNA (rs = 0.432, p = 0.001). The serum intact para-
thyroid hormone (iPTH) levels were also correlated with hsa_-
circ_0035563 (rs = 0.397, p = 0.002), hsa_circ_0075005
(rs = 0.342, p = 0.007), FSCN1 mRNA (rs = 0.349, p = 0.006),
ANXA2 mRNA (rs = 0.438, p < 0.001), and MYC mRNA
(rs = 0.440, p < 0.001). No circRNA or mRNA expression levels
were correlated with alkaline phosphatase (ALP) levels in the
patients. No other RNA expression levels were correlated with
the serum creatinine level in these patients, except for hsa_-
circ_0085534 (rs = −0.266, p = 0.039).

Validation of circRNA expression using FISH

Two circRNAs, hsa_circ_0035563 and hsa_circ_0075005,
were selected to be validated in formalin-fixed paraffin-
embedded (FFPE) samples of PC and PA using FISH. The
expression levels of hsa_circ_0035563 and hsa_circ_0075005
in FFPE samples of 12 PC and 16 parathyroid benign neo-
plasms were compared (Figure 6). The expression levels of

both circRNAs in the PC samples were higher than those in
the benign lesions. The AUC of hsa_circ_0075005 was 0.779
(95% CI, 0.599–0.959; p = 0.013).

Discussion

Recent accumulating evidence has shown that regulation of the
transcriptome is an important mechanism responsible for onco-
genesis and the development of parathyroid neoplasms [4,29].
Increasing evidence indicates that circRNAs play an important
role in both transcriptional and post-transcriptional regulation
during the initiation and progression of a wide range of cancers
[30]. As new members of the RNA regulation network, circRNAs
have drawn extensive attention as diagnostic markers with sub-
stantial diversity, high molecular stability and tissue specificity.
This discovery extended our understanding of the complex net-
work of non-coding RNAs. To the best of our knowledge, this
study is the first attempt to explore the significance of circRNAs
in parathyroid carcinoma. A set of dysregulated circRNAs was
identified, and their significance was verified.

Compared with PaN, 5310 dysregulated circRNAs were
identified using a circRNA microarray of PC, which was
much higher than the 1055 dysregulated circRNAs identified
in PA. Therefore, more complex regulatory processes may be
involved in malignancy. Furthermore, the host genes of these
dysregulated circRNAs were distributed across all chromo-
somes, suggesting that circRNAs are widely involved in the
regulation of many genes.
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A prominent function of circRNAs as a part of the competing
endogenous RNA network is their potency in regulating mRNA
expression at the transcriptional and post-transcriptional levels.
We believe that an integrated analysis of both circRNAs and
mRNAs may be useful as a preliminary exploration of the effects
of circRNAs in PC. The mRNA data originate from the same
parathyroid tissue investigated in our previous study [31]. From
this network, 6 circRNAs and 4 corresponding mRNAs were
selected as candidates for further verification. Using RT-qPCR, 4
circRNAs were validated to be differentially expressed between
PCs and PAs. Furthermore, high expression of hsa_-
circ_0035563 was found to be related to CDC73 mutations
and recurrence in patients with PC. The expression of hsa_-
circ_0075005 and hsa_circ_0035563 was correlated with the
serum levels of calcium and iPTH. The host gene of hsa_-
circ_0035563 was ANXA2 encoding Annexin A2, whose over-
expression is related to advanced stage, reduced survival and
resistance to treatment regimens in many kinds of malignancy
[32,33]. In the present study, the ANXA2mRNA was also found
to be highly expressed in PC. The NPM1 gene, which is the host
gene of hsa_circ_0075005, has also been reported to be linked to
high-grade tumours and poor prognosis in leukaemia and some
solid cancers [34]. Hence, these two circRNAs deserve further
investigation in the diagnosis and treatment of PC. To explore
the significance of these circRNAs in differentiating benign and
malignant parathyroid neoplasms, FISH was performed, and the
AUC of hsa_circ_0075005 was 0.779 (p = 0.013).

Regarding mRNA expression, four candidate mRNAs were
found to be differentially expressed between PC and PA.
Among these mRNAs, the MYC mRNA was identified as the
best diagnostic marker of PC and PA with an AUC of 0.909.
MYC gene activation is believed to be a hallmark of the initia-
tion and maintenance of many different types of cancers
[35,36]. As a target gene of β-catenin in the Wnt signalling
pathway, MYC is also a critical component in parathyroid
neoplasm [37]. Compared with PaN, MYC mRNA has been
reported to be overexpressed in some benign parathyroid
tumours [38]. In the present study, MYC mRNA expression
in PC tissues was significantly higher than that in PA tissues.
Furthermore, we found that MYC mRNA expression in PC

tissues with the CDC73mutation was higher than that in tissues
without the CDC73 mutation. Parafibromin, which is the cod-
ing protein of CDC73, could inhibit the expression of MYC by
occupying the c-myc promoter [39]. The inactivating CDC73
mutation could result in a loss of parafibromin, which may
weaken this inhibitory effect on cell proliferation. In the present
study, the expression of hsa_circ_0088534 was not correlated
with that of the linear RNA transcript of MYC, indicating that
circRNAs may not be the main factor regulating the expression
of MYC. The expression of three other pairs of circRNAs and
their corresponding linear transcripts (hsa_circ_0079278 and
FSCN1 mRNA, hsa_circ_0035563 and ANXA2 mRNA, and
hsa_circ_0017545 and AKR1C3 mRNA) was found to be cor-
related in each parathyroid neoplasm tissue. These genes were
all previously reported to be tumour related.

Several limitations of this study should be mentioned. The
main shortcoming was the limited cohort size of PC patients
due to its rarity, although the present cohort may be the
largest in recent years. The validation of these markers in
more patients from multiple centres is necessary to explore
their clinical value. Second, the PC diagnosis of some patients
in our study was based on a histopathological evaluation
without evidence of metastases. Long-term follow-up is
needed to validate these results. Third, differential expressed
circRNAs from microarray were screened without FDR cor-
rection, suggesting a potentially higher false positive rate in
statistics. Moreover, due to the lack of a PC cell line, inter-
vention experiments that could further confirm the regulatory
effects of these circRNAs on their host genes were not
completed.

Patients and methods

Patients and specimens

In total, 18 patients with PC and 41 patients with PA who
underwent operations at the Peking Union Medical College
Hospital were included in this study. During the surgery, the
excised specimens were immediately immersed in RNAlater
RNA Stabilization Reagent (Ambion Inc., USA) at 4 °C and
preserved at −80 °C until use. In two patients, two carcinoma

hsa_circ_0075005

hsa_circ_0035563

PC PA

Figure 6. The expression of hsa_circ_0075005 and hsa_circ_0035563 was assessed by fluorescence in situ hybridization of differentiating malignant and benign
parathyroid lesions. The upper images show the typical positive and negative staining of hsa_circ_0075005 in the PC and PA tissues, respectively. The lower images
show the typical positive and negative staining of hsa_circ_0035563 in the PC and PA tissues, respectively. The blue fluorescence shows the position of the nucleus,
while the circRNA is indicated by green fluorescence.
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tissues from independent recurrences were included in the
study. All samples were confirmed by a pathological examina-
tion in accordance with the WHO criteria [40]. The diagnosis
of PC was based on histopathological criteria, including inva-
sion into adjacent structures and/or extracapsular blood ves-
sels or clinical evidence of metastasis. Six PC samples, six PA
samples and four normal parathyroid gland samples were
used for the microarray chip detection. The tiny normal
parathyroid tissues were incidentally obtained during surgery
in patients with thyroid diseases and normal parathyroid
function. Some samples were collected from patients who
were also recruited in our previous studies investigating long
non-coding RNAs [31] and miRNAs [41]. The clinical char-
acteristics of these PC patients are listed in Supplementary
Table 1. Another 14 PC samples and 35 PA samples were used
for RT-qPCR validation. FFPE samples from 12 patients with
PC and 16 patients with benign parathyroid lesions (12 PA
and 4 parathyroid hyperplasia) were randomly selected for the
FISH analysis of the circRNAs.

This study was approved by the Institutional Ethics Review
Board of Peking Union Medical College Hospital (China)
(approval number: S-K470). Written informed consent was
obtained from all participants in this study. All individuals’
data have been deidentified.

RNA isolation and quality control

Total RNA was extracted from the samples and purified
using a mirVana™ miRNA Isolation Kit (Cat# AM1561,
Ambion, Austin, TX, US) following the manufacturer’s
instructions. The concentration of RNA was determined
using a NanoDrop ND-2000 spectrophotometer (Thermo
Scientific, US). The RNA integrity was detected by an
Agilent Bioanalyzer 2100 (Agilent Technologies, Santa
Clara, CA, US).

Microarray and data analysis

The probes on the microarray were designed according to the
databases from circBase (http://www.circbase.org/). In general,
total RNA was amplified and labelled with a Low Input Quick
AmpWTLabelling Kit (Cat. #5190–2305, Agilent Technologies)
following the manufacturer’s protocol. Labelled cRNA was pur-
ified by the RNeasy Mini Kit (Cat.# 74106, QIAGEN, GmBH,
Germany). Each slide was hybridized with 1.65 μg Cy3-labelled
cRNA using a Gene Expression Hybridization Kit (Cat.
#5188–5242, Agilent technologies, Santa Clara, CA, US) accord-
ing to the manufacturer’s instructions. After 17 hours of hybri-
dization, the slides were washed in staining dishes (Cat.# 121,
Thermo Shandon, Waltham, MA, US) with a Gene Expression
Wash Buffer Kit (Cat.# 5188–5327, Agilent Technologies, Santa
Clara, CA, US) according to the manufacturer’s instructions.
The processed slides were finally scanned by an Agilent
Microarray Scanner (Cat. #G2565CA, Agilent Technologies,
Santa Clara, CA, US) with the default settings (dye channel:
green, scan resolution = 3 μm, PMT 100%, 20 bit). The data
were extracted with Feature Extraction software 10.7 (Agilent
Technologies, Santa Clara, CA, US). Raw data were normalized
by the Quantile algorithm/limma package in R. The microarray

analysis was conducted by Shanghai Biotechnology Corporation
(Shanghai, China). Differentially expressed circRNAs were iden-
tified using Student’s t-test, with expression fold changes ≥ 2.0 or
≤ 0.5 and p-values < 0.05. A volcano plot and hierarchical
clustering were used to show the different circRNA expression
patterns in the PA and PC samples.

Construction of the circRNA-mRNA co-expression network

To explore the potential functions of the circRNAs, we
constructed a circRNA-mRNA co-expression network
based on the normalized mRNA signal intensities of sam-
ples from our previous study [31]. Co-expression networks
were constructed to identify the interactions between the
differentially expressed circRNAs and mRNAs in the PC
and PA samples (fold changes ≥ 2.0 or ≤ 0.5 and p-values
< 0.05). For each pair of analysed RNAs, we calculated the
Pearson correlation and chose pairs with significant correla-
tions to construct the network [42]. If the expression levels
of RNA pairs were similar and above a preselected threshold
in the Pearson analysis, the pairs were considered to exhibit
a co-expression relationship and could be connected. The
networks of both the PC group and PA group were con-
structed using Cytoscape (http://www.cytoscape.org). Each
circRNA or mRNA corresponded to a node, and 2 RNAs
were connected by a string, indicating a close correlation.
The degree of the correlation reflected the RNA’s impor-
tance in the network. Then, the degree value of each mRNA
or circRNA was normalized by dividing by the largest
degree value in each network. An absolute network differ-
ence degree value was obtained for each mRNA or circRNA
by comparing the normalized degree value between the PC
and PA networks.

Validation with RT-qPCR

RT-qPCR was carried out to further confirm and extend the
results from microarray to a larger disease cohort, which
included 20 PC samples and 41 PA samples. The convergent
primers for the circRNAs were designed, and GAPDH was used
as an internal reference. The mRNA expression of four corre-
sponding host genes, i.e., MYC, FSCN1, AKR1C3 and ANXA2,
was also included in the validation. The primers were designed
with Primer Express 3.0.1 (Supplementary Table 2). Primer
location and annotated result of the circRNAs was visualized
using CircPrimer 1.2 (Supplementary Fig. 4) [43].

RT-qPCRwas conducted in triplicate on a 7900HT Sequence
Detection System (ABI, USA) with SYBR® Green Master Mix
(ABI, 4368708). Briefly, the circRNA or mRNA from each sam-
ple was reverse transcribed with a ReverTra Ace qPCR Kit
(TOYOBO, FSQ-101). Then, 20 μL of qPCR mixture containing
2× SYBR Green PCR buffer, forward primer, reverse primer,
synthesized cDNA template and H2O was incubated in a 384-
well plate. The PCR cycling programme was 50°C for 2 min and
95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C
for 1 min. The cycle threshold (Ct) represented the quantitative
endpoint. The relative expression level of each circRNA or
mRNA was calculated using the 2−ΔCt formula, where
ΔCt = Ct (RNA) – Ct (GAPDH).
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FISH of RNA

FISH of the circRNAs was performed in FFPE tissues of malig-
nant and benign parathyroid neoplasms. The digoxigenin
(DIG)-labelled primers used for the circRNAs were as follows:
hsa_circ_0035563, 5ʹ-DIG-GGGGTGTAGAGTGCTTTGGTCT
TGATGGC-3ʹ; and hsa_circ_0075005, 5ʹ-DIG-CAGCCC
CTAAACTGACTTTCTTCACTGGCG-3ʹ. The probe (8 ng/
µL) was incubated at 37°C overnight. After removing the hybrids
by washing and blocking with BSA, the probe was visualized
with DyLight 488-conjugated IgG Fraction Monoclonal Mouse
Anti-Digoxin Antibody (Jackson). Then, DAPI (Servicebio) was
used to stain the cell nuclei (blue). A fluorescence microscope
with an imaging system (NIKON ECLIPSE CI and NIKON DS-
U3) was used to record the image of FISH. An assessment of the
FISH signals was performed independently by two doctors who
were blinded to the clinical features of the slides.

Statistical analysis

Continuous variables are described as the mean ± standard
deviation (SD), and discrete data are reported as numbers or
corresponding percentages. The differences in the expression of
the circRNAs and mRNAs between the groups were evaluated
by the Mann-Whitney U test or t-test. Categorical data were
compared using Fisher exact tests. Binary logistic regression
analysis was used for the multivariate analysis. Spearman’s
rank test was conducted to assess the correlation between the
circRNAs and clinicopathologic features of the patients. ROC
curves were constructed, and the AUC was calculated to evalu-
ate the diagnostic value of the selected RNAs. A two-sided
p-value < 0.05 was considered statistically significant.
GraphPad Prism 5 (GraphPad Software, CA, USA) and SPSS
version 16.0 for Windows were used for all statistical analyses.

Conclusions

In summary, this study is the first to reveal the expression
profile of circRNAs in PC. A set of circRNAs potentially
involved in the tumourigenesis of parathyroid tumours was
identified. hsa_circ_0075005 and MYC mRNA may be used
for the differential diagnosis of PC. A high expression level of
hsa_circ_0035563 was found to be related to CDC73 muta-
tions and recurrence in patients with PC.
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