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Simple Summary: In recent years, the incidence of papillary thyroid cancer (PTC) has increased in
many countries worldwide. MicroRNAs appear to be important regulators of PTC, but a better
understanding of their role is needed to develop novel diagnostic tools and identify potential
vulnerabilities. In this study, we aimed to gain insight into the microRNA profile of PTC tissue.
Consequently, crucial pathways in PTC were highlighted. A panel of four microRNAs (miR-152-3p,
miR-221-3p, miR-551b-3p, and miR-7-5p) was proposed as a PTC diagnostic biomarker. Our analysis
indicated that microRNAs are a potential diagnostic tool for PTC patients.

Abstract: The incidence of papillary thyroid cancer (PTC) has increased in recent years. To improve
the diagnostic management of PTC, we propose the use of microRNAs (miRNAs) as a biomarker.
Our aim in this study was to evaluate the miRNA expression pattern in PTC using NanoString
technology. We identified ten miRNAs deregulated in PTC compared with reference tissue: miR-
146b-5p, miR-221-3p, miR-221-5p, miR-34-5p, miR-551b-3p, miR-152-3p, miR-15a-5p, miR-31-5p, and
miR-7-5p (FDR < 0.05; |fold change (FC)| ≥ 1.5). The gene ontology (GO) analysis of differentially
expressed miRNA (DEM) target genes identified the predominant involvement of epidermal growth
factor receptor (EGFR), tyrosine kinase inhibitor resistance, and pathways in cancer in PTC. The
highest area under the receiver operating characteristic (ROC) curve (AUC) for DEMs was found for
miR-146-5p (AUC = 0.770) expression, indicating possible clinical applicability in PTC diagnosis. The
combination of four miRNAs (miR-152-3p, miR-221-3p, miR-551b-3p, and miR-7-5p) showed an AUC
of 0.841. Validation by real-time quantitative polymerase chain reactions (qRT-PCRs) confirmed our
findings. The introduction of an miRNA diagnostic panel based on the results of our study may help
to improve therapeutic decision making for questionable cases. The use of miRNAs as biomarkers of
PTC may become an aspect of personalized medicine.

Keywords: microRNA; papillary thyroid cancer; biomarker

Cancers 2022, 14, 2679. https://doi.org/10.3390/cancers14112679 https://www.mdpi.com/journal/cancers

https://doi.org/10.3390/cancers14112679
https://doi.org/10.3390/cancers14112679
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/cancers
https://www.mdpi.com
https://orcid.org/0000-0001-8900-3774
https://orcid.org/0000-0003-0254-3095
https://orcid.org/0000-0002-0701-4961
https://orcid.org/0000-0001-7403-6928
https://orcid.org/0000-0002-2544-130X
https://orcid.org/0000-0001-5721-2571
https://doi.org/10.3390/cancers14112679
https://www.mdpi.com/journal/cancers
https://www.mdpi.com/article/10.3390/cancers14112679?type=check_update&version=1


Cancers 2022, 14, 2679 2 of 17

1. Introduction

Thyroid cancer remains the most common malignancy among endocrine tumors.
In 2020, an estimated 586,000 cases of thyroid cancer were diagnosed worldwide [1]. In
addition, the estimated number of papillary thyroid cancer (PTC) cases in 2022 in the United
States was 43,800 [2]. PTC accounts for the majority of all differentiated thyroid cancer
diagnoses [3] and is the most common type of thyroid malignancy, with its incidence notably
increasing in recent decades [4]. The increase in the rate of diagnosed PTC cases is primarily
due to detection improvements, even in small, indolent thyroid nodules [5]. Despite having
a good prognosis, up to 10% of identified PTC cases metastasize or contribute to death
during cancer progression [6]. Nevertheless, the prognosis for the majority of PTCs is
favorable in terms of long-term survival, although recurrence occurs in 25–30% of PTC
patients [7–9].

Ultrasound, commonly used in screening PTC, has detected thyroid nodules in up
to 68% of examined patients [10]. However, the gold standard for detecting PTC is fine-
needle aspiration biopsy (FNAB) performed under ultrasound guidance [11]. FNAB
is inexpensive, highly accurate, minimally invasive, and safe, with a low complication
rate [12]. However, up to 10% of the obtained FNAB results are nondiagnostic [13]. In
addition, FNAB does not provide complete information about the clinical nature of tumors,
such as the presence of angioinvasion features, which may affect further management [14].
As such, novel diagnostic biomarkers that are equivalent thyroid cancer diagnostic tools
need to be identified [15,16].

Numerous molecular alterations, such as changes in microRNA (miRNA) expression,
are associated with the clinicopathological features of PTCs [17]. Moreover, miRNAs are
implicated in many tumor-promoting gene deregulations in PTC [18,19]. Several miRNAs,
their effect on PTC cells, and the potential utility as therapeutic targets and/or prognostic
markers have been studied [20]. Nevertheless, there is still a need to identify the pathways
that could be possibly targeted and be considered useful for facilitating PTC diagnosis.
Considering PTC is a heterogeneous neoplasm from both morphological and molecular
points of view, comprehensive research on epigenetic alterations as potential diagnostic
markers in PTC is of high importance [21]. Introducing miRNA expression patterns to the
diagnostic protocol may also aid personalized clinical management. Undoubtedly, miRNA
diagnostic applications may improve PTC detection, thus reducing the need for patients
to undergo invasive procedures. Therefore, our broad goal in the current study was to
evaluate miRNA expression patterns in early PTC compared to normal thyroid gland tissue.
Consequently, the results of this study highlight the new molecular features of PTC and
provide insight into the events underlying its development and progression. Moreover, we
assessed the diagnostic significance of selected miRNAs as possible PTC biomarkers.

2. Materials and Methods
2.1. Study Subjects

We conducted this study using postoperative material from the Department of En-
docrinology Diabetology and Internal Medicine at the Medical University of Bialystok in
Poland. We collected PTC tissues from patients with different tumor stages according to
tumor-node-metastasis (TNM) classification and confirmed by a histopathological exami-
nation. We obtained the specimens from postoperative formalin-fixed paraffin-embedded
(FFPE) blocks. The control group consisted of specimens from the same patients with
normal nontumor tissues. Control tissues were confirmed by a pathomorphologist and
did not contain PTC cells or other lesions. Due to rapid tumor progression, we could not
obtain nontumor tissues from 2 patients with PTC. Patients without a diagnosis of PTC
upon postoperative histopathological examination and patients with metastatic PTC in the
lymph nodes were excluded from the study. Additional exclusion criteria included other
comorbidities, chronic conditions, immunosuppressive treatment, and cigarette smoking.
Consequently, we included 80 FFPE tissue samples (41 PTC tissues and 39 reference tissues
without malignant processes) in the study (Table 1). The study protocol was approved in
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advance by the Bioethics Committee of the Medical University of Białystok (approval num-
ber: R-I-002/491/2019), and written informed consent was obtained from each participant.

Table 1. Characteristics of the study group.

Characteristic Samples of PTC

Total 41

Men/women 8/33

pT1 31

pT2 5

pT3 2

pT4 3

Men: Age at diagnosis—mean (range) 59.7 (41–77)

Women: Age at diagnosis—mean (range) 53.1 (30–77)

Diameter of the tumor—mean (mm) 10.5

Number of samples with features of angioinvasion 12

Number of samples with multifocal features 27
PTC- Papillary Thyroid Cancer.

2.2. Detection of the miRNA Profiles

We extracted miRNAs from 3 consecutive 10 µm-thick FFPE sections. A pathologist
identified tumor-rich regions (at least 50% of the tissue area evaluated was PTC cells) of
interest to minimize the risk of false-negative results. The total RNA, including the miRNA
fraction, was isolated using a deparaffinization solution and an miRNeasy FFPE extraction
kit according to the manufacturer’s protocol (Qiagen, Hilden, Germany). We assessed
the miRNA concentration using a Qubit (Invitrogen, Carlsbad, CA, USA). We prepared
the samples for nCounter miRNA expression profiling according to the manufacturer’s
recommendations (NanoString Technologies, Seattle, WA, USA). Briefly, we prepared
100 ng of miRNA samples by ligating a specific miR tag onto the 3′ end of each mature
miRNA, followed by an overnight hybridization (65 ◦C) with nCounter Reporter and
Capture probes. Subsequently, the samples were placed into the nCounter Prep Station
for automated sample purification and reporter capture. Each sample was scanned on an
nCounter Digital Analyzer for data collection. We deposited the NanoString data in the
Gene Expression Omnibus (GEO) database (GSE191117).

2.3. Validation of the NanoString Results by Real-Time Quantitative Polymerase Chain Reaction
(qRT-PCR)

For the validation experiments, we used a miRCURY LNA RT Kit (Qiagen), according
to the manufacturer’s protocol, to reverse transcribe the miRNA samples (41 PTC samples
and 39 control thyroid tissues) on a BioRad S1000 thermal cycler (Mississauga, ON, Canada).
Then, the candidate miRNAs were quantified by qRT-PCR using specific primers and a
miRCURY LNA SYBR Green PCR Kit (Qiagen). We ran the samples in duplicate on a
LightCycler 480 Real-Time PCR System (Roche, Basel, Switzerland). We used miR-103a-3p
and U6 snRNA as the endogenous controls, and the NormFinder algorithm (Department
of Molecular Medicine (MOMA), Aarhus University Hospital, Aarhus N, Denmark) was
used to calculate their stability. The relative miRNA expression was calculated using qBase
MSExcel VBA based on multiple samples and multiple reference miRNAs. the qBase
converts the Ct values from all runs within one experiment to normalized and rescaled
quantities that can be visualized in graphs [22]. Fold change (FC) values were provided
using the GeneGlobe Data Analysis Center (Qiagen; geneglobe.qiagen.com, accessed on
23 February 2022).
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2.4. Data Analysis

We used the nSolver 4.0 Analysis software (NanoString) for data analysis and nor-
malization using the average geometric mean of the top 100 probes detected. We used a
false discovery rate (FDR) correction for multiple comparisons, limited to 0.5, to adjust the
p values. The threshold value for the significance used to define differentially expressed
miRNAs (DEMs) was |fold change (FC)| of ≥1.5.

Statistical analyses were performed with GraphPad PRISM (v. 9.1.1.; GraphPad
Software, San Diego, CA, USA). Preliminary statistical analysis (Shapiro–Wilk test) revealed
that the studied parameters did not follow a normal distribution. Consequently, we
performed nonparametric tests between groups. All the data are presented as medians
and ranges. The areas under the receiver operating characteristic (ROC) curves (AUCs) for
DEMs were calculated.

We prepared a logistic regression model by combining the DEMs, and we used the
WEKA tool (Weka, version 3.8.5, Hamilton, New Zealand) to discriminate between PTC
and the control tissue. For the comparison of PTC vs. control, we chose specific miRNAs
for the feature selection. Models based on logistic regression, naive Bayes, and tree-based
J48 algorithms were established. For each combination, confusion matrices were prepared
to evaluate the model. We measured the performance of the multi-miRNA classifiers using
the classification precision and the AUC.

2.5. miRNA Target Prediction and Functional Annotation of the Selected miRNA Targets

To examine the functions of the identified miRNAs, miRNA target prediction was per-
formed using MicroRNA ENrichment TURned NETwork (MIENTURNET, Rome, Italy) [23].
We used the following online databases and carried out Gene Ontology (GO) analy-
sis and functional annotation clustering to examine the functions of the identified tar-
get genes: the Gene Ontology enrichment analysis and visualization tool (GOrilla; http:
//cbl-gorilla.cs.technion.ac.il/, accessed on 2 February 2022), DAVID (GO and Kyoto Ency-
clopedia of Genes and Genomes (KEGG), Enrichment Analysis: https://david.ncifcrf.gov/,
accessed on 2 February 2022, g: Profiler (https://biit.cs.ut.ee/gprofiler/gos, accessed on
2 February 2022), and Metascape (https://metascape.org, accessed on 2 February 2022).
To identify highly connected hub genes in protein–protein interactions, we used the
Search Tool for Retrieval of Interacting Genes/Proteins (STRING) database (with an in-
teraction score > 0.4) [24] and the CytoHubba plugin based on Cytoscape version 3.8.2
(http://cytoscape.org/, accessed on 30 March 2022) [25].

3. Results
3.1. miRNA Profile in Papillary Thyroid Cancer

To determine the tumor-specific miRNA expression pattern, we profiled the tissue
expression of 798 miRNAs using the NanoString Technology platform. The differential
expression of ten miRNAs was detected between the studied groups (Table 2). Specifically,
eight miRNAs were upregulated and two were downregulated in PTC compared to controls
based on a threshold FDR < 0.05 and an |FC| ≥ 1.5.

3.2. miRNA Target Genes

We predicted the DEMs’ target genes using MIENTURNET, a web tool designed
to obtain computationally predicted and/or experimentally validated target genes from
TargetScan and miRTarBase. The results indicated 725 putative target genes for the miRNAs
based on a minimum threshold of two miRNA–target interactions. The STRING database
was used to visualize the protein relationships (Figure 1).

http://cbl-gorilla.cs.technion.ac.il/
http://cbl-gorilla.cs.technion.ac.il/
https://david.ncifcrf.gov/
https://biit.cs.ut.ee/gprofiler/gos
https://metascape.org
http://cytoscape.org/
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Table 2. miRNAs with significantly different expression between PTC and the control group
(FDR < 0.05 and |FC| ≥ 1.5).

miRNA FC p-Value FDR

miR-146b-5p 6.62 0.00000001 0.00
miR-221-3p 3.23 0.00000001 0.00
miR-221-5p 2.36 0.00000016 0.00
miR-222-3p 2.94 0.00000001 0.00
miR-34a-5p 1.65 0.00002568 0.00

miR-551b-3p 2.63 0.00000003 0.00
miR-152-3p −1.53 0.00040006 0.01
miR-15a-5p 1.57 0.00031352 0.01
miR-31-5p 1.60 0.00051338 0.02
miR-7-5p −2.57 0.00108612 0.03

FC, fold change; FDR, false discovery rate.
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3.3. Functional Enrichment Analysis

To obtain insights into the biomolecular significance of the identified target genes of the
DEMs, we performed GO analysis with various databases and obtained enriched GO terms.
The GO analysis of the PTC network biological process revealed a predominant role of the
following categories: ‘nervous system development’, ‘neurogenesis’, and ‘regulation of
nitrogen compound metabolic process’. ‘Nucleoplasm’, ‘nuclear lumen’, and ‘intracellular
organelle’ were among the significantly associated cellular component categories. Further-
more, the genes of the GO molecular functions are involved in ‘enzyme binding’, ‘protein
kinase binding’, and ‘protein binding’. Additionally, the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis confirmed that ‘epidermal growth
factor receptor (EGFR) tyrosine kinase inhibitor resistance’, ‘pathways in cancer’, and
‘mammalian target of rapamycin (mTOR) signaling pathway’ are predominantly involved
in PTC’s pathogenesis (Figure 2).
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(p-value)) categories of the target genes in the cellular components, molecular function, biological
processes, and KEGG enrichment. KEGG, Kyoto Encyclopedia of Genes and Genomes.

3.4. Hub Gene Identification

To further examine the protein–protein interactions (PPIs) of the DEM target genes, we
used the Cytoscape software; we used the Maximal Clique Centrality (MCC) algorithm in
the cytoHubba plugin to identify the top 10 hub genes in the PPI network (Figure 3, Table 3).
The top 10 hub genes were mitogen-activated protein kinase 1 (MAP2K1), Raf-1 proto-
oncogene, serine/threonine kinase (RAF1), insulin receptor substrate 1 (IRS1), epidermal
growth factor receptor (EGFR), KIT proto-oncogene receptor tyrosine kinase (KIT), kinase
insert domain receptor (KDR), Erb-B2 receptor tyrosine kinase 3 (ERBB3), NRAS proto-
oncogene, GTPase (NRAS), phosphoinositide-3-kinase regulatory subunit 1 (PIK3R1), and
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta (PIK3CB).
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Table 3. Top 10 hub genes.

Hub Gene DEMs Targeting Hub Gene

MAP2K1 miR-152-3p; miR-15a-5p; miR-34a-5p
RAF1 miR-15a-5p; miR-7-5p
IRS1 miR-15a-5p; miR-7-5p

EGFR miR-152-3p; miR-221-3p; miR-222-3p; miR-7-5p
KIT miR-152-3p; miR-221-3p; miR-222-3p

PIK3CB miR-146b-5p; miR-7-5p
NRAS miR-146b-5p; miR-152-3p
KDR miR-15a-5p; miR-221-3p; miR-222-3p

ERBB3 miR-152-3p; miR-221-3p; miR-222-3p
PIK3R1 miR-15a-5p; miR-221-3p; miR-222-3p

MAP2K1, mitogen-activated protein kinase 1; RAF1, Raf-1 proto-oncogene, serine/threonine kinase; IRS1, insulin
receptor substrate 1; EGFR, epidermal growth factor receptor; KIT, KIT proto-oncogene receptor tyrosine kinase;
KDR, kinase insert domain receptor; ERBB3, Erb-B2 receptor tyrosine kinase 3; NRAS, NRAS proto-oncogene,
GTPase; PIK3R1, phosphoinositide-3-kinase regulatory subunit 1; PIK3CB, phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit beta.

3.5. Receiver Operating Characteristic Curve Analysis

We evaluated the diagnostic value of the DEMs as candidate PTC biomarkers using
the AUCs. All the identified DEMs showed significantly higher AUCs compared with
AUC = 0.500, excluding miR-31-5p (p > 0.05). The highest AUC, indicating possible clinical
usefulness in PTC diagnosis, was observed for miR-146-5p (AUC = 0.770), miR-551-3p
(AUC = 0.740), and miR-222-3p (AUC = 0.720) (Figure 4).

3.6. Logistic Regression Model

Using a logistic regression model, we screened the DEMs for constructing an miRNA-
based PTC diagnostic signature. Logistic regression is a supervised learning algorithm
commonly used for binary classification tasks. Intercept and coefficients are parts of the
model, intercept is the log odds when the variable is 0, this means the absence of PTC.
Coefficients describe how much the log odds change with the presence of PTC. True
positive, false positive, precision, and AUC values describe the diagnostic usefulness of
the model.
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significant difference from AUC = 0.5 (borderline of the diagnostic usefulness of the test).

The feature selection chose four DEMs with the highest diagnostic values, and a
logistic regression model was constructed. The parameters of the model and the common
quality measures are summarized in Table 4. The AUC value obtained for a combination of
miR-152-3p + miR-221-3p + miR-551b-3p + miR-7-5p (AUC = 0.841) had a higher diagnostic
value than the highest AUC for an miRNA used separately—miR-146-5p (AUC = 0.770).

Table 4. Summary of the basic parameters and common quality measures of the models.

Model TP Rate FP Rate Precision AUC Intercept Coefficient

x1 = miR-152-3p

0.769 0.227 0.774 0.841 −1.8033

a1 = −1.2104

x2 = miR-221-3p a2 = 0.8173

x3 = miR-551b-3p a3 = 0.5172

x4 = miR-7-5p a4 = −0.0178

TP, true positive; FP, false positive; AUC, area under the receiver operating characteristic curve.

3.7. Data Validation

We validated the DEMs from the miRNA-based diagnostic signature to verify the
results of the NanoString analysis. We investigated 80 FFPE samples from the PTC and
control groups using qRT-PCR to determine the relative expression levels of the four
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discovered DEMs (Figure 5A–D). The validation results demonstrated high similarity to
the expression profiles established by NanoString, thus confirming the importance of all
the DEMs included in the logistic regression model.
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Figure 5. Relative expression of DEMs included in the logistic regression model in control
(N = 39) and PTC samples (N = 41): (A) miR-152-3p (Fold change (FC) = 0.37); (B) miR-221-3p
(FC = 5.78); (C) miR-551b-3p (FC = 5.68); (D) miR-7-5p (FC = 0.18). Each bar represents the geometric
mean ± standard error of mean of the ratio of miRNA expression and reference miRNAs (miR-
103a-3p and U6 snRNA) calculated using the qBase MSExcel VBA based on multiple samples and
multiple reference miRNAs. Asterisks indicate the levels of significance of differences (**** p< 0.0001);
Mann–Whitney U-test was used to compare PTC and control samples. PTC, papillary thyroid cancer.
FC values were provided using the GeneGlobe Data Analysis Center.

4. Discussion

The rapid development of high-resolution technologies has increased the detection
rate for thyroid cancer [26]. However, the invasive FNAB procedure still remains the
diagnostic tool of choice [27]. Despite the high accuracy, safety, and cost effectiveness of
this method [28], patients undergoing FNAB are at risk of several complications, such
as a hematoma at the injection site or pain via ecchymosis, swelling, and inadvertent
punctures to the trachea, carotid artery, or jugular vein [29]. Moreover, up to 10% of
FNAB results are nondiagnostic [30]. Hence, novel screening and diagnostic markers,
using highly specialized techniques that can increase the PTC detection rate, are still being
evaluated. Our results confirmed that FFPE tissues are suitable resources for such miRNA
expression analyses and could be useful in the management algorithm of patients with
thyroid nodules.

The further identification of potential biomarkers useful in the diagnosis and prognosis
of PTC is needed. In our study, we determined the overall miRNA expression profile with
NanoString technology and the RT–PCR method was used to confirm selected miRNAs
expression. MiRNAs can easily be detected in various types of specimens by methods
such as microarrays, nCounter technology, or RT-PCR. The large-scale methods allow the
analysis of miRNA patterns that comprise numerous miRNAs providing valuable insight
into the regulation of many biological processes. Considering miRNA analysis in PTC, the
method used (small RNA sequencing, microarray, PCR method), type of specimen (FFPE,
FNAB, frozen tissue), inclusion/exclusion criteria (presence of comorbidities, metastases),
type of reference tissue (normal tissue paired from cancer patients, normal tissue from
healthy patients, benign tissue), and histologic type of cancer should also be taken into
consideration when comparing and interpreting the results [31,32]. Reports on selective
miRNA expression using the PCR method do not allow to assess the miRNA fingerprint
for diagnosis. Thus, the improved standardization of methods used to evaluate miRNAs
expression may support their introduction in the personalized medicine approach in PTC
patients. Significant literature data have already been accumulated on the particular
miRNA expression in a specific type of specimens in PTC [33–36], however, miRNA
expression pattern using large-scale methods with subsequent data validation are still
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needed to fill in the data gap. Our miRNA combination distinguishes between early PTC
and normal tissue, thus additional studies including benign tissues should be performed
to confirm the diagnostic usefulness of the miRNA panel. What should be also noted
is that the proposed diagnostic tool is incapable of differentiating metastatic PTC from
normal thyroid gland tissue. Metastatic PTC were excluded to obtain homogenous PTC
cohort, which was also helpful to comprehensively describe tumor-initiating alterations in
miRNA expression pattern [37]. Literature data suggest distinct miRNA expression pattern
associated with lymph node metastasis in PTC patients [38]. It is worth noting that the data
on the diagnostic value of the miRNA profile in differentiation between metastatic PTC
and non-metastatic PTC patients are limited.

Notably, miRNA deregulation has been implicated in the development of many
different cancers, including thyroid cancer [20,39]. Literature data show a relationship
between the expression of various miRNAs in thyroid cancer and the TNM classifica-
tion [17,36]. The evaluation of PTC pathogenesis particularly emphasizes the deregulation
of miR-146b, miR-221, miR-222, miR-181b, and miR-21 [40]. Deregulation of miR-146b
affects the MAPK/ERK and TGF-β pathways, thus increasing the risk of vascular invasion
and metastasis to lymph nodes and distant organs [36]. Another miRNA implicated in the
pathogenesis of PTC is miR-181b whose upregulation affects the inhibition of apoptosis
and promotion of cell division [41]. Increased miR-221, miR-222, miR-146a, and miR-146b
expression has been also associated with high-risk PTC features [18,42,43]. Increased
expression of miR-221 and miR-222 is implicated in increased tumor size and increased
probability of angioinvasion, lymph node and distant organ metastasis [42,44]. OncomiRs
miR-221 and miR-222 were also associated with less differentiated tumors and reported to
play a role in PTC aggressiveness [37]. Moreover, the downregulation of the expression of
miR-21 and miR-9 has been implicated in the recurrence of PTC tumors [19]. Downregula-
tion of miR-9 has an effect on cyclin D1 overexpression and p27 underexpression, which
in turn predicts lymph node metastasis in PTC [45]. Downregulation of miR-21 affects
overexpression of intercellular adhesion molecule-1 (ICAM1). This results in increased PTC
aggression manifested, for example, by lymph node metastasis [46].

Furthermore, the miRNA expression pattern bears potential as a PTC biomarker. Park
et al. demonstrated three miRNAs (miR-136, miR-21, miR-127) as diagnostic and prog-
nostic markers of PTC [47]. Zei et al. in their study demonstrated that miR-155 causes
downregulation of sex-determining region Y-box 17 (Sox17) and overexpression of inflam-
matory cytokine interleukin (IL22). This promotes the migration of PTC cells [48]. Another
biomarker that could differentiate PTC from benign lesions is miR-155 [36]. Moreover, the
let-7 family, which downregulates RAS expression, has the potential to be a biomarker
of PTC [49]. Geraldo et al. point out that let-7f, in combination with miR-146-5p, can be
a prognostic tool in PTC [50]. In another study, Ma et al. showed that miR-199a-5p acts
by inhibiting snail family zinc finger 1 (SNAI1), resulting in SNAl1 overexpression and
increased PTC proliferation [51]. In a recent study, downregulation of miR-363-3p was
found to inhibit PTC progression by targeting NIN1/RPN12 binding protein 1 (NOB1) [52].
In contrast, Wang et al. showed that downregulation of miR-599 promotes PTC cell prolif-
eration and inhibits apoptosis by targeting HEY2 gene expression [53]. PTC’s pathogenesis
can be further determined using miRNA evaluation. This may provide insights for deter-
mining potential medical targets [54]. Moreover, specific miRNAs may be considered PTC
biomarkers [55]. Introducing an miRNA panel to routine diagnostics may improve the
accuracy of the obtained FNAB results [56]. Moreover, the determination of the miRNA
profile would allow personalization of the treatment strategy as well as the determination
of the individual risk of cancer progression or metastasis [57]. As such, our purpose in this
study was to identify DEMs in PTC with potential diagnostic utility.

In our study, we identified ten miRNAs (miR-146b-5p, miR-221-3p, miR-221-5p,
miR-34-5p, miR-551b-3p, miR-152-3p, miR-15a-5p, miR-31-5p, and miR-7-5p) that were
differentially expressed in PTC compared to normal thyroid tissue. All the DEMs included
in the study are implicated in PTC development or cancer progression. In this case, the
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determination of DEMs during PTC can provide insights into potential target genes and
metabolic pathways with clinical usefulness. It has been demonstrated that the overex-
pression of miR-146b-5p in PTC promotes invasion and metastasis and induces epithelial–
mesenchymal transition by targeting zinc RING finger 3 (ZNRF3) [58,59]. Furthermore,
the deregulation of miR-221-3p expression is involved in the regulation of the suppressor
of cytokine signaling 3/signal transducer and activator of transcription 3 (SOCS3/STAT3)
pathway, which is particularly relevant in cancer resistance. In this case, radiosensitivity in
thyroid cancer can be reduced by targeting the influence of miR-221-3p on the solute carrier
family 5 member 5 (NIS). [60]. Furthermore, miR-34a can exert an inhibitory effect related
to cell proliferation by targeting many protooncogenes, implicating it in tumorigenesis
and cancer progression [61]. Long et al. showed that miR-34a expression is associated
with PTC’s tumor stages, histopathological types, and fluorodeoxyglucose maximum stan-
dardized uptake value [62]. Accordingly, miR-551b-3p was also shown to relate to PTC’s
clinicopathological features [14]. Moreover, the downregulation of miR-152-3p, considered
a tumor suppressor, promotes PTC development [63]. Kang et al. found that miR-152-3p
overexpression was implicated in ERBB3 downregulation, which inhibits human PTC
(TPC-1) cell proliferation. The overexpression of miR-221 inhibited reversion-inducing
cysteine-rich protein with Kazal motif (RECK), which is involved in promoting the inva-
siveness and migration of PTC cells [44]. Wang et al. found that miR-15a-5p promoted the
growth of PTC cells by regulating hexokinase 2 (HK2) expression, and suggested it as a
potential PTC therapeutic target [64]. Rosignolo et al. showed the association of miR-31-5p
overexpression with a higher risk of PTC tumor recurrence [34]. Augenlicht et al. indicated
that the tumor suppressor miR-7-5p inhibits thyroid cancer cell proliferation and that its
target genes inhibit the EGFR/MAPK and IRS2/PI3K signaling pathways. The effect of
miR-7-5p downregulation may promote PTC proliferation and invasiveness [65], and spe-
cific miRNA expression patterns may be clinically useful for tailoring treatment strategies
as a central feature of miRNA-based treatments for cancer and cancer management in the
future [66].

Additionally, we identified key DEM target genes, established the functional enrich-
ment genes, and constructed a PPI network; we specifically identified MAP2K1, RAF1,
IRS1, EGFR, KIT, KDR, ERBB3, NRAS, PIK3R1, and PIK3CB as hub genes. The product
of the MAP2K1 gene is a serine/threonine and tyrosine kinase, which is, in turn, acti-
vated by phosphorylation through the action of RAF kinase [67]. RAF1 participates in the
RAS/MEK/ERK signaling pathway. Moreover, RAF1 was observed to be upregulated in
PTC development [68]. Specifically, RAF1 is an important factor promoting tumorigenesis
and PTC tissue progression. In a similar study by Li et al., patients with PTC showed ele-
vated RAF-1 and decreased miR-485-5p expression [69]. Chen et al. showed that miR-1271
inhibited PTC development by affecting IRS1, implicated in epithelial–mesenchymal transi-
tion and the phosphatidylinositol 3-kinase (PI3K)/protein kinase B (AKT) pathway [70].
Additionally, Yang et al. proved the importance of the PI3/AKT pathway in their study,
which showed a frequent association with tumor progression and resistance to cancer
therapies as the pathway’s activity increased [71]. In turn, PIK3R1 and PIK3CB are the com-
ponents of the previously mentioned PIK3/AKT/mTOR signaling pathway [72]. Moreover,
the GAS1 gene and PI3/AKT pathway are connected. Growth arrest specific 1 (GAS1), a
target gene of miR-34a, leads to the inhibition of apoptosis in PTC and an increase in PTC
cell proliferation. [73]. Modeling miRNA expression as a medical target may lead to the
complete inhibition of tumor progression. Furthermore, EGFR is a tyrosine kinase impli-
cated in cell proliferation. Masago et al. described the effect of EGFR-activating mutations
on PTC development [74]. Inhibitors of ERRB3, which is also known as a proto-oncogene
and a member of the EGFR family, may be effective in the treatment of PTC [75]. Alterna-
tively, the oncogene KIT, described for its role in PTC and other cancers, encodes a receptor
tyrosine kinase that affects cellular growth and differentiation [76]. The dysregulation of
miR-221, miR-222, and miR-146 has been implicated in KIT downregulation [77]. KDR
is a tyrosine kinase whose overexpression in PTC was described [78]. NRAS encodes the
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N-ras protein responsible for regulating cell division. The importance of NRAS mutations
in PTC was also demonstrated [79]. Novel transcriptomic approaches specifically targeting
PTC hub genes should be further investigated. Moreover, overcoming drug resistance in
cancer therapy represents an increasing clinical challenge; thus, the results obtained from
the present research may lead to the discovery of the molecular mechanism underlying
cancer development and progression.

In this study, through KEGG analysis, we identified the most relevant pathways in the
pathogenesis of PTC, i.e., EGFR tyrosine kinase inhibitor resistance, the mTOR signaling
pathway, and the ERBB3 signaling pathway, all important in modulating the response to
anticancer treatment [74,75,80]. Tavares et al. implicated the mTOR pathway in distant
metastasizing and therapy resistance in PTC [81]. The recent literature suggests that the
potential inhibition of mTOR activity may prevent cancer progression and improve the
survival prognosis for patients after treatment [82]. Moreover, targeting ERBB3 and EGFR
signaling [83–85] is an effective method for overcoming cancer progression and resistance
to anticancer therapy [85,86].

Using the GO approach, biological processes were significantly enriched for nervous
system development and several metabolism-related terms. Neurogenesis, similar to
angiogenesis, is also an important modulator of cancer cells progression [87]. Literature data
demonstrate the presence of nerves in the tumor microenvironment and their promotion of
tumorigenesis and disease progression [88]. GO molecular function analysis revealed that
among the discovered DEGs were those involved in kinase activity and protein binding.
Our study demonstrates key molecular pathways and provides much needed insights into
potential targets and treatment options of PTC.

All the identified DEMs showed high diagnostic utility (excluding miR-31-5p). Possi-
ble clinical usefulness in PTC diagnosis was observed for miR-146-5p (AUC = 0.770),
miR-551-3p (AUC = 0.740), and miR-222-3p (AUC = 0.720). Specifically, miR-146-5p
(AUC = 0.770) expression had the highest diagnostic utility. To increase the diagnostic
accuracy of using miRNAs, we assessed a combination of four miRNAs (miR-152-3p,
miR-221-3p, miR-551b-3p, and miR-7-5p) with a calculated AUC of 0.841. Moreover, the
AUC values obtained in our study are comparable to those previously published in the
literature [16,36,47]. Other authors also proposed miR-221 measurement as a potential
biomarker of PTC recurrence [18]. Duan et al. showed that miR-7-5p and miR-451 can be
considered diagnostic biomarkers of PTC [89]. Additionally, the individual miRNAs that
comprise our proposed panel have been previously mentioned as potential biomarkers
of PTC [14,89–91]. The overexpression of these miRNAs reflects recent results obtained
by Qiao et al., who demonstrated that the combination of five miRNAs, including miR-
1296-5p, miR-1301-3p, miR-532-5p, miR-551b-3p, and miR-455-3p, is potentially useful in
the diagnosis of PTC (AUC of 0.941 with 82.14% sensitivity and 100% specificity in their
study) [14]. The lack of a sensitive panel may limit the introduction of a miRNA diagnostic
panel into clinical routines. Moreover, cost–benefit and cost-effectiveness analyses are re-
quired. Nevertheless, the procedure’s cost will consistently decrease with the development
of molecular techniques. Introducing a diagnostic miRNA panel in PTC may result in more
accurate diagnoses in difficult and questionable cases, enable more accurate therapeutic
decisions, help to prioritize patients who require special clinical management or more
aggressive treatment, and be part of a more personalized approach to medicine. Lastly,
and in reference to the heterogeneity of PTCs, the introduction of a diagnostic panel rather
than a separate measurement would be preferable. In order for the miRNA panel to be
applied in clinical practice, though, it is important to evaluate the miRNA presence in
FNAB and biofluids.

The results of our study are in line with the current knowledge about miRNAs in the
pathogenesis of PTC. The theranostic utility of miRNAs and their prognostic potential in
PTC have been demonstrated [16]. However, our analyses are of crucial importance for the
exploration of the role of miRNA expression patterns in the pathogenesis of PTC. Further-
more, general studies of PTC have aimed to establish novel noninvasive diagnostic panels,
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but the results have been insufficient. Therefore, we proposed a miRNA PTC diagnostic
panel consisting of miR-152-3p, miR-221-3p, miR-551b-3p, and miR-7-5p. The wide range
of studied miRNAs and the validation of the results obtained by PCR assays constitute the
strengths of this study. However, because of the limited size of the experimental group,
further evaluation and data validation using a larger cohort are required to confirm the
diagnostic usefulness of the proposed miRNA panel.

5. Conclusions

Our analysis demonstrates the usefulness of evaluating miRNA expression patterns
in PTC diagnosis. Moreover, a four-miRNA combination—miR-152-3p, miR-221-3p, miR-
551b-3p, and miR-7-5p—may be introduced as a diagnostic panel in PTC patients. In
addition, the characterization of the regulatory network of the DEMs and target genes will
be important for investigating the pathways driving disease progression. Nevertheless,
additional studies are necessary for understanding the role of dysregulated miRNAs in the
molecular mechanisms underlying PTC pathogenesis.
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16. Rogucki, M.; Buczyńska, A.; Krętowski, A.J.; Popławska-Kita, A. The Importance of miRNA in the Diagnosis and Prognosis of
Papillary Thyroid Cancer. J. Clin. Med. 2021, 10, 4738. [CrossRef] [PubMed]

17. Sun, Y.; Yu, S.; Liu, Y.; Wang, F.; Liu, Y.; Xiao, H. Expression of miRNAs in Papillary Thyroid Carcinomas Is Associated with BRAF
Mutation and Clinicopathological Features in Chinese Patients. Int. J. Endocrinol. 2013, 2013, 128735. [CrossRef]

18. Dai, L.; Wang, Y.; Chen, L.; Zheng, J.; Li, J.; Wu, X. MiR-221, a potential prognostic biomarker for recurrence in papillary thyroid
cancer. World J. Surg. Oncol. 2017, 15, 11. [CrossRef]

19. Sondermann, A.; Andreghetto, F.M.; Moulatlet, A.C.; da Silva Victor, E.; de Castro, M.G.; Nunes, F.D.; Brandão, L.G.; Severino, P.
MiR-9 and miR-21 as prognostic biomarkers for recurrence in papillary thyroid cancer. Clin. Exp. Metastasis 2015, 32, 521–530.
[CrossRef]

20. Hitu, L.; Gabora, K.; Bonci, E.-A.; Piciu, A.; Hitu, A.-C.; S, tefan, P.-A.; Piciu, D. MicroRNA in Papillary Thyroid Carcinoma: A
Systematic Review from 2018 to June 2020. Cancers 2020, 12, 3118. [CrossRef]

21. Fugazzola, L.; Muzza, M.; Pogliaghi, G.; Vitale, M. Intratumoral Genetic Heterogeneity in Papillary Thyroid Cancer: Occurrence
and Clinical Significance. Cancers 2020, 12, 383. [CrossRef] [PubMed]

22. Hellemans, J.; Mortier, G.; De Paepe, A.; Speleman, F.; Vandesompele, J. qBase relative quantification framework and software for
management and automated analysis of real-time quantitative PCR data. Genome Biol. 2007, 8, R19. [CrossRef] [PubMed]

23. Licursi, V.; Conte, F.; Fiscon, G.; Paci, P. MIENTURNET: An interactive web tool for microRNA-target enrichment and network-
based analysis. BMC Bioinform. 2019, 20, 545. [CrossRef] [PubMed]

24. Szklarczyk, D.; Gable, A.L.; Nastou, K.C.; Lyon, D.; Kirsch, R.; Pyysalo, S.; Doncheva, N.T.; Legeay, M.; Fang, T.; Bork, P.; et al.
The STRING database in 2021: Customizable protein-protein networks, and functional characterization of user-uploaded
gene/measurement sets. Nucleic Acids Res. 2021, 49, D605–D612. [CrossRef]

25. Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A
software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [CrossRef]

26. Zeng, Z.; Li, K.; Kang, W.; Yu, J.; Wang, X.; Zhang, Z.; Sun, J.; Ouyang, S. Changing patterns of thyroid cancer in different stages
of Universal Salt Iodization in Peking Union Medical College Hospital, 1986-2018. Gland Surg. 2020, 9, 1338–1345. [CrossRef]

27. Glynn, N.; Hannon, M.J.; Lewis, S.; Hillery, P.; Al-Mousa, M.; Hill, A.D.; Keeling, F.; Morrin, M.; Thompson, C.J.; Smith, D.; et al.
Utility of repeat cytological assessment of thyroid nodules initially classified as benign: Clinical insights from multidisciplinary
care in an Irish tertiary referral centre. BMC Endocr. Disord. 2016, 16, 45. [CrossRef]

28. Durante, C.; Grani, G.; Lamartina, L.; Filetti, S.; Mandel, S.J.; Cooper, D.S. The Diagnosis and Management of Thyroid Nodules: A
Review. JAMA 2018, 319, 914–924. [CrossRef]

29. Ito, Y.; Hirokawa, M. Complications of Fine Needle Aspiration Biopsy. In Thyroid FNA Cytology: Differential Diagnoses and Pitfalls;
Kakudo, K., Ed.; Springer: Singapore, 2019; pp. 425–428.

30. Anderson, T.J.T.; Atalay, M.K.; Grand, D.J.; Baird, G.L.; Cronan, J.J.; Beland, M.D. Management of Nodules with Initially
Nondiagnostic Results of Thyroid Fine-Needle Aspiration: Can We Avoid Repeat Biopsy? Radiology 2014, 272, 777–784. [CrossRef]

31. Pritchard, C.C.; Cheng, H.H.; Tewari, M. MicroRNA profiling: Approaches and considerations. Nat. Rev. Genet. 2012, 13, 358–369.
[CrossRef]

32. Farina, N.H.; Wood, M.E.; Perrapato, S.D.; Francklyn, C.S.; Stein, G.S.; Stein, J.L.; Lian, J.B. Standardizing analysis of circulating
microRNA: Clinical and biological relevance. J. Cell. Biochem. 2014, 115, 805–811. [CrossRef] [PubMed]

33. Saiselet, M.; Gacquer, D.; Spinette, A.; Craciun, L.; Decaussin-Petrucci, M.; Andry, G.; Detours, V.; Maenhaut, C. New global
analysis of the microRNA transcriptome of primary tumors and lymph node metastases of papillary thyroid cancer. BMC Genom.
2015, 16, 828. [CrossRef] [PubMed]

34. Rosignolo, F.; Memeo, L.; Monzani, F.; Colarossi, C.; Pecce, V.; Verrienti, A.; Durante, C.; Grani, G.; Lamartina, L.; Forte, S.; et al.
MicroRNA-based molecular classification of papillary thyroid carcinoma. Int. J. Oncol. 2017, 50, 1767–1777. [CrossRef] [PubMed]

http://doi.org/10.1089/thy.2009.1606
http://doi.org/10.1111/j.1365-2362.2009.02162.x
http://doi.org/10.1002/cjp2.231
http://www.ncbi.nlm.nih.gov/pubmed/34156770
http://doi.org/10.1186/s13244-021-01053-y
http://www.ncbi.nlm.nih.gov/pubmed/34370089
http://doi.org/10.1309/AJCPPHLWMI3JV4LA
http://www.ncbi.nlm.nih.gov/pubmed/19846805
http://doi.org/10.1002/jcla.23907
http://www.ncbi.nlm.nih.gov/pubmed/34268792
http://doi.org/10.1038/s41598-018-28299-9
http://www.ncbi.nlm.nih.gov/pubmed/29967488
http://doi.org/10.3390/jcm10204738
http://www.ncbi.nlm.nih.gov/pubmed/34682861
http://doi.org/10.1155/2013/128735
http://doi.org/10.1186/s12957-016-1086-z
http://doi.org/10.1007/s10585-015-9724-3
http://doi.org/10.3390/cancers12113118
http://doi.org/10.3390/cancers12020383
http://www.ncbi.nlm.nih.gov/pubmed/32046148
http://doi.org/10.1186/gb-2007-8-2-r19
http://www.ncbi.nlm.nih.gov/pubmed/17291332
http://doi.org/10.1186/s12859-019-3105-x
http://www.ncbi.nlm.nih.gov/pubmed/31684860
http://doi.org/10.1093/nar/gkaa1074
http://doi.org/10.1101/gr.1239303
http://doi.org/10.21037/gs-20-346
http://doi.org/10.1186/s12902-016-0125-7
http://doi.org/10.1001/jama.2018.0898
http://doi.org/10.1148/radiol.14132134
http://doi.org/10.1038/nrg3198
http://doi.org/10.1002/jcb.24745
http://www.ncbi.nlm.nih.gov/pubmed/24357537
http://doi.org/10.1186/s12864-015-2082-3
http://www.ncbi.nlm.nih.gov/pubmed/26487287
http://doi.org/10.3892/ijo.2017.3960
http://www.ncbi.nlm.nih.gov/pubmed/28393181


Cancers 2022, 14, 2679 15 of 17

35. Galuppini, F.; Censi, S.; Merante Boschin, I.; Fassan, M.; Sbaraglia, M.; Valeri, N.; Hahne, J.C.; Bertazza, L.; Munari, G.;
Galasso, M.; et al. Papillary Thyroid Carcinoma: Molecular Distinction by MicroRNA Profiling. Front. Endocrinol. 2022, 13,
834075. [CrossRef] [PubMed]

36. Papaioannou, M.; Chorti, A.G.; Chatzikyriakidou, A.; Giannoulis, K.; Bakkar, S.; Papavramidis, T.S. MicroRNAs in Papillary
Thyroid Cancer: What Is New in Diagnosis and Treatment. Front. Oncol. 2022, 11, 755097. [CrossRef]

37. Agrawal, N.; Akbani, R.; Aksoy, B.A.; Ally, A.; Arachchi, H.; Asa, S.L.; Auman, J.T.; Balasundaram, M.; Balu, S.; Baylin, S.B.; et al.
Integrated genomic characterization of papillary thyroid carcinoma. Cell 2014, 159, 676–690. [CrossRef]

38. Laukiene, R.; Jakubkevicius, V.; Ambrozaityte, L.; Cimbalistiene, L.; Utkus, A. Dysregulation of microRNAs as the risk factor of
lymph node metastasis in papillary thyroid carcinoma: Systematic review. Endokrynol. Pol. 2021, 72, 145–152. [CrossRef]

39. Peng, Y.; Croce, C.M. The role of MicroRNAs in human cancer. Signal Transduct. Target. Ther. 2016, 1, 15004. [CrossRef]
40. Felekkis, K.; Touvana, E.; Stefanou, C.; Deltas, C. microRNAs: A newly described class of encoded molecules that play a role in

health and disease. Hippokratia 2010, 14, 236–240.
41. Li, D.; Jian, W.; Wei, C.; Song, H.; Gu, Y.; Luo, Y.; Fang, L. Down-regulation of miR-181b promotes apoptosis by targeting CYLD in

thyroid papillary cancer. Int. J. Clin. Exp. Pathol. 2014, 7, 7672–7680.
42. Xiang, D.; Tian, B.; Yang, T.; Li, Z. miR-222 expression is correlated with the ATA risk stratifications in papillary thyroid carcinomas.

Medicine 2019, 98, e16050. [CrossRef] [PubMed]
43. Qiu, Z.; Li, H.; Wang, J.; Sun, C. miR-146a and miR-146b in the diagnosis and prognosis of papillary thyroid carcinoma. Oncol.

Rep. 2017, 38, 2735–2740. [CrossRef] [PubMed]
44. Wei, Z.L.; Gao, A.B.; Wang, Q.; Lou, X.E.; Zhao, J.; Lu, Q.J. MicroRNA-221 promotes papillary thyroid carcinoma cell migration

and invasion via targeting RECK and regulating epithelial-mesenchymal transition. Onco Targets Ther. 2019, 12, 2323–2333.
[CrossRef] [PubMed]

45. Khoo, M.L.C.; Beasley, N.J.P.; Ezzat, S.; Freeman, J.L.; Asa, S.L. Overexpression of Cyclin D1 and Underexpression of p27 Predict
Lymph Node Metastases in Papillary Thyroid Carcinoma. J. Clin. Endocrinol. Metab. 2002, 87, 1814–1818. [CrossRef] [PubMed]

46. Buitrago, D.; Keutgen, X.M.; Crowley, M.; Filicori, F.; Aldailami, H.; Hoda, R.; Liu, Y.-F.; Hoda, R.S.; Scognamiglio, T.; Jin, M.; et al.
Intercellular Adhesion Molecule-1 (ICAM-1) is Upregulated in Aggressive Papillary Thyroid Carcinoma. Ann. Surg. Oncol. 2012,
19, 973–980. [CrossRef]

47. Park, J.L.; Kim, S.K.; Jeon, S.; Jung, C.K.; Kim, Y.S. MicroRNA Profile for Diagnostic and Prognostic Biomarkers in Thyroid Cancer.
Cancers 2021, 13, 632. [CrossRef]

48. Mei, Z.; Zhou, L.; Zhu, Y.; Jie, K.; Fan, D.; Chen, J.; Liu, X.; Jiang, L.; Jia, Q.; Li, W. Interleukin-22 promotes papillary thyroid
cancer cell migration and invasion through microRNA-595/Sox17 axis. Tumour. Biol. 2016, 37, 11753–11762. [CrossRef]

49. Perdas, E.; Stawski, R.; Kaczka, K.; Zubrzycka, M. Analysis of Let-7 Family miRNA in Plasma as Potential Predictive Biomarkers
of Diagnosis for Papillary Thyroid Cancer. Diagnostics 2020, 10, 130. [CrossRef]

50. Geraldo, M.V.; Fuziwara, C.S.; Friguglieti, C.U.M.; Costa, R.B.; Kulcsar, M.A.V.; Yamashita, A.S.; Kimura, E.T. MicroRNAs
miR-146-5p and let-7f as prognostic tools for aggressive papillary thyroid carcinoma: A case report. Arq. Bras. Endocrinol. Metabol.
2012, 56, 552–557. [CrossRef]

51. Ma, S.; Jia, W.; Ni, S. miR-199a-5p inhibits the progression of papillary thyroid carcinoma by targeting SNAI1. Biochem. Biophys.
Res. Commun. 2018, 497, 181–186. [CrossRef]

52. Dong, S.; Xue, S.; Sun, Y.; Han, Z.; Sun, L.; Xu, J.; Liu, J. MicroRNA-363-3p downregulation in papillary thyroid cancer inhibits
tumor progression by targeting NOB1. J. Investig. Med. 2021, 69, 66–74. [CrossRef] [PubMed]

53. Wang, D.-P.; Tang, X.-Z.; Liang, Q.-K.; Zeng, X.-J.; Yang, J.-B.; Xu, J. microRNA-599 promotes apoptosis and represses proliferation
and epithelial-mesenchymal transition of papillary thyroid carcinoma cells via downregulation of Hey2-depentent Notch
signaling pathway. J. Cell. Physiol. 2020, 235, 2492–2505. [CrossRef]

54. Reda El Sayed, S.; Cristante, J.; Guyon, L.; Denis, J.; Chabre, O.; Cherradi, N. MicroRNA Therapeutics in Cancer: Current
Advances and Challenges. Cancers 2021, 13, 2680. [CrossRef] [PubMed]

55. Zhang, Y.; Xu, D.; Pan, J.; Yang, Z.; Chen, M.; Han, J.; Zhang, S.; Sun, L.; Qiao, H. Dynamic monitoring of circulating microRNAs
as a predictive biomarker for the diagnosis and recurrence of papillary thyroid carcinoma. Oncol. Lett. 2017, 13, 4252–4266.
[CrossRef] [PubMed]

56. Mazeh, H. MicroRNA as a diagnostic tool in fine-needle aspiration biopsy of thyroid nodules. Oncologist 2012, 17, 1032–1038.
[CrossRef] [PubMed]

57. Lee, J.C.; Gundara, J.S.; Glover, A.; Serpell, J.; Sidhu, S.B. MicroRNA expression profiles in the management of papillary thyroid
cancer. Oncologist 2014, 19, 1141–1147. [CrossRef] [PubMed]

58. Lima, C.R.; Geraldo, M.V.; Fuziwara, C.S.; Kimura, E.T.; Santos, M.F. MiRNA-146b-5p upregulates migration and invasion of
different Papillary Thyroid Carcinoma cells. BMC Cancer 2016, 16, 108. [CrossRef] [PubMed]

59. Deng, X.; Wu, B.; Xiao, K.; Kang, J.; Xie, J.; Zhang, X.; Fan, Y. MiR-146b-5p promotes metastasis and induces epithelial-
mesenchymal transition in thyroid cancer by targeting ZNRF3. Cell. Physiol. Biochem. 2015, 35, 71–82. [CrossRef]

60. Ye, T.; Zhong, L.; Ye, X.; Liu, J.; Li, L.; Yi, H. miR-221-3p and miR-222-3p regulate the SOCS3/STAT3 signaling pathway to
downregulate the expression of NIS and reduce radiosensitivity in thyroid cancer. Exp. Ther. Med. 2021, 21, 652. [CrossRef]

http://doi.org/10.3389/fendo.2022.834075
http://www.ncbi.nlm.nih.gov/pubmed/35282462
http://doi.org/10.3389/fonc.2021.755097
http://doi.org/10.1016/j.cell.2014.09.050
http://doi.org/10.5603/EP.a2021.0010
http://doi.org/10.1038/sigtrans.2015.4
http://doi.org/10.1097/MD.0000000000016050
http://www.ncbi.nlm.nih.gov/pubmed/31232941
http://doi.org/10.3892/or.2017.5994
http://www.ncbi.nlm.nih.gov/pubmed/29048684
http://doi.org/10.2147/OTT.S190364
http://www.ncbi.nlm.nih.gov/pubmed/30992669
http://doi.org/10.1210/jcem.87.4.8353
http://www.ncbi.nlm.nih.gov/pubmed/11932323
http://doi.org/10.1245/s10434-011-2029-0
http://doi.org/10.3390/cancers13040632
http://doi.org/10.1007/s13277-016-5030-1
http://doi.org/10.3390/diagnostics10030130
http://doi.org/10.1590/S0004-27302012000800015
http://doi.org/10.1016/j.bbrc.2018.02.051
http://doi.org/10.1136/jim-2020-001562
http://www.ncbi.nlm.nih.gov/pubmed/33077486
http://doi.org/10.1002/jcp.29154
http://doi.org/10.3390/cancers13112680
http://www.ncbi.nlm.nih.gov/pubmed/34072348
http://doi.org/10.3892/ol.2017.6028
http://www.ncbi.nlm.nih.gov/pubmed/28599426
http://doi.org/10.1634/theoncologist.2012-0013
http://www.ncbi.nlm.nih.gov/pubmed/22707512
http://doi.org/10.1634/theoncologist.2014-0135
http://www.ncbi.nlm.nih.gov/pubmed/25323484
http://doi.org/10.1186/s12885-016-2146-z
http://www.ncbi.nlm.nih.gov/pubmed/26883911
http://doi.org/10.1159/000369676
http://doi.org/10.3892/etm.2021.10084


Cancers 2022, 14, 2679 16 of 17

61. Kalfert, D.; Ludvikova, M.; Pesta, M.; Ludvik, J.; Dostalova, L.; Kholová, I. Multifunctional Roles of miR-34a in Cancer: A Review
with the Emphasis on Head and Neck Squamous Cell Carcinoma and Thyroid Cancer with Clinical Implications. Diagnostics
2020, 10, 563. [CrossRef]

62. Chen, L.; Yang, C.; Feng, J.; Liu, X.; Tian, Y.; Zhao, L.; Xie, R.; Liu, C.; Zhao, S.; Sun, H. Clinical significance of miR-34a expression
in thyroid diseases-An (18)F-FDG PET-CT study. Cancer Manag. Res. 2017, 9, 903–913. [CrossRef] [PubMed]

63. Kang, Y.Y.; Liu, Y.; Wang, M.L.; Guo, M.; Wang, Y.; Cheng, Z.F. Construction and analyses of the microRNA-target gene differential
regulatory network in thyroid carcinoma. PLoS ONE 2017, 12, e0178331. [CrossRef] [PubMed]

64. Wang, L.; Wang, W.; Cai, Y.; Zhou, Y.; Jiang, J.; Ning, Y.; Shui, C.; Sun, R.; Wang, Y.; Li, C. Circ-NUP214 Promotes Papillary Thyroid
Carcinoma Tumorigenesis by Regulating HK2 Expression Through miR-15a-5p. Biochem. Genet. 2022. [CrossRef] [PubMed]

65. Augenlicht, A.; Saiselet, M.; Decaussin-Petrucci, M.; Andry, G.; Dumont, J.E.; Maenhaut, C. MiR-7-5p inhibits thyroid cell
proliferation by targeting the EGFR/MAPK and IRS2/PI3K signaling pathways. Oncotarget 2021, 12, 1587–1599. [CrossRef]

66. Kong, Y.W.; Ferland-McCollough, D.; Jackson, T.J.; Bushell, M. microRNAs in cancer management. Lancet Oncol. 2012, 13,
e249–e258. [CrossRef]

67. Bu, R.; Siraj, A.K.; Masoodi, T.; Parvathareddy, S.K.; Iqbal, K.; Al-Rasheed, M.; Haqawi, W.; Diaz, M.; Victoria, I.G.;
Aldughaither, S.M.; et al. Recurrent Somatic MAP2K1 Mutations in Papillary Thyroid Cancer and Colorectal Cancer. Front. Oncol.
2021, 11, 670423. [CrossRef]

68. Castro, L.; Alves, S.; Chaves, S.R.; Costa, J.L.; Soares, P.; Preto, A. RAF-1 promotes survival of thyroid cancer cells harboring
RET/PTC1 rearrangement independently of ERK activation. Mol. Cell. Endocrinol. 2015, 415, 64–75. [CrossRef]

69. Li, G.; Kong, Q. LncRNA LINC00460 promotes the papillary thyroid cancer progression by regulating the LINC00460/miR-485-
5p/Raf1 axis. Biol. Res. 2019, 52, 61. [CrossRef]

70. Chen, Y.; Hao, S.A.; Jiang, Y.; Gao, B.; Tian, W.G.; Zhang, S.; Guo, L.J.; Wang, L.L.; Luo, D.L. MicroRNA-1271 inhibits the
progression of papillary thyroid carcinoma by targeting IRS1 and inactivating AKT pathway. Eur. Rev. Med. Pharmacol. Sci. 2019,
23, 7989–7999. [CrossRef]

71. Yang, J.; Nie, J.; Ma, X.; Wei, Y.; Peng, Y.; Wei, X. Targeting PI3K in cancer: Mechanisms and advances in clinical trials. Mol. Cancer
2019, 18, 26. [CrossRef]

72. Murugan, A.K.; Dong, J.; Xie, J.; Xing, M. Uncommon GNAQ, MMP8, AKT3, EGFR, and PIK3R1 mutations in thyroid cancers.
Endocr. Pathol. 2011, 22, 97–102. [CrossRef] [PubMed]

73. Ma, Y.; Qin, H.; Cui, Y. MiR-34a targets GAS1 to promote cell proliferation and inhibit apoptosis in papillary thyroid carcinoma
via PI3K/Akt/Bad pathway. Biochem. Biophys. Res. Commun. 2013, 441, 958–963. [CrossRef] [PubMed]

74. Masago, K.; Asato, R.; Fujita, S.; Hirano, S.; Tamura, Y.; Kanda, T.; Mio, T.; Katakami, N.; Mishima, M.; Ito, J. Epidermal growth
factor receptor gene mutations in papillary thyroid carcinoma. Int. J. Cancer 2009, 124, 2744–2749. [CrossRef] [PubMed]

75. Han, Y.; Yu, X.; Yin, Y.; Lv, Z.; Jia, C.; Liao, Y.; Sun, H.; Liu, T.; Cong, L.; Fei, Z.; et al. Identification of Potential BRAF Inhibitor
Joint Therapy Targets in PTC based on WGCAN and DCGA. J. Cancer 2021, 12, 1779–1791. [CrossRef] [PubMed]

76. Shi, X.; Sousa, L.P.; Mandel-Bausch, E.M.; Tome, F.; Reshetnyak, A.V.; Hadari, Y.; Schlessinger, J.; Lax, I. Distinct cellular properties
of oncogenic KIT receptor tyrosine kinase mutants enable alternative courses of cancer cell inhibition. Proc. Natl. Acad. Sci. USA
2016, 113, E4784–E4793. [CrossRef] [PubMed]

77. He, H.; Jazdzewski, K.; Li, W.; Liyanarachchi, S.; Nagy, R.; Volinia, S.; Calin, G.A.; Liu, C.G.; Franssila, K.; Suster, S.; et al. The role
of microRNA genes in papillary thyroid carcinoma. Proc. Natl. Acad. Sci. USA 2005, 102, 19075–19080. [CrossRef]

78. Zhuo, Y.J.; Shi, Y.; Wu, T. NRP-1 and KDR polymorphisms are associated with survival time in patients with advanced gastric
cancer. Oncol. Lett. 2019, 18, 4629–4638. [CrossRef]

79. Fakhruddin, N.; Jabbour, M.; Novy, M.; Tamim, H.; Bahmad, H.; Farhat, F.; Zaatari, G.; Aridi, T.; Kriegshauser, G.;
Oberkanins, C.; et al. BRAF and NRAS Mutations in Papillary Thyroid Carcinoma and Concordance in BRAF Mutations Between
Primary and Corresponding Lymph Node Metastases. Sci. Rep. 2017, 7, 4666. [CrossRef]

80. Faustino, A.; Couto, J.P.; Pópulo, H.; Rocha, A.S.; Pardal, F.; Cameselle-Teijeiro, J.M.; Lopes, J.M.; Sobrinho-Simões, M.; Soares, P.
mTOR pathway overactivation in BRAF mutated papillary thyroid carcinoma. J. Clin. Endocrinol. Metab. 2012, 97, E1139–E1149.
[CrossRef]

81. Tavares, C.; Eloy, C.; Melo, M.; Gaspar da Rocha, A.; Pestana, A.; Batista, R.; Bueno Ferreira, L.; Rios, E.; Sobrinho Simões, M.;
Soares, P. mTOR Pathway in Papillary Thyroid Carcinoma: Different Contributions of mTORC1 and mTORC2 Complexes for
Tumor Behavior and SLC5A5 mRNA Expression. Int. J. Mol. Sci. 2018, 19, 1448. [CrossRef]

82. Ahmed, M.; Hussain, A.R.; Bavi, P.; Ahmed, S.O.; AlSobhi, S.S.; Al-Dayel, F.; Uddin, S.; Al-Kuraya, K.S. High prevalence of mTOR
complex activity can be targeted using Torin2 in papillary thyroid carcinoma. Carcinogenesis 2014, 35, 1564–1572. [CrossRef]
[PubMed]

83. Wendt, M.K.; Williams, W.K.; Pascuzzi, P.E.; Balanis, N.G.; Schiemann, B.J.; Carlin, C.R.; Schiemann, W.P. The antitumorigenic
function of EGFR in metastatic breast cancer is regulated by expression of Mig6. Neoplasia 2015, 17, 124–133. [CrossRef] [PubMed]

84. Uribe, M.L.; Marrocco, I.; Yarden, Y. EGFR in Cancer: Signaling Mechanisms, Drugs, and Acquired Resistance. Cancers (Basel)
2021, 13, 2748. [CrossRef]

85. Ma, J.; Lyu, H.; Huang, J.; Liu, B. Targeting of erbB3 receptor to overcome resistance in cancer treatment. Mol. Cancer 2014, 13, 105.
[CrossRef] [PubMed]

http://doi.org/10.3390/diagnostics10080563
http://doi.org/10.2147/CMAR.S143110
http://www.ncbi.nlm.nih.gov/pubmed/29290693
http://doi.org/10.1371/journal.pone.0178331
http://www.ncbi.nlm.nih.gov/pubmed/28570571
http://doi.org/10.1007/s10528-022-10192-w
http://www.ncbi.nlm.nih.gov/pubmed/35099648
http://doi.org/10.18632/oncotarget.28030
http://doi.org/10.1016/S1470-2045(12)70073-6
http://doi.org/10.3389/fonc.2021.670423
http://doi.org/10.1016/j.mce.2015.08.006
http://doi.org/10.1186/s40659-019-0269-9
http://doi.org/10.26355/eurrev_201909_19015
http://doi.org/10.1186/s12943-019-0954-x
http://doi.org/10.1007/s12022-011-9155-x
http://www.ncbi.nlm.nih.gov/pubmed/21487925
http://doi.org/10.1016/j.bbrc.2013.11.010
http://www.ncbi.nlm.nih.gov/pubmed/24220341
http://doi.org/10.1002/ijc.24250
http://www.ncbi.nlm.nih.gov/pubmed/19253367
http://doi.org/10.7150/jca.51551
http://www.ncbi.nlm.nih.gov/pubmed/33613767
http://doi.org/10.1073/pnas.1610179113
http://www.ncbi.nlm.nih.gov/pubmed/27482095
http://doi.org/10.1073/pnas.0509603102
http://doi.org/10.3892/ol.2019.10842
http://doi.org/10.1038/s41598-017-04948-3
http://doi.org/10.1210/jc.2011-2748
http://doi.org/10.3390/ijms19051448
http://doi.org/10.1093/carcin/bgu051
http://www.ncbi.nlm.nih.gov/pubmed/24583924
http://doi.org/10.1016/j.neo.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25622905
http://doi.org/10.3390/cancers13112748
http://doi.org/10.1186/1476-4598-13-105
http://www.ncbi.nlm.nih.gov/pubmed/24886126


Cancers 2022, 14, 2679 17 of 17

86. Chen, C.; Gupta, P.; Parashar, D.; Nair, G.G.; George, J.; Geethadevi, A.; Wang, W.; Tsaih, S.-W.; Bradley, W.; Ramchandran, R.; et al.
ERBB3-induced furin promotes the progression and metastasis of ovarian cancer via the IGF1R/STAT3 signaling axis. Oncogene
2020, 39, 2921–2933. [CrossRef]

87. Baraldi, J.H.; Martyn, G.V.; Shurin, G.V.; Shurin, M.R. Tumor Innervation: History, Methodologies, and Significance. Cancers 2022,
14, 1979. [CrossRef]

88. Restaino, A.C.; Vermeer, P.D. Neural regulations of the tumor microenvironment. FASEB BioAdvances 2022, 4, 29–42. [CrossRef]
89. Duan, Y.; Zhang, Y.; Peng, W.; Jiang, P.; Deng, Z.; Wu, C. MiR-7-5pand miR-451 as diagnostic biomarkers for papillary thyroid

carcinoma in formalin-fixed paraffin-embedded tissues. Pharmazie 2020, 75, 266–270. [CrossRef]
90. Chou, C.K.; Liu, R.T.; Kang, H.Y. MicroRNA-146b: A Novel Biomarker and Therapeutic Target for Human Papillary Thyroid

Cancer. Int. J. Mol. Sci. 2017, 18, 636. [CrossRef]
91. Cai, S.; Ma, J.; Wang, Y.; Cai, Y.; Xie, L.; Chen, X.; Yang, Y.; Peng, Q. Biomarker Value of miR-221 and miR-222 as Potential

Substrates in the Differential Diagnosis of Papillary Thyroid Cancer Based on Data Synthesis and Bioinformatics Approach. Front.
Endocrinol. 2022, 12, 794490. [CrossRef]

http://doi.org/10.1038/s41388-020-1194-7
http://doi.org/10.3390/cancers14081979
http://doi.org/10.1096/fba.2021-00066
http://doi.org/10.1691/ph.2020.0335
http://doi.org/10.3390/ijms18030636
http://doi.org/10.3389/fendo.2021.794490

	Introduction 
	Materials and Methods 
	Study Subjects 
	Detection of the miRNA Profiles 
	Validation of the NanoString Results by Real-Time Quantitative Polymerase Chain Reaction (qRT-PCR) 
	Data Analysis 
	miRNA Target Prediction and Functional Annotation of the Selected miRNA Targets 

	Results 
	miRNA Profile in Papillary Thyroid Cancer 
	miRNA Target Genes 
	Functional Enrichment Analysis 
	Hub Gene Identification 
	Receiver Operating Characteristic Curve Analysis 
	Logistic Regression Model 
	Data Validation 

	Discussion 
	Conclusions 
	References

