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Abstract: Background: Molecular genetic events are among the numerous factors affecting the clinical course
of papillary thyroid carcinoma (PTC). Recent studies have demonstrated that aberrant expression of miRNA,
as well as different thyroid-related genes, correlate with the aggressive clinical course of PTC and unfavorable
treatment outcome, which opens up new avenues for using them in personalization of the treatment strategy
for patients with PTC. In the present work, our goal was to assess the applicability of molecular markers in
preoperative diagnosis of aggressive variants of papillary thyroid cancer. Methods: The molecular genetic
profile (expression levels of 34 different markers and BRAF mutation) was studied for 108 cytology specimens
collected by fine-needle aspiration biopsy in patients with PTC having different clinical manifestations. Results:
Statistically significant differences with adjustment for multiple comparisons (p < 0.0015) for clinically
aggressive variants of PTC were obtained for four markers: miRNA-146b, miRNA-221, FN1, and CDKN2A.
Weak statistical correlation (0.0015< p<0.05) was observed for miRNA-31, -375, -551b, -148b, -125b, mtDNA,
CITED1, TPO, HMGA2, CLU, NIS, SERPINAI, TFF3, and TMPRSS4. Conclusions: The recurrence risk of
papillary thyroid carcinoma can be preoperatively predicted using miRNA-221, the fibronectin and cyclin-
dependent kinase inhibitor 2A genes.

Keywords: papillary thyroid carcinoma; aggressive variants; recurrence risk; miRNA-221; miRNA-
146b; FN1; CDKN2A

1. Introduction

Surgery is the main treatment modality for papillary thyroid carcinoma (PTC). The extent of
primary surgery depends on several clinical characteristics of the disease, such as tumor size,
metastases, macroscopic extrathyroidal extension, as well as the presence of microscopic vascular
invasion and the morphological subtype of PTC [1].

When tumor size is < 4.0 cm and neither regional nor distant metastases are present, patient
survival is independent of extent of the surgery (total thyroidectomy or hemithyroidectomy) [2].

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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Most National Comprehensive Cancer Network (NCCN) Committee members recommend
performing total thyroidectomy for thyroid cancer patients having the following clinical data: T3 or
T4; cytologically verified N1; presence of M1; aggressive morphological subtype; history of
significant exposure to radiation within the head and neck area; and family history of cancer. The
authors of the guidelines advocate for unilateral hemithyroidectomy in the group of patients having
a low recurrence risk as the final treatment modality for most patients with papillary thyroid
carcinoma because of low mortality and recurrence rate as well as higher rate of complications related
to thyroidectomy [3].

In some cases, it is difficult to plan surgery extent that would comply with the ATA and NCCN
guidelines because of the lack of data on the morphological subtype of PTC in the cytology report.
Furthermore, the potentially aggressive PTC could have possibly be diagnosed early and did not
have time to manifest itself as extrathyroidal extension and vascular invasion, while no regional
lymph node involvement was detected because of microscopic size of the metastases. Total
thyroidectomy with central lymph node dissection followed by radioactive iodine therapy would be
preferred in this case [4]. Furthermore, for some patients with PTC at the preoperative stage, cytology
report specifies “follicular neoplasm” (Bethesda category IV) or “atypia of undetermined
significance” (Bethesda category III) [56]. As a result, reoperation may be needed if
hemithyroidectomy is chosen as the primary surgical treatment option. Molecular testing can be used
to refine indications to surgical treatment in patients with vague cytological findings [7]. Application
of molecular research in patients preoperatively diagnosed with PTC for personalizing the treatment
approach remains poorly investigated.

Somatic mutations currently are the best-studied molecular markers of PTC aggressiveness. It
has long been observed that early genetic events of thyroid cancer progression (e.g., BRAF mutations)
are frequently found in patients with both well-differentiated thyroid cancer and poorly
differentiated or anaplastic thyroid cancer because they are involved in the initiation of tumor
development. In contrast, late genetic events (e.g., TP53 gene mutations) are more common in tumors
that gradually lose thyroid differentiation and are therefore associated with tumor progression and
an unfavorable outcome [8]. In patients with thyroid cancer, TERT promoter mutations are classified
as a late event and are found in more aggressive thyroid cancers, being more common in patients
with poorly differentiated or anaplastic cancer (up to ~70% of cases) than those with well-
differentiated PTC and follicular thyroid carcinoma (FTC) (~10-20%). Moreover, TERT mutations
have been recognized as an independent predictor of tumor recurrence, distant metastases, poor
prognosis, and mortality in patients with well-differentiated PTC and FTC [9]. As for other types of
molecular markers (assessment of expression of miRNA and various genes involved in thyroid
function), the feasibility of using them to predict the development of PTC has been studied by
different researchers; however, none of the new markers has become widely recognized [10-12].

In our previous studies, we investigated the diagnostic potential of several types of molecular
markers: BRAF V600E mutation, relative expression of miRNA and protein-coding genes, as well as
the mitochondrial to nuclear DNA ratio for preoperative detection of thyroid cancer. Some of the
results of these studies have already been published [13]. In this work, the preoperative prognostic
potential of certain markers for PTC was investigated. We analyzed 34 molecular markers in cytology
specimens collected by FNAB and assessed the correlation between them, as well as the clinical and
morphological features of tumors and the risk of PTC recurrence.

2. Results

Table 1 summarizes the clinical characteristics of 108 patients with PTC enrolled in the study.

Table 1. Clinical characteristics of patients with PTC.

Characteristic Value, n (%)
Median age (Q1-Q3) 47.5 (37-60.3)
Sex ratio (male/female) 22/86
Metastases in central lymph nodes 28 (26)

Metastases in lateral lymph nodes 25 (23.1)
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Multifocal nature 61 (56.5)
Extraichyroidal extension (macroscopic 25 (23.1)
invasion)
Vascular invasion 58 (53.4%)
ATA risk stratification
Low risk 23 (21.3)
Intermediate risk 60 (55.6)
High risk 25 (23.1)

Among 108 patients with PTC, there were 86 (79.6%) females and 22 (20.4%) males. The median
age at diagnosis was 47.5 (37-60.25) years (the youngest patient was 22 years old; the oldest one, 85
years old). No differences in sex ratio were observed in the groups being compared. The minimal and
maximum tumor diameter was 0.6 cm and 8.0 cm, respectively. Tumor was multifocal in 61 (56.5%)
cases; vascular invasion was observed in 58 (53.4%) cases. Twenty-five (23.1%) patients had
macroscopic extrathyroidal extension. Metastatic spread to cervical lymph nodes was detected in 53
(49.1%) cases. In accordance with the 2015 ATA Risk Stratification System, 23 (21.3%) patients were
categorized into the low-risk group; 60 (55.6%), into the intermediate risk group; and 25 (23.1%)
patients, into the high-risk group.

Intergroup comparative analysis of association between clinical-pathological characteristics of
PTC and BRAFV660E mutation was carried out (Table 2).

Table 2. Analysis of the association between the clinical-pathological characteristics of PTC and

BRAFV660E mutation.
BRAF mutation
Parameter Total number Odds ratio (95% CI) P
yes no

sex
females 86 64 22 0.84

0.78
males 22 18 4 (0.26-2.76)
multifocal nature
unifocal 47 35 12 0.86

0.75
multifocal 61 47 14 (0.35-2.1)
extrathyroidal extension
no 25 21 4 0.52

0.28
yes 83 61 22 (0.16-1.71)
Metastases to the cervical lymph nodes
no 55 39 16 0.56

0.21
yes 53 43 10 (0.23-1.39)
Vascular invasion
no 50 34 16 0.44

0.07
yes 58 48 10 (0.17-1.09)
ATA recurrence risk

low/moderate

low 23 13 10 0.03

0.32 (0.11-0.91)
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moderate/high
intermediate 60 48 12 0.66
0.76 (0.22-2.6)
low/high
high 25 21 4 0.04

0.24 (0.06-0.95)

Significant differences (p < 0.05) are shown in bold.

The BRAF mutation was statistically significantly more frequent in the groups of patients with
intermediate (80%, p = 0.03) and high (84%, p = 0.04) ATA recurrence risk compared to the low-risk
group (56.5%).

The correlation between tumor size in patients with PTC and expression level of the miRNA and
genes being studied was analyzed. With adjustment for multiple comparisons, statistically significant
correlation level among 34 parameters was achieved only for the expression level of the TPO gene (p
= 0.00045, Spearman’s rank coefficient -0.33). Correlation between tumor size and the TPO level was
negative and relatively strong: the larger the tumor size, the lower the expression level of the thyroid
peroxidase gene was. There was also a correlation with expression of the SLC26A7 gene (p = 0.005,
Spearman’s rank coefficient -0.26) and mtDNA level (p = 0.006, Spearman’s rank coefficient 0.26).
However, the required confidence level p <0.0015 was not achieved for these markers.

The relative expression levels of 11 miRNAs, mtDNA level, and expression of 22 genes were
compared. The results are summarized in Table 3.

Table 3. The p value in the groups of patients with PTC being compared.

Group miR-146b miR-199b miR-221 miR-223 miR-31 miR-375
Metastases to 0.0003 0.84 0.01 0.05 0.04 0.14
cervical lymph nodes
Extrathyroidal 0.15 0.23 0.00006 0.38 0.01 0.02
extension
Vascular invasion 0.38 0.24 0.58 0.98 0.28 0.09
Multifocal nature 0.12 0.39 0.84 0.04 0.18 0.95
Low/ intermediate 0.04 0.60 0.06 0.16 0.87 0.1
Low/high 0.02 0.59 0.00001 0.10 0.09 0.007
Intermediate/high 0.4 0.18 0.001 0.6 0.01 0.08
Group miR-451a miR-551b miR-148b miR21  miR-125b mtDNA
Metastases o 0.20 0.07 0.04 041 0.34 0.01
cervical lymph nodes
Extrathyroidal 0.55 0.01 0.90 0.95 0.03 0.58
extension
Vascular invasion 0.93 0.22 0.70 0.26 0.63 0.05
Multifocal nature 0.26 0.21 0.005 0.48 0.89 0.01
Low/ intermediate 0.18 0.20 0.07 0.17 0.98 0.004
Low/high 0.15 0.01 0.18 0.50 0.11 0.01
Intermediate/high 0.91 0.02 0.65 0.70 0.03 0.72
Group FN1 GMNN CDKN2A TIMP CITED1 TPO
Metastases to  0.0004 0.25 0.00015 0.05 0.01 0.09
cervical lymph nodes
Extrathyroidal 0.002 0.85 0.003 0.27 0.02 0.02
extension

0.33 0.26 0.24 0.83 0.63 0.28

Vascular invasion
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Multifocal nature 0.11 0.74 0.05 0.12 0.09 0.57
Low/ intermediate 0.001 0.71 0.03 0.38 0.09 0.12
Low/high 0.00006 0.88 0.0012 0.20 0.004 0.02
Intermediate/high 0.03 0.74 0.01 0.40 0.08 0.06
Group SLC26A7 HMGA2 CPQ RXRG  SPATAI18 APOE
Metastases o053 0.02 0.59 0.46 0.05 0.54
cervical lymph nodes
Extrathyroidal 0.06 0.01 0.81 0.65 0.82 0.12
extension
Vascular invasion 0.64 0.05 0.35 0.7 0.10 0.53
Multifocal nature 0.69 0.61 0.47 0.84 0.14 0.80
Low/ intermediate 0.96 0.71 0.05 0.34 0.35 0.13
Low/high 0.28 0.18 0.22 0.81 0.50 0.05
intermediate /high 0.05 0.01 0.38 0.48 0.99 0.25
Group ASF1B AFAP1L2 CLU ECM1  DIO1 NIS
Metastases to 040 0.82 0.005 0.91 0.61 0.07
cervical lymph nodes
Extrathyroidal 0.27 0.73 0.80 0.54 0.43 0.005
extension
Vascular invasion 0.15 0.17 0.47 0.88 0.61 0.81
Multifocal nature 0.94 0.99 0.01 0.17 0.98 0.06
Low/ intermediate 0.05 0.91 0.28 0.48 0.49 0.82
Low/high 0.74 0.81 0.56 0.86 0.38 0.05
intermediate /high 0.11 0.73 0.55 0.47 0.53 0.0049
Group SERPINA1 TFF3 TMPRSS4 TSHR
Metastases to0.004 0.02 0.04 0.39
cervical lymph nodes
Extrathyroidal 0.47 0.002 0.12 0.48
extension
Vascular invasion 0.28 0.84 0.07 0.81
Multifocal nature 0.19 0.18 0.78 0.05
Low/ intermediate 0.04 0.34 0.05 0.31
Low/high 0.09 0.01 0.01 0.21

0.8 0.003 0.36 0.73

intermediate /high

Significant differences (p < 0.0015) are shown in bold.

Comparison of expression of molecular markers revealed differences in all the clinical-
morphological groups except for the group of patients having tumors characterized by vascular
invasion; weak correlation was also detected in the case of multifocal nature of cancer. No statistical
significance (p > 0.05) was observed for miRNA:-199b, -223, -451a, and -21. Among the studied genes,
we found no correlation with clinical manifestations of PTC for the following markers: TSHR (the
TSH receptor gene playing a pivotal role in controlling the metabolism of thyrocytes) and SLC26A7
(codes for iodine receptor), whose expression is significantly downregulated in patients with
anaplastic thyroid cancer [14]; CPQ (carboxypeptidase that plays a certain role in the release of
thyroxine hormone from its precursor, thyroglobulin) and RXRG (retinoic acid receptor) whose
expression was found to decrease in patients with follicular thyroid cancer [15,16]; SPATA1S (the key
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regulator of mitochondrial quality) playing a role in the development of oncocytic cell carcinoma of
the thyroid [17]; APOE (apolipoprotein, a protein involved in lipid transport between organelles
through plasma and interstitial fluids); ASF1B (histone chaperone) and TIMP1 (metalloproteinase
inhibitor acting as a growth factor) with reduction of the overall survival in patients with thyroid
cancer [18,19]; AFAPIL2 (transcriptional activator) whose upregulated transcription is associated
with thyrocyte apoptosis [20]; ECM1 (extracellular matrix protein stimulating proliferation of
endothelial cells and promoting angiogenesis), whose expression considered to be decreased in
patients with advanced forms of PTC [21]; and DIO1 (iodothyronine deiodinase, which is responsible
for deiodination of T4 to T3 and T3 to T2), which is differently expressed in patients with follicular

adenoma and thyroid carcinoma [22].

Weak statistical correlation (0.0015< p <0.05) was observed for miRNA-31, -375, -551b, -148b, -
125b, for mtDNA, and for the following genes:

e the TPO (thyroid peroxidase) gene; the decline in its expression is associated with resistance to
radioactive iodine therapy [23]. We detected that TPO expression depends on tumor size, while
being weakly associated with extrathyroidal invasion (p = 0.01) and the high/low recurrence risk
(p =0.02). Taking into account the fact that radioactive iodine-resistant tumors are more likely to
be large-sized, it appears that thyroid peroxidase activity is its consequence rather than a cause;

e the CITED1 gene, which is associated with the development of follicular cancer [22]. Differences
were observed for such parameters as cervical lymph nodes metastases (p = 0.01), extrathyroidal
extension (p = 0.02), and high/low recurrence risk (p = 0.004);

o the HMGA?2 gene: expression of this gene is believed to be associated with lymphogenic
metastasis and vascular invasion [24]. According to our data, weak differences were observed for
the groups of patients with/without metastases (p = 0.02), with/without extrathyroidal extension
(p = 0.01), with/without vascular invasion (p = 0.05), and with moderate/high recurrence risk (p
=0.01);

e the NIS (sodium/iodine symporter) gene, whose expression level is reduced in most thyroid
carcinomas [25]. Differences were observed for the groups of patients with low/high (p = 0.05)
and moderate/high (p = 0.0049) recurrence risk.

e the CLU gene (clusterin alpha chain, an extracellular chaperone preventing aggregation of non
native proteins) whose upregulated expression is associated with better survival prognosis [18].
Differences were observed in groups of patients with/without metastases (p = 0.005) and
multifocal/unifocal cancer (p = 0.01);

e the SERPINA1 (serine protease inhibitor) gene; its association with stage and the multifocal
nature of thyroid cancer has been reported [26]. Differences were observed for the groups of
patients with/without metastases (p = 0.004);

e the TFF3 gene; its downregulated expression was observed in patients with follicular thyroid
cancer [15]. Differences were detected in the groups with/without metastases (p = 0.02),
with/without extrathyroidal extension (p = 0.002), with high/low (p = 0.01) and moderate/high
risk (p=0.003); and

e the TMPRSS4 (transmembrane serine protease) gene is characterized by increased expression in
patients with PTC [21]. Differences in groups of patients with/without metastases (p = 0.04),
low/intermediate (p = 0.05) and low/high (p = 0.01) recurrence risk.

Statistically significant differences with adjustment for multiple comparisons (p < 0.0015) were

obtained for four markers: miR-146b, miR-221, FN1, and CDKN2A (Figure 1).
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Figure 1. Statistically significant differences in the expression levels of miRNA and genes depending
on clinical-morphological characteristics of PTC. The median value, the upper and lower quartiles,
non-outlier range, outliers (circles), and the mean value denoted with a cross are presented.

The miRNA-146b level was on average 1.7-fold higher in tumors with regional metastases to
cervical lymph nodes than without them (p = 0.0003). The miRNA-221 level was 1.9-fold higher in
patients with extrathyroidal extension (p = 0.00005), as well as 3.4-fold and twofold higher in the
groups of patients with high and intermediate recurrence risk compared to the low-risk groups (p =
0.000013 and p = 0.001, respectively). Upregulated expression was observed for the FN1 (fibronectin,
which is usually believed to be associated with the development of follicular cancer [22]) gene in
groups of patients having cervical lymph nodes metastases (1.7-fold higher; p =0.0004) and with high
and intermediate ATA recurrence risk (3.75-fold and 1.6-fold; p = 0.000013 and p = 0.001,
respectively). Expression of the CDKN2A (cyclin-dependent kinase inhibitor 2A, which is associated
with anaplastic thyroid cancer [34]) gene was twice higher in patients with cervical lymph nodes
metastases (p = 0.00014) and 3.3-fold higher in patients having a high recurrence risk than those
having a low risk (p = 0.0012).

Hence, differences in recurrence risk were detected only for 3 out of the 34 studied molecular
genetic factors: expression of miRNA-221, as well as the FN1 and CDKN2A genes. The areas under
the ROC curves (AUC) were calculated for these markers (Figure 2).
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Figure 2. ROC analysis of the molecular genetic markers of the risk of PTC recurrence.

The highest ROC AUC values were obtained: for miRNA-221, between the low/high risk
(AUC=0.88) and the intermediate/high risk (AUC=0.77) groups; for CDKN2A, the AUC between the
low/high risk group was 0.87; for FN1, the AUC between the low/high risk group was 0.81 and
between the intermediate/high risk group AUC = 0.69.

The calculated values of these markers gave grounds for categorizing a patient into the group of
high recurrence risk according to ATA guidelines with a high sensitivity. For the CDKN2A gene, at
a cut-off value of 0.044, sensitivity was 88.5% (95% CI: 69.8-97.5); specificity was 47.8% (95% CI: 26.8—
69.4). For the FN1 gene, at a cut-off value of 8.5, sensitivity was 100% (95% CI: 86.7-100); specificity
was 43.5% (95% CI: 23.2-65.5). The expression level of miRNA-221 > 0.47 has a 96.2% (95% CI: 80.4—
99.9) prognostic sensitivity for high recurrence risk and specificity of 60.9% (95% CI: 38.5-80.3).

3. Discussion
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Timely adequate surgical treatment ensures good five-year survival in most patients with PTC;
metastatic spread to regional cervical lymph nodes or local cancer recurrence is detected after
primary surgery in 20% of cases [27,28]. More accurate risk stratification of PTC recurrence is needed
to avoid overtreatment of the majority of patients having a “favorable” prognosis and to ensure
adequate treatment to the minority having an “aggressive” type of carcinoma.

Out of the set of molecular genetic events in patients with PTC, the ATA guidelines (2015)
recommend to use only the BRAF and TERT mutations as markers of cancer with the least favorable
prognosis. However, later reviews of this strategy yielded controversial conclusions. Some studies
demonstrated that the BRAF mutation was associated with extrathyroidal extension of tumor and
metastatic spread to cervical lymph nodes [27], while another study did not reveal this association
[28]. In our work, the BRAF mutation was more frequent in groups of patients with intermediate and
high recurrence risk according to ATA, however, statistical differences were minimal.

It is still extremely important to further search for efficient markers to perform accurate
stratification of PTC recurrence [6,29]. MicroRNAs can be such markers; a large number of them, both
oncogenic and tumor suppressor ones, have already been identified [30]. In these studies, different
miRNAs were shown to correlate with signs of tumor aggressiveness such as extrathyroidal
extension, metastatic spread to lymph nodes, distant metastases, and disease recurrence. We
examined 11 different miRNAs in preoperative cytology specimens and demonstrated that
expression levels of two of them (miRNA-146b and miRNA-221) were significantly increased in the
subgroups of patients having such features as regional metastases and extrathyroidal extension. The
present work confirmed the findings of our previous study, where the expression levels of these same
miRNAs were evaluated using postoperative specimens and the high risk of PTC recurrence was 9.7
times more probable (95% CI 3.1-29.5) if miR-221 level was > 1.0 [31].

The genes responsible for various processes occurring in thyrocytes, whose activity can be
determined according to their expression level, can be other candidates to act as molecular genetic
markers. We can mention two out of 22 such genes that have been studied: the FN1 (fibronectin) and
CDKN2A (cyclin-dependent kinase inhibitor 2A) genes. According to our findings, they turned out
to be associated with metastatic spread to lymph nodes and higher recurrence risk.

For assessing the recurrence risk, one needs to understand that some patients having potentially
aggressive PTC variants could be categorized into the low-risk group because of early tumor
detection. However, the molecular markers may be indicative of their aggressiveness even before
regional metastases and extrathyroidal extension develop. Therefore, one of the study objectives was
quantifying expression of molecular genetic markers, which can be used to preoperatively predict
the high risk of PTC recurrence with nearly 100% sensitivity, while specificity is not necessarily high.

These markers were as follows: relative expression of the CDKN2A gene > 0.044 (88.5%
sensitivity); relative expression of the FN1 gene > 8.5 (100% sensitivity), and relative miRNA-221
expression > 0.47 (96.2% sensitivity).

4. Materials and Methods

4.1. Clinical Material

The study involved 125 patients with PTC who had been operated on at three sites (the clinical
setting of the Division of General and Pediatric Surgery (Chelyabinsk, Russia), Department of
Surgery at the Pirogov National Medical and Surgical Center (Moscow, Russia), and Pirogov Clinic
of High Medical Technologies at St. Petersburg State University (St. Petersburg, Russia)) in 2022—
2023. The clinical data and risk stratification (2015 ATA Risk Stratification System) were performed
by analyzing patients’ medical records. Histology and cytology examinations were conducted by
residential morphologists in the respective clinical settings. All the specimens were subsequently re-
examined by two independent morphologists working at the National Center for Clinical
Morphological Diagnostics (St. Petersburg, Russia); reports for cytology specimens were created in
compliance with the 2023 Bethesda System:s; for histology specimens, in compliance with the Internal
Histological Classification of Thyroid Tumors (5th Edition, 2022). After paucicellular cytology
specimens and insufficiently informative histology specimens had been discarded, a total of 108
patients remained in the study.
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4.2. Choosing the Set of Molecular Markers

Primary set of mRNA for analysis was selected according to the available literature. Protein-
coding genes were chosen so that their exon—-intron structure enabled detection of mRNA without
preliminary purification to remove genomic DNA. The mRNA list comprised 22 genes: FN1, Geminin
(GMNN), CDKN2A, TIMP1, CITED1, TPO, SLC26A7, HMGA2, CPQ, RXRG, SPATA18, APOE,
ASF1B, AFAP1L2, CLU, ECM1, DIO1, NIS, SERPINA1, TFF3, TMPRSS4, and TSHR.

The set of miRNAs was selected according to our own data [32] and analysis of the literature
data; a total of 11 miRNAs were involved in experimental analysis: miR-146b-5p, miR-199b-5p, miR-
221-3p, miR-223-3p, miR-31-5p, miR-375, miR-451a, miR-551b-3p, miR-148b-3p, miR-21-5p, and miR-
125b-5p.

The mtDNA/nDNA ratio was used as a criterion for presence of oncocytic cells in the clinical
specimen [32]. Hence, a total of 34 molecular genetic markers have been analyzed in this study. The
presence of the somatic BRAF V600E mutation was investigated separately.

4.3. Total Nucleic Acid Extraction

Nucleic acids were extracted according to the modified protocol reported in ref. [32], namely:
the dried cytology specimen was washed out into a test tube using three portions of lysis buffer (200
uL each).

4.4. Semi-Quantification of the Messenger RNA Level

Semi-quantitative assessment of the mRNA level was performed by real-time RT-PCR with
specific primers and fluorescently labeled probes for detecting mRNA of the respective genes and
the housekeeping gene PGK1 (phosphoglycerate kinase), which is used as a normalization gene. The
RT-PCR protocol was as follows: incubation at 45°C — 30 min; heating at 95°C — 2 min, 50 cycles:
denaturation at 94°C - 10 s; annealing and extension: 60°C — 20 s. The relative expression level was
calculated using the 2-2Ca method [33].

4.5. MicroRNA Detection

Detection of 16-miRNA by real-time RT-PCR was conducted for all tumor and lesion types.
Mature miRNAs were detected by stem-loop RT-PCR [34]. Real-time reverse transcription PCR was
carried out in compliance with the procedure described in ref. [13]. Reverse transcription PCR
followed by real-time PCR was conducted individually for each miRNA. Single-replicate analysis
was performed for each specimen. The miRNA level was normalized to the geometric mean of the
levels of three reference miRNAs (miR-197-3p, -23a-3p, and -29b-3p) using the 2-24Ca method.

4.6. Quantification of the Ratio between the Mitochondrial and Nuclear DNA Copy Number (the
mtDNA/mDNA Ratio)

Mitochondrial and nuclear DNA were detected by real-time PCR. The PCR protocol was as
follows: pre-heating at 95°C - 2 min, 50 cycles: denaturation at 94°C — 10 s, annealing and extension:
60°C — 20 s. The ratio was determined using the 2-24Ca method.

4.7. Detection of Somatic BRAF Mutation

All the samples were tested for somatic mutations V600E, V600K, and V600R in the BRAF gene.
Somatic mutations were detected using hydrolysis probe-based allele-specific PCR. The PCR protocol
was as follows: pre-heating at 95°C - 2 min, 50 cycles: denaturation at 94°C — 10 s, annealing and
extension: 60°C —15s.

4.8. Statistical Data Analysis

Statistical data analysis was conducted using the SPSS Statistics 23 (IBM, USA) and Excel
software (Microsoft, USA). The data are presented as the mean and median values, Q1 and Q3. All
the statistical analyses were conducted using the Mann—-Whitney test for comparing two groups. The
family-wise error rate (FWER) assessed using the Bonferroni method was used to solve the multiple
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hypothesis testing problem. The significance level p was calculated as 0.05 divided by the number of
parameters being compared. In our study, we compared 34 parameters, so p <0.05/34=0.0015 was
considered statistically significant. The correlation between tumor size and miRNA and gene
expression levels was evaluated using the Spearman’s rank correlation coefficient. The association
between the BRAF mutation status and each clinical pathological variable was assessed using the
Pearson’s chi-squared test (x2) and Fisher’s exact test when the number of patients was <5. If p <0.05,
the difference was considered statistically significant. The odds ratio (OR) was determined by
univariate analysis; 95% confidence intervals were also calculated.

Binary classification involving plotting the ROC curves was used for objective evaluation of the
predictive power for the expression levels of different miRNAs and genes to predict the risk of PTC
recurrence. The ROC curve shows the dependence between the number of correctly classified
positive examples (a true positive set) on the number of incorrectly classified negative examples (a
false negative set). The assessed reliability score is expressed as sensitivity and specificity parameters.
The tests were compared with allowance for the area under the ROC curves (AUC). It is fair to say
with some assumptions that the close the AUC parameter to unity, the higher the predictive power
of a test is. The following expert scale was employed for the AUC values (it can be used to assess the
quality of a model): 0.9-1.0 — excellent; 0.8-0.9 — very good; 0.7-0.8 — good; 0.6-0.7 — moderate; and
0.5-0.6 — poor.

5. Conclusions

Identifying novel molecular genetic markers for predicting aggressiveness and the risk of PTC
recurrence is a very important problem to be solved, since it will allow reducing the surgery extent
and therefore, the number of potential postoperative complications on the one hand. On the other
hand, more extensive surgical interventions, even in patients from the low recurrence risk group but
having high expression of these markers, will help reduce the future risk of tumor recurrence.
Furthermore, the active surveillance approach that has been recently actively discussed instead of
surgical treatment, can be complemented by new molecular genetic criteria in patients with papillary
thyroid microcarcinomas. Detailed understanding of the potential risks of PTC recurrence at the
treatment planning stage will help ensure personalized therapy and will therefore improve patients’
quality of life and treatment outcomes.
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