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Abstract

The incidence of papillary thyroid carcinomas (PTCs) has increased rapidly during the past several decades.
Until now, the mechanisms underlying the tumorigenesis of PTCs have remained largely unknown.
Next-generation-sequencing (NGS) provides new ways to investigate the molecular pathogenesis of PTCs. To
characterize the somatic alterations associated with PTCs, we performed whole-exome sequencing (VWES) of
PTCs from 23 Chinese patients. This study revealed somatic mutations in genes with relevant functions for
tumorigenesis, such as BRAF, BCR, CREB3L2, DNMT]I, IRS2, MSH6, and TP53. We also identified novel
somatic gene alterations which may be potentially involved in PTC progression. Gene set enrichment analysis
revealed that the cellular response to hormone stimulus, epigenetic modifications, such as protein/histone
methylation and protein alkylation, as well as MAPK, PI3K-AKT, and FoxO/mTOR signaling pathways, were
significantly altered in the PTCs studied here. Moreover, Protein-Protein Interaction (PPI) network analysis of
our mutated gene selection highlighted EP300, KRAS, PTEN, and TP53 as major core genes. The correlation
between gene mutations and clinicopathologic features of the PTCs defined by conventional ultrasonography
(US) and contrast-enhanced ultrasonography (CEUS) were assessed. These analyses established significant
associations between subgroups of mutations and respectively taller-than-wide, calcified, and peak time iso- or
hypo-enhanced and metastatic PTCs. In conclusion, our study supplements the genomic landscape of PTCs and
identifies new actionable target candidates and clinicopathology-associated mutations. Extension of this study
to larger cohorts will help define comprehensive genomic aberrations in PTCs and validate target candidates.
These new targets may open methods of individualized treatments adapted to the clinicopathologic specifics of
the patients.

Key words: Papillary thyroid carcinomas; Whole-exome sequencing; Genetic mutations; Cluster analysis;
Ultrasonography.

Introduction

Papillary thyroid carcinomas (PTCs) represent
the most common histological subtype of thyroid
carcinoma (THCA), accounting for 75 to 85% of cases,
and the incidence of which has increased rapidly in
past decades [1, 2]. PTCs are usually curable, with a
5-year survival rate of over 95% [3]. However, lymph

node metastasis or postoperative recurrence still
occurs in 30% of cases [4]. Until now, the mechanisms
underlying the tumorigenesis and development of
PTCs have remained largely unknown. Reliable
markers to predict or evaluate tumor progression and
prognosis are still required.
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Recently, progress was made toward an
understanding of the molecular mechanisms leading
to THCA pathologies. In particular, advances in
sequencing technology provide promising methods to
identify somatic mutations and altered signaling
pathways during PTC progression [2, 5]. This
technology already uncovered potential
tumor-initiating gene mutations among which are:
BRAFV600E-like and RAS-like cohorts related to the
MAPK signaling pathway, mutations affecting AKT1,
PIK3CA, and PTEN all associated with the PI3K
signaling pathway, and alterations of CHEK?2,
EIF1AX, and PPMID. The Cancer Genome Atlas
(TCGA) project also identified the TERT promoter
mutation, which accounts for approximately 1% of
PTCs and is associated with a high risk of recurrence
[2]. Combined analyses of genomic variants, gene
expression, and methylations demonstrated that
different driver groups lead to different pathologies
with  distinct signaling and  differentiation
characteristics. This information may be used to
define predictors in PTC pathologies.

Although next-generation sequencing (NGS) has
yielded many promising results in PTCs, the majority
of the studies uncovered only well-recognized
multiple PTC-related somatic mutations and signal
pathways [6-9]. To our knowledge, NGS was rarely
applied to compare the genetic backgrounds and
clinical characteristics of PTCs in attempts to correlate
genetic changes and clinicopathological features.
Ultrasonography (US) is considered the most
important imaging tool for thyroid disease
characterization and diagnosis. Therefore, we propose
that combining US and NGS can provide better
information for disease management. To this aim, we
carried out whole-exome sequencing (WES) of the
PTCs of 23 patients and investigated their genetic
profiles. We characterized the genetic mutations and
corresponding  pathways altered during the
progression of PTCs, and novel driver gene
candidates susceptible to underlying carcinogenesis
development. Further, correlations between different
sets of mutations and clinicopathological features of
the PTCs were assessed to explore novel biological
markers for prognosis, individual diagnosis, and
treatment of PTCs.

Materials and methods

PTCs patients and tissues sampling

PTCs samples were collected from 23 patients
who underwent thyroidectomy in the Affiliated
Hospital of Yangzhou University, China, from May to

November 2019. The tissues were immediately frozen
in liquid nitrogen and stored at -80°C for later
analyses. All of the patients were diagnosed with PTC
pathologies according to the World Health
Organization classification, and the tissues were
reviewed by two pathologists. None of the patients
had received radioactive iodine treatment or other
therapies before sample collection. The baseline
characteristics of the patients were collected from
their clinical records and summarized in Table 1. This
study received ethical approval from the Ethics
Committee of the Affiliated Hospital of Yangzhou
University, China. All of the patients or their families
signed informed consent before the study.

US examination and imaging analysis of the
PTCs

We performed the conventional US and
contrast-enhanced ultrasonography (CEUS)
examination for each PTC nodule using a MyLab
Twice US system (Esaote SpA, Genoa, Italy) equipped
with a linear volumetric array transducer (BL433). To
limit operator-related variability, all of the
examinations and image analyses were performed by
one sonographer with more than 10 years of
experience in US diagnosis and more than 5 years of
experience in performing CEUS of thyroid nodules.
For CEUS, the transducer was set on the long axis,
avoiding blood vessels and choosing the largest
section of the nodule. Using a 20-gauge peripheral
intravenous cannula, a bolus consisting of a 2-ml dose
of contrast agent (Sonovue, Bracco, Italy), followed by
5 ml of 0.9% saline flush were injected. Each contrast
imaging acquisition lasted for at least 1 min after
bolus injection; the images were stored digitally as
raw data on the internal hard disk and then exported
to an external workstation for subsequent analysis.

Using the conventional US and according to the
American College of Radiology (ACR) Thyroid
Imaging Reporting and Data System (TI-RADS)[10],
for each PTC nodule, we gathered the following
information (see Table 1): maximum diameter, shape
(taller-than-wide or wider-than-tall), margin (smooth,
ill-defined, lobulated, or irregular and extra-thyroidal
extension), echogenicity (anechoic, hyperechoic, or
isoechoic, hypoechoic, and very hypoechoic), and
calcification (none, macrocalcifications, and
microcalcifications). CEUS enhancement type (hypo-,
hyper-, or iso-enhancement) of each PTC nodule was
also determined. Cervical lymph node metastasis
status (absent or present) was determined according
to the postoperative pathological results.
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Table 1. Baseline characteristics of 23 PTC patients in the study.

Subjects Age Gender Maximum Conventional ultrasonic characteristics Contrast-enhanced Cervical lymph
diameter (mm) ultrasonography characteristics node metastasisf

Shape» Margin® Echogenicityc Calcificationd Enhancement typec

W587 41 Male 12 1 1 1 0 1 0

L181 50 Female 13 0 1 1 0 0 0

G348 54 Male 9 1 1 1 0 0 1

X278 50 Male 20 0 0 1 1 1 0

J553 41 Female 7 1 1 1 0 0 0

X214 57 Female 8 1 1 1 1 0 0

Y252 57 Female 10 0 1 1 1 0 0

1245 23 Male 17 1 1 1 2 1 1

P148 54 Female 12 0 1 1 2 1 0

L579 23 Male 32 0 1 1 1 1 0

Q491 37 Female 15 0 1 1 2 1 1

W520 43 Male 8 1 1 1 0 0 0

P078 54 Male 14 0 1 1 2 0 1

B457 55 Male 33 0 1 1 0 1 1

J362 45 Female 11 1 1 1 1 0 0

Y257 50 Female 11 1 1 1 1 0 0

5312 38 Male 16 0 1 1 1 0 1

7499 46 Female 9 0 1 1 0 0 0

L574 55 Female 18 0 1 1 1 1 0

F586 44 Female 13 1 1 1 1 0 0

B290 54 Female 11 0 1 1 2 0 0

7543 67 Female 23 0 1 1 2 0 1

S318 49 Female 7 1 1 1 2 0 0

Note: a 0-Wider than tall; 1-Taller than wide. b 0-Well defined; 1-Poorly defined. ¢ 0-Markedly hypoechoic; 1-Hypoechoic. d 0-Absent; 1-Micro; 2-Massive. e

0-Hypoenhancement; 1-Hyperenhancement or isoenhancement. f 0-Absent; 1-Present.

Genomic DNA extraction and sequencing

Genomic DNA was extracted from the 23 PTCs
samples with DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) following the manufacturer’s
instructions. The quantity and quality of the isolated
DNA were determined by Qubit dsDNA HS Assay
Kit (Life Technologies, Darmstadt, Germany) on the
Qubit 2.0 Fluorometer, and by 1% agarose gel
electrophoresis analysis, respectively. Target genes
were amplified using NEXTflex™ PCR Master Mix
according to the manufacturer's instructions
(Cat5144-02, Bioo Scientific, USA). The genomic DNA
libraries were prepared by the IlluminaTruSeq DNA
Sample Prep Guide (Illumina, San Diego, CA, USA).
After amplification and purification, the quality of the
libraries was assessed by an Agilent 2100 Bioanalyzer
(Agilent Technologies, San Jose, CA, USA). Exomes
were captured by an Agilent SureSelect paired-end
version 2.0 human exome kit (Agilent, Santa Clara,
CA) following the manufacturer’s instructions. An
[Nlumina HiSeq3000 Genome Analyzer platform
(llumina, San Diego, CA) was used for whole-exome
sequencing.

Another 64 PTC patients' tissues were collected
and Sanger sequencing was used to support the
somatic mutation profiling's authenticity and verify
the frequency of mutations in genes, BRAF
(rs113488022-F: ACCTCATCCTAACACATTTCA
AGGC; rs113488022-R: GTAACTCAGCAGCATCTCA
GGG), TP53 (rs1042522-F: TGGTAAGGACAAGGGT
TGGG; 151042522-R: GGGAAGGGACAGAAGATG

ACA), MSH3 (rs144607594-F: TTGACAGAAGAA
AGAAGAGACCATT; rs144607594-R: AACCTCCTA
TACACATCACCATCAC) and MSH6 (rs55740729-F:
AAAGGGGAAGGGATGATGC; rsb5740729-R: TGG
TGACAGTGGGTATAAAACAGC) were selected.

Somatic variations analysis

The raw sequence data were aligned to the
GRCh37 human reference genome using BWA
0.7.17-r1188 (http://bio-bwa.sourceforge.net/) [11].
PCR duplicates were marked using the Mark
Duplicates program in the Picard-tools-1.115 toolset
(https:/ / github.com/broadinstitute/ picard). The
Depth of Coverage functionality of the Genome
Analysis Tool Kit (GATK-v4.1.4.1) (https://software.
broadinstitute.org/gatk/) [12] was used to identify
INDELs (insertions and deletions). Alignment
coverage was calculated using bedtools (http://
bedtools.readthedocs.io/en/latest/) [13]. Mutect2
(http:/ /samtools.sourceforge.net/) [14] was used to
call the single nucleotide variants (SNVs) and small
INDELs. All of the SNVs were functionally annotated
using the snpEff program (http://snpeff.
sourceforge.net/) [15]. The isolated SNVs were
further purged of known variants annotated in the
1000 Genomes Project (global freq > 0.01) and the
Exome Aggregation Consortium (ExAC) databases
(global freq > 0.01). The exclusion of synonymous and
known polymorphisms led to the discovery of novel
missense and nonsense SNVs and splice-site variants.
Tumor-related genes were screened using Oncology
Knowledge Base (OncoKB) [16] and Kyoto
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Encyclopedia of Genes and Genomes (KEGG) [17]
tumor online databases.

Mutational gene interaction network analysis

The curated SNVs were analyzed impartially for
their impact predictions on structural, functional, and
evolutionary properties of their corresponding
protein products using validated bioinformatics
databases. Pathway and network enrichment analyses
were performed by using Gene Ontology (GO) and
KEGG databases through Metascape (http://
metascape.org/gp/), with a false discovery rate of <
0.5 [18]. Protein-Protein Interaction Network (PPI
network) analysis was performed with the Search
Tool for the Retrieval of Interacting Genes/Proteins
(STRING, https://string-db.org). The minimum
required interaction score was set at medium
confidence of (0.4). Mutually exclusive (ME) and
co-occurring (CO) associations of the candidate genes
were evaluated with the maftools of R-software. The
significance threshold of the p-values was set at 5%
and analyzed in R-software (version 2.15.2:
http:/ /www.cran.rproject.org/).

Relationship analysis between somatic
variations and PTCs clinical characteristics

Fisher's exact test was used to compare the
clustering differences among groups of patients'
clinical data collected according to the ACR TI-RADS.
A p-value < 0.05 was considered to be significantly
different.

Statement

We confirmed that all methods were performed
following the relevant guidelines and regulations.

Altered in 23(100%) of 23 samples

* Splice_Site
= in_Frame_Del
= Malli_Hit

Results

Baseline characteristics of the studied
population

23 eligible patients were recruited for WES
analysis in the study. 14 were females, and the
average age was 50.43 £ 7.69 years; 10 patients’ PTCs
were classified as taller-than-wide, and only 1 patient
presented with a well-defined margin PTC;
microcalcifications were observed in 9 patients’
nodules; CEUS detected iso- or hypo-enhancements at
the peak time for 8 patients. Also, 7 patients presented
lymph node metastasis. The clinical characteristics of
the patients are summarized in Table 1.

The landscape of mutations in patients’ PTCs

To detect SNV mutations, WES was performed
on the DNA extracted from the 23 PTC samples. All of
the SNVs were then filtered according to the
following  exclusion criteria: 1) synonymous
mutations; 2) variants with a minor allele frequency
(MAF) > 1% according to 1000 Genomes and ExAc
databases; and 3) introns, intergenic, and
Untranslated Regions (UTR) sites. The 23 samples
involved in the study displayed a median of 953
exonic mutations (range, 388-1076) per sample
identified by NGS analysis, affecting a total of 3350
genes (Supplemental Table 1). The mutational
landscape of the top 50 genes is shown in Fig. 1a.
Missenses (41.3%) and splice sites (12.3%) were the
two prominent types of alteration. Comparative
analyses with KEGG and OncoKB databases excluded
genes of non-relevant functions regarding cancer
biology and retained 54 genes of crucial cancer-related
functions (Fig. 1b, Supplemental Table 2).

b

This study Oncokb

844

Figure 1. Landscape of mutations in patients’ PTCs. a Mutational Landscape of the top 100 genes affected in the 23 PTCs. b Venn diagram indicated 54 genes of crucial

cancer-related functions after comparative analyses with KEGG and OncoKB databases.
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Table 2. 28 SNVs sites (count >1) in 54 cancer-relate genes’ exons of 23 PTCs samples.

Gene Chrom Transcript HGVS.c HGVS.p Ratio Count
BRAF chr7 ENST00000288602.6 c.1799T>A p-Val600Glu 65.22% 15
CREB3L2 chr7 ENST00000330387.6 €.299_301delCCA p-Thr100del 39.13% 9
BCR chr22 ENST00000305877.8 €.3275_3278dupCCGG p-Val1094fs 34.78% 8
BCR chr22 ENST00000305877.8 ¢.3316G>A p-Asp1106Asn 21.74% 5
IRS2 chr13 ENST00000375856.3 c.3170G>A p.Gly1057Asp 21.74% 5
DNMT1 chr19 ENST00000359526.4 ¢.358G>C p-Vall20Leu 17.39% 4
MSH6 chr2 ENST00000234420.5 ¢.4068_4071dupGATT p.Lys1358fs 17.39% 4
TP53 chr17 ENST00000269305.4 c215C>G p.Pro72Arg 17.39% 4
CREB3L1 chrll ENST00000288400.3 ¢.1525dupG p-Asp509fs 13.04% 3
MSH3 chr5 ENST00000265081.6 c.356C>T p-Ser119Phe 13.04% 3
SMARCA?2 chr9 ENST00000349721.2 c.4638C>G p-Asp1546Glu 13.04% 3
AFF1 chr4 ENST00000395146.4 c.646C>G p-Pro216Ala 8.70% 2
ARID2 chr12 ENST00000334344.6 c.1759A>G p-Ser587Gly 8.70% 2
BRCA1 chrl7 ENST00000471181.2 ¢.2566T>C p-Tyr856His 8.70% 2
CBL chrll ENST00000264033.4 c.1858C>T p.Leu620Phe 8.70% 2
CHD4 chr12 ENST00000309577.6 c417G>T p-Glul39Asp 8.70% 2
CSFIR chr5 ENST00000286301.3 c.835G>A p-Val279Met 8.70% 2
FH chrl ENST00000366560.3 c.77C>T p-Pro26Leu 8.70% 2
H3F3C chr12 ENST00000340398.3 c.116A>C p-His39Pro 8.70% 2
KMT2A chrll ENST00000534358.1 c.9391G>A p.Gly3131Ser 8.70% 2
MLH1 chr3 ENST00000231790.2 c1151T>A p-Val384Asp 8.70% 2
NFKBIE chr6 ENST00000275015.5 c.275C>G p-Ser92Trp 8.70% 2
NOTCH2 chrl ENST00000256646.2 c.710G>A p.Arg237GIn 8.70% 2
NOTCH4 chr6 ENST00000375023.3 c.45_47dupGCT p-Leulédup 8.70% 2
PDGFRB chr5 ENST00000261799.4 ¢.1108C>T p.Arg370Cys 8.70% 2
PIK3R3 chrl ENST00000540385.1 c.902G>A p-Arg301GIn 8.70% 2
STAT6 chr12 ENST00000300134.3 c.805G>A p-Val269lle 8.70% 2
TCF3 chr19 ENST00000395423.3 ¢.1322C>T p.Ala441Val 8.70% 2

Table 3. Novel gene mutation sites in 23 PTCs samples.

Gene  Chrom Transcript HGVS.p Variation.type Ratio
DGKG chr3 ENST00000265022.3 p.Gly712fs frameshift_variant 21.74%
MPND chr19 ENST00000596722.1 p.Glu20fs frameshift_variant 17.39%
SGSM1 chr22 ENST00000400359.4 p.Glu886fs frameshift_variant 13.04%
TRIM67 chrl ENST00000366653.5 p.Ala6lfs frameshift_variant 8.70%
NPIPB5 chrl6é ENST00000424340.1 p.Phe577fs frameshift_variant 8.70%
PRR21 chr2 ENST00000408934.1 p.Met76fs frameshift_variant 8.70%

SNVs in the mutant genes

We identified 69 SNVs sites across the 54
cancer-related genes discovered during the analysis of
the 23 PTC samples (Supplemental Table 3). 28 of
these SNVs were in exons (Table 2). The 10 most
frequently altered genes were: BRAF (65.22%), BCR
(56.52%), CREB3L2 (39.13%), IRS2 (21.74%), DNMT1
(17.39%), MSH6 (17.39%), TP53 (17.39%), CREB3L1
(13.04%), MSH3 (13.04%) and SMARCA2 (13.04%).
Moreover, the frequency of BRAF mutations reflected
closely that reported in the Catalogue of Somatic
Mutations in  Cancer (COSMIC)  database
(Supplemental Fig. 1). Another 64 PTC patients'
tissues were collected and several important mutated
genes, such as BRAF, TP53, MSH3, and MSH6, were
selected to verify their mutation frequency and
support the somatic mutation profiling's authenticity
(Fig. 2). In our verification cohort, the mutation
frequencies of BRAF, TP53, MSH3, and MSH6 were
45.31% (29/64), 34.38% (22/64), 7.81% (5/64), and
12.50% (8/64), respectively, which did not fully
consistent with our WES results. This is probably the

reason for the different samples and other factors, but
it was within the range of mutation frequency
reported in the previous studies [6, 19]. We also found
that in the 23 PTCs samples, BCR, CREB3L1, and
MSH6 underwent frameshift changes, a type of
variation likely to affect the structure and function of
these 3 gene products in the PTCs. These altered
expressions may be involved in the occurrence of the
PTCs.

Identification of novel mutation sites in PTCs

In addition to the confirmed SNVs mentioned
above, we also found mutations in plenty of novel
genes potentially associated with the genesis of PTCs
(Supplemental Table 4). Among the 54 cancer-related
genes, DGKG, MPND, NPIPB5, PRR21, SGSM1, and
TRIM67 displayed frameshift mutations. The
mutation ratios of these 6 genes ranged from 8.70% to
21.74% (Table 3). Further, the frameshifts found in
MPND, PRR21, and TRIM67 were in the first 80 amino
acids of their coding regions. This alteration may
cause the complete loss of function of the 3 genes and
have a significant connection with PTC genesis.

GO and KEGG pathway analyses of
cancer-related mutant genes in PTCs

To better understand the potential mechanisms
underlying PTC genesis, we performed GO and
KEGG pathway analyses on the selected 54
cancer-related mutant genes. The most significant
result from the gene set enrichment analysis
performed in GO Biological Processes was “cellular
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response to hormone stimulus” (Fig. 3a). Another
term related to hormone response was also found, i.e.,
“estradiol =~ response.”  Besides, this analysis
highlighted several significantly differential terms
linked to protein modifications, such as “histone
methylation,” “protein methylation,” and “protein
alkylation.” These latter features are affected in most
types of cancer. Conversely, the finding that pathways
related to “gland development” were significantly
different in this study is worth emphasizing and may

d
BRAF
Wildtype
" c.A799T>A; p.Val@0GIu )
¥
Mutant
C
MSH3
Wildtype
c.356C>T; p.Ser119Phe
¥
Mutant

represent an important specificity of THCA.

KEGG pathway analysis showed that “endocrine
resistance” and “estrogen signaling” were the most
significant pathways besides common cancer
pathways (Fig. 3b). These results are in keeping with
the GO gene set enrichment analysis and suggest that
hormone responses are of particular importance in
PTCs. Other pathways commonly associated with
cancer, such as EGFR, MAPK, mTOR, and PI3K-Akt,
were also significantly enriched.

b
TP53
Wildtype
C T e215C5G; p.ProT2Arg
]
Mutant
d
MSH6
" 4068, 4071dupGATT; p.Lys1358fs
Mutant

Figure 2. BRAF, TP53, MSH3, and MSHé6 mutations identified in PTC tissue samples. Mutation sites of BRAF c.1799T>A (a), TP53 c.215C>G (b), MSH3 ¢.356C>T
(c) and MSH6 c.4068_4071dupGATT (d) detected in PTC tumor tissues by Sanger sequencing. Lower panels show sequencing traces of mutations identified in PTC tissue

samples, and top panels show sequencing traces for normal examples.
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Figure 3. GO and KEGG pathway analyses of cancer-related mutant genes in PTCs. a Ten cancer-related GO biological processes result from the gene set
enrichment analysis performed on the 54 cancer-related mutant genes in the 23 PTCs. b Ten cancer-related KEGG pathways enriched by the 54 cancer-related mutant genes in

the 23 PTCs.
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Figure 4. PPl Network and co-occurring of the mutated genes. a STRING analysis of the mutant genes, and showed that EP300, KRAS, PTEN, and TP53 were the major
core genes of the network. b Co-occurring analysis of the mutant genes, TP53 and EP300 co-occurred with several other gene mutations with significant scores.

PPI Network and co-occurring of the mutated
genes

To further investigate the genetic interactions in
PTCs, we analyzed our set of the 54 mutant genes for
PPI Networks and co-occurring genes. STRING
analysis pointed out EP300, KRAS, PTEN, and TP53
as major core genes of the network, each connecting
more than 10 other genes (Fig. 4a). By the PPI
network, the co-occurring analysis indicated that
mutations in TP53 and EP300 co-occur with several
other gene mutations with significant scores (Fig. 4b,
Supplemental Table 5). Mutations in TP53, a
well-known tumor suppressor gene, co-occur with
mutations in CHD4, CSF1R, NOTCH4, and RARA (all
with p=0.024). Mutations in EP300 co-occur with
mutations in DNMT3B (p=0.017), IRS2 (p=0.017),
CHD4 (p=0.083), and H3F3C (p=0.083). Co-occurring
CHD4 mutations with mutations in both EP300 and
TP53, concomitantly with connections to these three
genes in the PPI network, suggest that TP53, EP300,
and CHD4 are key factors in PTC genesis.

Differential mutant gene representations in
cluster analysis

To perform cluster analyses of the mutated genes
(all mutant genes that intersect with KEGG or Oncokb
databases, a total of 337) found in the 23 PTC samples,
we defined 2-3 groups within each class of clinical
indicators, ie. age, gender, maximum diameter,

shape, margin, echogenicity, calcification, CEUS
enhancement type, and cervical lymph node
metastasis. Using Fisher’s exact test, we found several
statistically significant associations between gene
mutations and clinical criteria, as reported in Table 4.
Mutations in TNN (rs386636935) and CLTCL1
(rs3747060) were differentially represented across
gender groups; mutations in BRAF (rs113488022) and
CDH11 (rs1520238) were significantly different
between PTCs of different shapes; the group of
mutations among others LDHAL6A (rs2279902),
PRKDC  (rs11411516, 1s397814002), CREB3L2
(rs3217268, rs66593747), DGKZ (rs185718937), and
CYP2C18 (rs1126545) were significantly different
across the calcification groups; the group of mutations
among others GSTT2 (rs35389228, COSM4002112),
PRKARIA (rs8082254), HDACS5 (rs398030911), KLF2
(rs3745319), and IL15RA (rs41294171, COSM3769142,
COSM3769143) were statistically different across the
different CEUS-enhancement types, and finally,
mutations of SMARCA2  (rs2296212), FZD8
(rs71003903), and NCOR2 (rs368678225) were
significantly different according to the presence or
absence of cervical lymph node metastases. These
results indicate possible correlations between the gene
mutation profiles and the clinical characteristics of
PTCs, which may help provide candidate targets for
better diagnosis and tailored therapies in PTC
management.
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Table 4. Differential sites of mutant genes in cluster analysis.

Grouping Mutation sites Gene p_value count_0 count_1 count_2
Gender2 15386636935 TNN 0.0228 6/9 2/14
153747060 CLTCL1 0.0474 3/9 0/14
Shape? rs113488022 BRAF 0.0393 11/13 4/10
rs1520238 CDHI11 0.0393 2/13 6/10
Calcificationc 152279902 LDHAL6A 0.0079 4/7 0/9 0/7
1511411516;rs397814002 PRKDC 0.0156 5/7 2/9 0/7
rs3217268;rs66593747 CREB3L2 0.0159 6/7 2/9 1/7
rs185718937 DGKZ 0.0196 3/7 9/9 6/7
1rs1126545; CYP2C18 0.0196 4/7 0/9 1/7
15397773021;rs559752258;rs5898555 GNAQ 0.0196 4/7 0/9 1/7
rs150689919;,COSM5886696 TET1 0.0221 0/7 4/9 0/7
15199866252 SLC44A1 0.0221 0/7 4/9 0/7
rs1520238 CDHI11 0.0244 5/7 3/9 0/7
15150880809;rs71578334;15765479702 NADK 0.0395 3/7 0/9 0/7
1s8178232;440194; PRKDC 0.0395 3/7 0/9 0/7
Enhancement typed rs35389228,COSM4002112 GSTT2 0.0079 4/15 0/8
rs8082254;324800 PRKARIA 0.0079 4/15 0/8
rs398030911,rs67111880 HDAC5 0.0272 5/15 7/8
153745319 KLF2 0.0316 3/15 0/8
rs41294171;,COSM3769142;COSM3769143 IL15RA 0.0316 3/15 0/8
rs11243480 RAPGEF1 0.0329 1/15 4/8
rs1157181119 DGKZ 0.0393 4/15 6/8
Cervical lymph node metastasise 152296212 SMARCA2 0.0198 3/16 0/7
rs71003903 FZD8 0.0257 3/16 5/7
rs368678225 NCOR2 0.0450 2/16 4/7

Note: a 0-Male; 1-Female. b 0-Wider than tall; 1-Taller than wide. ¢ 0-Absent; 1-Micro; 2-Massive. d 0-Hypoenhancement; 1-Hyperenhancement or isoenhancement. e

0-Absent; 1-Present.

Discussion

PTC is a complex disease of which the
pathogenesis is still unknown. The heterogeneity of
its biological behavior may be attributed to diverse
genetic backgrounds, molecular mutations, and
environmental factors, such as iodine intake and
radiation exposure [20-22]. The development and
application of sequencing technologies provide new
ways to identify the multitude of mutated genes and
changes in expression patterns during tumorigenesis
and to investigate the molecular pathogenesis of
PTCs. For example, a study from Yang et al. provided
a list of novel candidate genes presenting somatic
alterations of significant functional impact and may
function as biomarkers in PTCs [6]. Smallridge RC et
al. compared BRAF-mutated and BRAF wild-type
(BRAF-WT) tumors by RNA sequencing and
identified 560 differentially expressed genes. The four
most overexpressed genes in BRAF-WT tumors, i.e.,
IL1B; CCL19, CCL21, and CXCR4, belong to the
immune function family and are correlated with
lymphocyte infiltration [23]. Leeman-Neill R] et al.
reported the ETV6-NTRK3 rearrangement, which was
detected in 9 out of 62 (14.5%) post-Chernobyl PTCs
and in 3 out of 151 (2%) sporadic PTCs. Moreover, the
authors demonstrated that this rearrangement is
significantly more common in tumors associated with
Iodine131 exposure and has a borderline significant
dose-response.  These findings suggest that
ETV6-NTRKS3 rearrangement is a key mechanism in
radiation-induced PTC carcinogenesis [24].

Herein, we applied the WES technology to
investigate the somatic variations occurring during
PTC tumorigenesis in the 23 Chinese PTC samples. To
better identify the potential pathogenic sites in PTCs
across all the mutants, we first intersected the thyroid
oncogenes from the Oncokb and KEGG databases
with our results, filtering out most of the genes that
were unrelated or not closely related to THCA, thus
effectively helping us to screen for the most likely
pathogenic gene mutations in PTCs. And 54 crucial
cancer-related genes were retained. Previous studies
demonstrated the presence of a universal mutation in
the BRAF gene, regarded as a reliable molecular
marker associated with oncogenesis, invasion, and
prognosis in PTCs. It was reported that the prevalence
of BRAF mutations in PTCs is 30-80% [25], and
Chinese patients with PTCs have a higher frequency
of BRAF mutations [19, 26-29]. In the present study,
mutations in the BRAF gene were observed in 65% of
the cases. Besides, many other genes are recurrently
altered in PTCs, including KRAS, PTEN, TP53, and so
on. Several important mutated genes, such as BRAF,
TP53, MSH3, and MSHS6, were selected to verify the
mutation frequency, and found that the cohort
verification results were not completely consistent
with the results obtained by the WES. We believe that
different samples, sampling conditions, operating
procedures, and other factors may lead to the
inconsistent results, but the mutation frequency is
within the range reported previously [6, 19]. Our
verification cohort, at least to some extent, supported
the authenticity of the somatic mutation profiling. It is
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noteworthy that the cohort validation results further
confirmed the correlation between the high mutation
rate of BRAF and pathogenicity, suggesting that
BRAF mutation may be a valuable marker of PTCs
and is significantly associated with the metastasis,
prognosis, and increased cancer-related mortality of
PTCs [30-32]. Many other previously reported
mutations were also found in our study, but with
varying frequencies, suggesting heterogeneous
genomic PTC landscapes among different races or
ethnicities. In addition, the present study revealed 6
cancer-related genes, DGKG, MPND, NPIPB5, PRR21,
SGSM1, and TRIM67, which showed novel frameshift
mutations. We reviewed the articles about these 6
gene mutations and found that the relevant reports
were rare, and up-to-date there is no report on thyroid
tumors. Diacylglycerol kinases (DGKs) are important
regulators of cell signaling and have been implicated
in human malignancies. DGKG, which encodes
DGKYy, its important role in cancer has been reported
by many authors, Guo et al. [33] demonstrated that
DGKy plays a tumor suppressor role in HCC by
negatively regulating GLUT1. Kai M et al. [34] found
DGKG methylation was frequently observed in
primary CRCs and was positively associated with
KRAS and BRAF mutations, functional studies
suggest that DGKG may play a tumor suppressor role
in CRC. It is short of the report for mutations of
DGKG, NgM C et al. [35] found that the
ETV5/DGKGrs7647305T allele, which was protective
for obesity in Europeans but at risk for T2D in their
study, particularly after adjustment for BMI. MPND
gene was cloned from retinoblastoma and encodes a
48.5 KD protein of the deubiquitinase family. MPND
was reported to be dysregulated and associated with
poor prognosis in gastric cancer. Whole-genome and
transcriptome sequencing by Zhang et al. [36] revealed
GPX4 and MPND in 19q13.3-13.4 region, is
characterized as a novel fusion-gene, which causes
up-regulation of mRNA expression of both genes in
primary gastric cancer and may facilitate tumor
growth and progression. The PRR21 gene encodes a
putative proline-rich protein 21. Snezhkina, A V et al.
[37] searched for genes with high mutation rate by
using the whole-exome sequencing data of 52 Carotid
paragangliomas (CPGLs) obtained earlier, 34 genes
(including PRR21) potentially associated with the
CPGL initiation and progression were revealed, and
was first shown involvement in the development of
paragangliomas/pheochromocytomas. In 2007, Yang
et al. [38] reported a novel protein, SGSM1, which is
especially expressed in the brain and appears to be
associated with the small G protein-mediated
neuronal signal transduction and vesicular
transportation pathways. Zhang ef al. [39] found

silencing SGSM1 abrogated the inhibitory effect of
SHISA3 on NPC cell migration and invasion.
Tripartite motif-containing 67 (TRIM67), an E3
ubiquitin ligase, belongs to the TRIM protein family.
It has been reported that TRIM67 plays a significant
role in the progression of various tumors by activating
different pathways [40-42]. Although there are few
reports on the mutations of these genes identified in
our study, the above-published researches are
sufficient to demonstrate that these genes have
considerable biological functions in the pathological
process. Our results provide a significant contribution
to the genomic landscape of PTCs. Follow-up studies
on the functions and mechanisms of these gene
mutations in the occurrence and development of PTC
may be of great value for clarifying its pathogenesis.
Using available databases and bioinformatics,
we further determined crucial biological processes
and signaling pathways likely to be affected by the
somatic variations observed in the 23 PTCs of this
study. Studies have shown that PTC is a
hormone-dependent tumor, and hormones can affect
the growth activity of papillary carcinoma. For
example, the serum TSH level is correlated with the
incidence and severity of PTC patients [43, 44], and
estrogens can influence PTC cell growth [45, 46]. In
this study, gene set enrichment analysis performed on
GO Biological Processes revealed a group of genes
belonging to the “cellular response to hormone
stimulus”, which is one of the main ways to be
affected in PTCs. It is suggested that mutant genes
may affect the hormone level and then stimulate
thyroid cells through the process of “cellular response
to hormone stimulus” to promote the occurrence and
development of PTCs. Of particular interest,
epigenetic modifications, such as protein methylation,
histone methylation, and protein alkylation, were
enriched. Alterations in methylation patterns have
been demonstrated in a variety of malignancies,
including PTCs. For example, the tumor suppressor
PTEN was reported to be epigenetically
hypermethylated in PTCs, a modification that affects
the expression of other canonical pathways, such as
that of the PI3Ks [47, 48]. Likewise, the histone
methyltransferase KMT5A is overexpressed in PTCs,
and associates with advanced pathological stages,
such as extrathyroidal extension and lymph node
metastasis, acting as a tumor gene that modulates
oncogenesis and lipid metabolism of PTCs [49]. Usual
signaling pathways, such as MAPK, PI3K-AKT, and
FoxO/mTOR, were significantly enriched in our
study. It is plausible that variations in BRAF, the gene
most frequently mutated in PTCs, activate the MAPK
signaling pathway, thereby promoting the aggressive
progression of PTCs [50-52], and activation of MAPK
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is indeed considered to be a primary mechanism for
PTC initiation. Abdul K. Siraj et al. [53] observed
mutations in MAPK-signaling-pathway genes play a
major role in PTC pathogenesis, the MAPK-pathway
gene mutations are seen at a relatively high frequency
of 66.6%; Hou P et al. [54] found the progression of
PTC to anaplastic thyroid carcinoma (ATC) may be
facilitated by the coexistence of PI3K/Akt pathway-
related genetic alterations and BRAF mutation. The
findings of this study are consistent with these
previous reports, at least reflecting the reliability of
our data. We also identified TP53, EPP300, KRAS, and
PTEN were the major core genes of the interaction
network in our study, a large number of studies have
confirmed the importance of these key genes in the
pathogenesis of tumors, and PTC is no exception [6,
55-61]. Mutations in TP53 in PTCs have been reported
in many studies [62-64], and they are significantly
associated with the monitored tumor characteristics.
Moreover, the TP53 mutation is thought to play a
critical role in the transformation of differentiated
thyroid cancer into anaplastic thyroid cancer [65, 66].
In this study, although our sample size is relatively
small, we have obtained many valuable mutant genes
and enriched some significant biological functions
and signal pathways. However, it is necessary to
conduct validation analysis of the findings based on
expanding the samples and combining them with
subsequent experiments, which will be the focus of
our future studies.

Currently, TI-RADS is used to evaluate the
benign and malignant degrees of thyroid nodules by
conventional ultrasound [67, 68]. Characteristic
ultrasonic manifestations, such as margin roughness,
irregular shape, taller-than-wide shape, low echo or
very low echo inside the nodules, and
microcalcification are important indicators for the
diagnosis of PTCs. It has been reported that a
taller-than-wide shape is an insensitive but highly
specific indicator of malignancy [69, 70]. In the solid
components of thyroid nodules, microcalcifications
may correspond to the psammomatous calcifications
associated with PTCs and are therefore considered a
highly suspicious malignancy risk [71, 72]. CEUS can
clearly detect microvessel blood flow in tumors, and it
can accurately evaluate the sequence and intensity of
tumor perfusion and vascularity [73, 74]. The CEUS
patterns of PTCs are not only relative to the size of
PTC but also to the possibility of cervical lymph node
metastasis after thyroidectomy. Iso- or hypo-
enhancements at peak time seem to predict cervical
lymph node metastasis prognoses in PTC patients
[72]. Also, cervical lymph node metastasis increases
the risk of recurrence of PTCs and is associated with
PTC-related deaths [75]. In the study of Li et al. the

comparative analysis of conventional US and CEUS
diagnosis of PTCs showed that CEUS features, i.e.,
slow enhancement, late enhancement, and low
enhancement, were highly correlated with PTC
diagnosis, and that combined diagnosis with
conventional US and CEUS is more sensitive and
specific [76]. Shi et al. [22] reported that taller-than-
wide shape, microlobulated margin, capsule contact,
or involvement on the US as well as age > 50 years,
and multifocality were independent predictors of
TERT promoter mutations in PTCs. Our results
identified groups of mutated genes differentially
represented in PTCs displaying taller-than-wide
shape, microcalcifications, Iso- or hypo-enhancements
at peak time, and cervical lymph node metastasis.
These mutated genes may be significantly correlated
with suspicious US features and clinicopathologic
characteristics, but also tumor metastasis in PTC
patients. The new genetic signatures may further
contribute to the decision-making of genetic testing
and FNA cytological examination, as well as patient
management and follow-up.

In conclusion, WES seems to be a promising
approach to investigate the mutational landscape
during tumorigenesis of PTCs and detected BRAF
mutations that are universally found in PTCs. The
gene set enrichment analyses performed on our
selection of mutated genes suggest that PI3K-AKT-
FOXO/mTOR and MAPK signaling pathways are
implicated in the development and progression of
PTCs. The interaction networks and co-occurring
among the mutated genes identified that TP53, EP300,
KRAS, and PTEN were the major core genes,
suggesting the potential therapeutic targets for PTCs.
Finally, significant correlations between the gene
mutation profiles and the clinical characteristics of
PTCs were established. In general, our study
supplements the genomic landscape of PTCs and
identifies new actionable target candidates and
clinicopathology-associated mutations. We
summarized a schematic model of the speculative
pathogenesis and progression of PTCs, as shown in
Fig. 5. These comprehensive genomic aberrations of
PTCs and potentially actionable targets needed to be
validated by large cohort studies, which may serve to
be used in the development of individualized
treatments in PTC patients.

Supplementary Material

Supplementary figure S1.

http:/ /www.medsci.org/v18p2532s1.pdf
Supplementary tables.

http:/ /www.medsci.org/v18p2532s2.xlsx

http://www.medsci.org



Int. J. Med. Sci. 2021, Vol. 18

2542

( BRAF . activation

Mutatio

Figure 5. Schematic model of the speculative pathogenesis of PTC.

—a Normal cells

Initiation

V/ TPS3/EP300/KRAS...

PTC Progression

Acknowledgments

The authors gratefully acknowledge the financial
supports by the "Thyroid Research Project of Young
and Middle-aged Doctors" of China Health Promotion
Foundation.

Data Availability Statement

The authors confirm that the data supporting the
findings of this study are available within the article
and its supplementary materials.

Fundings

This study was supported by the Instructional
Research Project of Jiangsu Commission of Health
(22019046), the China Jiangsu Fifth “333 Project”
(BRA2019183), the Leading Talent Project of
Yangzhou “13th Five-year” Strengthening Health
Through Science and Education (LJRC201819), the
Yangzhou Key R&D Project (YZ2020099), the
Natural Science Foundation of Jiangsu Province
(BK20200936), and the Natural Science Research
Project of the Higher Educational Institutions of
Jiangsu Province (20KJB320007).

Author Contributions

Tingyue Qi and Qiu Du: conceived the idea and
designed the work; Tingyue Qi and Xin Rong: carried
out the experiments; Qingling Feng, Hongguang Sun,
and Haiyan Cao: analyzed and interpreted data,
prepared figures, and tables; Yan Yang, Hao Feng,
Linhai Zhu, and Lei Wang: methodology and
resources; Tingyue Qi, Xin Rong, and Qingling Feng:

wrote the main manuscript text; Tingyue Qi and Qiu
Du: funding acquisition, and project administration.
All authors reviewed the manuscript.

Competing Interests

The authors have declared that no competing
interest exists.

References

[1] Sharma C. An analysis of trends of incidence and cytohistological correlation
of papillary carcinoma of the thyroid gland with evaluation of discordant
cases. ] Cytol. 2016; 33:192-198.

[2] Integrated genomic characterization of papillary thyroid carcinoma. Cell.
2014; 159:676-690.

[3] Hay ID, Thompson GB, Grant CS, et al. Papillary thyroid carcinoma managed
at the Mayo Clinic during six decades (1940-1999): temporal trends in initial
therapy and long-term outcome in 2444 consecutively treated patients. World J
Surg. 2002; 26:879-885.

[4] Fahiminiya S, de Kock L, Foulkes WD. Biologic and Clinical Perspectives on
Thyroid Cancer. N Engl ] Med. 2016; 375:2306-2307.

[5] Xing M. Molecular pathogenesis and mechanisms of thyroid cancer. Nat Rev
Cancer. 2013; 13:184-199.

[6] Yang C, Xu W, Gong ], et al. Novel somatic alterations underlie Chinese
papillary thyroid carcinoma. Cancer Biomark. 2020.

[7] Yang C, Gong J, Xu W, et al. Next-generation sequencing identified somatic
alterations that may underlie the etiology of Chinese papillary thyroid
carcinoma. Eur ] Cancer Prev. 2019.

[8] Fang Y, Ma X, Zeng ], et al. The Profile of Genetic Mutations in Papillary
Thyroid Cancer Detected by Whole Exome Sequencing. Cell Physiol Biochem.
2018; 50:169-178.

[9] Lu Z, Zhang Y, Feng D, et al. Targeted next generation sequencing identifies

somatic mutations and gene fusions in papillary thyroid carcinoma.

Oncotarget. 2017; 8:45784-45792.

Tessler F N, Middleton W D, Grant E G, et al. ACR Thyroid Imaging,

Reporting and Data System (TI-RADS): White Paper of the ACR TI-RADS

Committee. ] Am Coll Radiol. 2017; 14:587-595.

[11] Jo H, Koh G. Faster single-end alignment generation utilizing multi-thread for
BWA. Biomed Mater Eng. 2015; 26( Suppl 1):1791-1796.

[12] McKenna A, Hanna M, Banks E, et al. The Genome Analysis Toolkit: a
MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010; 20:1297-1303.

[13] Quinlan AR. BEDTools: The Swiss-Army Tool for Genome Feature Analysis.
Curr Protoc Bioinformatics. 2014; 47:11-12.

[14] Li H, Handsaker B, Wysoker A, et al. The Sequence Alignment/Map format
and SAMtools. Bioinformatics. 2009; 25:2078-2079.

[10

http://www.medsci.org



Int. J. Med. Sci. 2021, Vol. 18

2543

[15] Cingolani P, Platts A, Wang LL, et al. A program for annotating and predicting
the effects of single nucleotide polymorphisms, SnpEff: SNPs in the genome of
Drosophila melanogaster strain w1118; iso-2; iso-3. Fly (Austin). 2012; 6:80-92.

[16] Chakravarty D, Gao ], Phillips S, et al. OncoKB: A Precision Oncology
Knowledge Base. JCO Precision Oncology. 2017:1-16.

[17] Kanehisa M, Furumichi M, Sato Y, et al. KEGG: integrating viruses and
cellular organisms. Nucleic Acids Res. 2021; 49:D545-D551.

[18] Zhou Y, Zhou B, Pache L, et al. Metascape provides a biologist-oriented
resource for the analysis of systems-level datasets. Nat Commun. 2019;
10:1523.

[19] Li X J, Mao X D, Chen GF, et al. High BRAFV600E mutation frequency in
Chinese patients with papillary thyroid carcinoma increases diagnostic
efficacy in cytologically indeterminate thyroid nodules. Medicine (Baltimore).
2019; 98:16343.

[20] Ning L, Rao W, Yu Y, et al. Association between the KRAS Gene
Polymorphisms and Papillary Thyroid Carcinoma in a Chinese Han
Population. ] Cancer. 2016; 7:2420-2426.

[21] Meinhold CL, Ron E, Schonfeld SJ, et al. Nonradiation risk factors for thyroid
cancer in the US Radiologic Technologists Study. Am ] Epidemiol. 2010;
171:242-252.

[22] Shi H, Guo LH, Zhang YF, et al. Suspicious ultrasound and clinicopathological

features of papillary thyroid carcinoma predict the status of TERT promoter.

Endocrine. 2020.

Smallridge RC, Chindris AM, Asmann YW, et al. RNA sequencing identifies

multiple fusion transcripts, differentially expressed genes, and reduced

expression of immune function genes in BRAF (V600E) mutant vs BRAF

wild-type papillary thyroid carcinoma. J Clin Endocrinol Metab. 2014;

99:E338-E347.

Leeman-Neill R], Kelly LM, Liu P, et al. ETV6-NTRK3 is a common

chromosomal rearrangement in radiation-associated thyroid cancer.

Cancer-Am Cancer Soc. 2014; 120:799-807.

[25] Czarniecka A, Oczko-Wojciechowska M, Barczynski M. BRAF V600E
mutation in prognostication of papillary thyroid cancer (PTC) recurrence.
Gland Surg. 2016; 5:495-505.

[26] Yan C, Huang M, Li X, et al. Relationship between BRAF V600E and clinical
features in papillary thyroid carcinoma. Endocr Connect. 2019; 8:988-996.

[27] Celik M, Bulbul B Y, Ayturk S, et al. The relation between BRAFV600E
mutation and clinicopathological characteristics of papillary thyroid cancer.
Med Glas (Zenica). 2020; 17.

[28] Yang T, Chen C, Pan NF, et al. BRAF V600E Mutation and TERT Promoter
Mutation in Papillary Thyroid Carcinomas and Their Association with
Clinicopathological Characteristics. 2019; 50:919-924.

[29] Pessoa-Pereira D, Medeiros M, Lima V, et al. Association between BRAF
(V600E) mutation and clinicopathological features of papillary thyroid
carcinoma: a Brazilian single-centre case series. Arch Endocrinol Metab. 2019;
63:97-106.

[30] Xing M, Liu R, Liu X, et al. BRAF V600E and TERT promoter mutations
cooperatively identify the most aggressive papillary thyroid cancer with
highest recurrence. J Clin Oncol. 2014; 32:2718-2726.

[31] Xing M, Alzahrani AS, Carson KA, et al. Association between BRAF V600E
mutation and mortality in patients with papillary thyroid cancer. JAMA. 2013;
309:1493-1501.

[32] Xing M, Clark D, Guan H, et al. BRAF mutation testing of thyroid fine-needle
aspiration biopsy specimens for preoperative risk stratification in papillary
thyroid cancer. J Clin Oncol. 2009; 27:2977-2982.

[33] Guo Z, Jia ], Yao M, et al. Diacylglycerol kinase gamma predicts prognosis and
functions as a tumor suppressor by negatively regulating glucose transporter 1
in hepatocellular carcinoma. Exp Cell Res. 2018; 373:211-220.

[34] Kai M, Yamamoto E, Sato A, et al. Epigenetic silencing of diacylglycerol kinase
gamma in colorectal cancer. Mol Carcinog. 2017; 56:1743-1752.

[35] Ng MC, Tam CH, So WY, et al. Implication of genetic variants near NEGR1,
SEC16B, TMEMI18, ETV5/DGKG, GNPDA2, LIN7C/BDNF, MTCH2,
BCDIN3D/FAIM?2, SH2B1, FTO, MC4R, and KCTD15 with obesity and type 2
diabetes in 7705 Chinese. ] Clin Endocrinol Metab. 2010. 95:2418-2425.

[36] Zhang ], Huang JY, Chen YN, et al. Whole genome and transcriptome
sequencing of matched primary and peritoneal metastatic gastric carcinoma.
Sci Rep. 2015; 5:13750.

[37] Snezhkina AV, Lukyanova EN, Fedorova MS, et al. [Novel Genes Associated
with the Development of Carotid Paragangliomas]. Mol Biol (Mosk). 2019;
53:613-626.

[38] Yang H, Sasaki T, Minoshima S, et al. Identification of three novel proteins
(SGSM1, 2, 3) which modulate small G protein (RAP and RAB)-mediated
signaling pathway. Genomics. 2007; 90:249-260.

[39] Zhang J, Li Y Q, Guo R, et al. Hypermethylation of SHISA3 Promotes
Nasopharyngeal Carcinoma Metastasis by Reducing SGSM1 Stability. Cancer
Res. 2019; 79:747-759.

[40] Jiang ], Ren H, Xu Y, et al. TRIM67 Promotes the Proliferation, Migration, and
Invasion of Non-Small-Cell Lung Cancer by Positively Regulating the Notch
Pathway. ] Cancer. 2020; 11:1240-1249.

[41] Liu Y, Wang G, Jiang X, et al. TRIM67 inhibits tumor proliferation and
metastasis by mediating MAPK11 in Colorectal Cancer. J Cancer. 2020;
11:6025-6037.

[42] Wang S, Zhang Y, Huang J, et al. TRIM67 Activates p53 to Suppress Colorectal
Cancer Initiation and Progression. Cancer Res. 2019; 79:4086-4098.

23

[24

[43] Liu T R, Su X, Qiu W S, et al. Thyroid-stimulating hormone receptor affects
metastasis and prognosis in papillary thyroid carcinoma. Eur Rev Med
Pharmacol Sci. 2016; 20:3582-3591.

[44] Wu X, Lun Y, Jiang H, et al. Coexistence of thyroglobulin antibodies and
thyroid peroxidase antibodies correlates with elevated thyroid-stimulating
hormone level and advanced tumor stage of papillary thyroid cancer.
Endocrine. 2014; 46:554-560.

[45] Chen GG, Vlantis AC, Zeng Q, et al. Regulation of cell growth by estrogen
signaling and potential targets in thyroid cancer. Curr Cancer Drug Targets.
2008; 8:367-377.

[46] Rahbari R, Zhang L, Kebebew E. Thyroid cancer gender disparity. Future
Oncol. 2010; 6:1771-1779.

[47] Alvarez-Nunez F, Bussaglia E, Mauricio D, et al. PTEN promoter methylation
in sporadic thyroid carcinomas. Thyroid. 2006; 16:17-23.

[48] Hou P, Ji M, Xing M. Association of PTEN gene methylation with genetic
alterations in the phosphatidylinositol 3-kinase/AKT signaling pathway in
thyroid tumors. Cancer-Am Cancer Soc. 2008; 113:2440-2447.

[49] Liao T, Wang Y], Hu JQ, et al. Histone methyltransferase KMT5A gene
modulates oncogenesis and lipid metabolism of papillary thyroid cancer in
vitro. Oncol Rep. 2018; 39:2185-2192.

[50] Li DD, Zhang Y F, Xu H X, et al. The role of BRAF in the pathogenesis of
thyroid carcinoma. Front Biosci (Landmark Ed). 2015; 20:1068-1078.

[51] Faustino A, Couto JP, Populo H, et al. mTOR pathway overactivation in BRAF
mutated papillary thyroid carcinoma. J Clin Endocrinol Metab. 2012;
97:E1139-E1149.

[52] Caronia LM, Phay JE, Shah MH. Role of BRAF in thyroid oncogenesis. Clin
Cancer Res. 2011; 17:7511-7517.

[53] Siraj AK, Masoodi T, Bu R, et al. Genomic Profiling of Thyroid Cancer Reveals
a Role for Thyroglobulin in Metastasis. Am ] Hum Genet. 2016; 98:1170-1180.

[54] Hou P, Liu D, Shan Y, et al. Genetic alterations and their relationship in the
phosphatidylinositol 3-kinase/Akt pathway in thyroid cancer. Clin Cancer
Res. 2007; 13:1161-1170.

[55] Watutantrige-Fernando S, Vianello F, Barollo S, et al. The Hobnail Variant of
Papillary Thyroid Carcinoma: Clinical/Molecular Characteristics of a Large
Monocentric Series and Comparison with Conventional Histotypes. Thyroid.
2018; 28:96-103.

[56] Pekova B, Dvorakova S, Sykorova V, et al. Somatic genetic alterations in a
large cohort of pediatric thyroid nodules. Endocr Connect. 2019;8:796-805.

[57] Owen DH, Konda B, Sipos ], et al. KRAS G12V Mutation in Acquired
Resistance to Combined BRAF and MEK Inhibition in Papillary Thyroid
Cancer. ] Natl Compr Canc Netw. 2019; 17:409-413.

[58] TuY, Fan G, Xi H, et al. Identification of candidate aberrantly methylated and
differentially expressed genes in thyroid cancer. J Cell Biochem. 2018;
119:8797-8806.

[59] Pitt SC, Hernandez RA, Nehs MA, et al. Identification of Novel Oncogenic
Mutations in Thyroid Cancer. ] Am Coll Surg. 2016; 222:1036-1043.

[60] Boos LA, Schmitt A, Moch H, et al. MiRNAs Are Involved in Tall Cell
Morphology in Papillary Thyroid Carcinoma. Cancers (Basel). 2019; 11.

[61] Feng F, Yehia L, Ni Y, et al. A Nonpump Function of Sodium Iodide
Symporter in Thyroid Cancer via Cross-talk with PTEN Signaling. Cancer Res.
2018; 78:6121-6133.

[62] Li M, Jia H, Qian Q, et al. Genomic characterization of high-recurrence risk
papillary thyroid carcinoma in a southern Chinese population. Diagn Pathol.
2020; 15:49.

[63] Duan H, Li Y, Hu P, et al. Mutational profiling of poorly differentiated and
anaplastic thyroid carcinoma by the use of targeted next-generation
sequencing. Histopathology.2019; 75:890-899.

[64] Halkova T, Dvorakova S, Sykorova V, et al. Polymorphisms in selected DNA
repair genes and cell cycle regulating genes involved in the risk of papillary
thyroid carcinoma. Cancer Biomark. 2016; 17:97-106.

[65] Gauchotte G, Philippe C, Lacomme S, et al. BRAF, p53 and SOX2 in anaplastic
thyroid carcinoma: evidence for multistep carcinogenesis. Pathology. 2011;
43:447-452.

[66] Yamashita S, Mitsutake N. [Molecular mechanism of thyroid carcinogenesis].
Nihon Rinsho. 2007; 65:1959-1965.

[67] Cheng SP, Lee J], Lin JL, et al. Characterization of thyroid nodules using the
proposed thyroid imaging reporting and data system (TI-RADS). Head Neck.
2013; 35:541-547.

[68] Horvath E, Majlis S, Rossi R, et al. An ultrasonogram reporting system for
thyroid nodules stratifying cancer risk for clinical management. J Clin
Endocrinol Metab. 2009; 94:1748-1751.

[69] Kwak JY, Han KH, Yoon JH, et al. Thyroid imaging reporting and data system
for US features of nodules: a step in establishing better stratification of cancer
risk. Radiology. 2011; 260:892-899.

[70] Na DG, Baek JH, Sung JY, et al. Thyroid Imaging Reporting and Data System
Risk Stratification of Thyroid Nodules: Categorization Based on Solidity and
Echogenicity. Thyroid. 2016; 26:562-572.

[71] Na DG, Kim DS, Kim SJ, et al. Thyroid nodules with isolated
macrocalcification: malignancy risk and diagnostic efficacy of fine-needle
aspiration and core needle biopsy. Ultrasonography. 2016; 35:212-219.

[72] Zhan ], Diao X, Chen Y, et al. Predicting cervical lymph node metastasis in
patients with papillary thyroid cancer (PTC) - Why contrast-enhanced
ultrasound (CEUS) was performed before thyroidectomy. Clin Hemorheol
Microcirc. 2019; 72:61-73.

http://www.medsci.org



Int. J. Med. Sci. 2021, Vol. 18

2544

[73] Wiesinger I, Jung W, Zausig N, et al. Evaluation of dynamic effects of
therapy-induced changes in microcirculation after percutaneous treatment of
vascular malformations using contrast-enhanced ultrasound (CEUS) and time
intensity curve (TIC) analyses. Clin Hemorheol Microcirc. 2018; 69:45-57.

[74] Yang W Q, Mou S, Xu Y, et al. Quantitative parameters of contrast-enhanced
ultrasonography for assessment of renal pathology: A preliminary study in
chronic kidney disease. Clin Hemorheol Microcirc. 2018; 68:71-82.

[75] Baek SK, Jung KY, Kang SM, et al. Clinical risk factors associated with cervical
lymph node recurrence in papillary thyroid carcinoma. Thyroid. 2010;
20:147-152.

[76] LiF, Wang Y, Bai B, et al. Advantages of Routine Ultrasound Combined With
Contrast-Enhanced Ultrasound in Diagnosing Papillary Thyroid Carcinoma.
Ultrasound Q. 2017; 33:213-218.

http://www.medsci.org



