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Identification and assessment of FNI, MET, KRT19 and CLDNI1
as key dysregulated genes in papillary thyroid cancer through
transcriptomic profiling and expression analysis
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Abstract. Papillary thyroid carcinoma (PTC) is the most
common type of endocrine malignancy worldwide. Although
the prognosis of PTC is generally favorable, understanding its
molecular mechanisms is of great importance for improving
diagnostic stratification and clinical management. The present
study aimed to identify genes that are consistently differen-
tially expressed in PTC through an integrative analysis of
transcriptomic datasets combined with experimental valida-
tion. Differential expression analysis of six RNA-sequencing
datasets comparing PTC and adjacent non-tumor tissue
identified 131 commonly dysregulated genes, including 128
upregulated and 3 downregulated genes. Functional enrich-
ment and Kyoto Encyclopedia of Genes and Genomes analyses
revealed that the aforementioned differentially expressed genes
were significantly associated with ‘tissue development’, ‘cell
adhesion’ and ‘plasma membrane organization’. Additionally,
protein-protein interaction network and centrality analyses
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identified fibronectin 1 (FNI), MET proto-oncogene, receptor
tyrosine kinase (MET), keratin 19 (KRT19) and claudin 1
(CLDNI) as hub genes consistently ranked among the top
candidates. The mRNA expression levels of these genes were
detected in an independent cohort of 86 patients, including
42 with PTC and 44 with a benign thyroid nodule (BTN),
by reverse transcription-quantitative PCR. Furthermore,
in silico analysis was performed using data from the Human
Protein Atlas. The results demonstrated that all 4 genes were
significantly upregulated in PTC tissues compared with those
in BTN tissues (P<0.001). Collectively, these findings support
the presence of a reproducible transcriptomic pattern in PTC.
Furthermore, FNI, MET, KRT19 and CLDN]I were identified
as robust candidate biomarkers that warrant further functional
characterization and clinical evaluation.

Introduction

Thyroid cancer is the most common endocrine malignancy
worldwide, while papillary thyroid carcinoma (PTC) accounts
for ~80% of all cases (1,2). Although PTC generally carries a
favorable prognosis, its global incidence has increased steadily
in recent decades. This trend underscores the need to improve
our understanding of the molecular mechanisms underlying
PTC pathogenesis to optimize diagnostic approaches, refine
risk stratification and guide therapeutic strategies (3).

Several genetic alterations have been well described in
PTC, including the BRAFV600E mutation and mutations in
the RAS family genes (NRAS, KRAS and HRAS) (4). However,
these alterations alone cannot fully explain the heterogeneous
clinical behavior observed in patients with this disease.
The 2025 American Thyroid Association Management
Guidelines for Adult Patients with Differentiated Thyroid
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Cancer emphasize the importance of expanding the molecular
framework of thyroid carcinogenesis, including the integration
of transcriptomic approaches capable of capturing broader
patterns of gene dysregulation (5).

Transcriptomic analysis can enable the simultaneous evalu-
ation of thousands of genes, thus facilitating the identification
of differentially expressed genes (DEGs) with potential diag-
nostic, prognostic and therapeutic potential. RNA-sequencing
(RNA-seq) has become the standard technology for gene
expression profiling, as it offers greater sensitivity, a wider
dynamic range and the ability to detect novel transcripts
compared with microarray-based approaches (6). Despite
these advantages, several PTC transcriptomic studies have
relied on microarray data or single-cohort analyses, commonly
restricted to The Cancer Genome Atlas (TCGA) (7-18).
Consequently, comprehensive analyses integrating multiple
independent RNA-seq datasets that are validated in external
cohorts remain limited. Furthermore, despite the increasing
number of PTC transcriptomic studies, considerable variability
has been reported across datasets in the genes identified as
differentially expressed (7-9). This heterogeneity can hamper
the establishment of a consistent molecular framework that
can be reliably translated into clinical practice. Identifying
genes that are consistently dysregulated across independent
cohorts is therefore essential for defining robust molecular
characteristics of PTC beyond dataset-specific findings.

Although our previous study identified KRT19 and CLDN1
as dysregulated genes in thyroid cancer, the reproducibility
of these findings across independent transcriptomic data-
sets and different populations, as well as the identification
of additional robust candidate biomarkers, remained to be
established. Therefore, the present study aimed to identify
genes consistently dysregulated in PTC across independent
transcriptomic datasets and to evaluate their expression in
clinically relevant thyroid nodule samples, thus strengthening
the biological significance and potential diagnostic relevance
of a reproducible molecular signature of PTC.

Materials and methods

RNA-seq data acquisition. RNA-seq datasets were retrieved
from the NCBI Gene Expression Omnibus (GEO) repository
(https://www.ncbi.nlm.nih.gov/geo/) (19) to identify dysregu-
lated genes in PTC through differential expression analysis.
The database search was performed using the key word ‘papil-
lary thyroid carcinoma’ with the following filters applied:
Organism (Homo sapiens), study type (expression profiling by
high-throughput sequencing) and entry type (datasets). Studies
were eligible if they contained RNA-seq data derived from
thyroid tissue samples obtained from patients with histologi-
cally confirmed PTC, along with either adjacent non-tumoral
thyroid tissues or benign thyroid nodules (BTNs) from inde-
pendent patients without cancer, which served as controls. Only
datasets providing accessible raw read count matrices were
included. Datasets based on microarray platforms, non-human
samples or cell lines were excluded. A total of six datasets,
namely GSE87410, GSE153659, GSE171011, GSE197443,
GSE165724 and GSE201365 (20-24), met the predefined inclu-
sion criteria and were included in the downstream analyses.
A detailed summary of the included GEO datasets, including

sample size, control type, year of publication and sequencing
platform information, is provided in Table SI.

Data preprocessing. To reduce potential bias from low-count
genes associated with low sequencing depth, filtering
was performed prior to differential expression analysis.
Specifically, genes with a total read count of <10 across all
samples within each dataset were removed. No additional
per-sample minimum count threshold was applied. All prepro-
cessing steps were performed using the dplyr package (version
1.1.4; https://dplyr.tidyverse.org/) in R statistical software
(version 4.4.1; https://www.r-project.org/).

Identification of DEGs. Differential expression analysis was
performed using the DESeq2 package (version 1.34.1) (25).
Genes with an adjusted P<0.05 were considered significantly
differentially expressed. In addition, to identify genes with
biologically meaningful expression differences, an additional
threshold of absolute log, fold change (Ilog2FCI>2) was
applied.

Functional enrichment and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway analysis. Functional enrichment
analyses were performed to evaluate the biological signifi-
cance of the identified DEGs. An adjusted P-value of <0.05
was considered significantly enriched and top 10 enriched
terms were selected for each category. Gene Ontology (GO)
enrichment and KEGG pathway analyses of the candidate
DEGs were conducted using the R package, clusterProfiler
(version 4.6.2) (26-28).

Construction of the protein-protein interaction (PPI) network
and identification of hub genes. The PPI network of the identi-
fied DEGs was constructed using Search Tool for the Retrieval
of Interacting Genes/Proteins (STRING; version 12.0),
with an interaction score cut-off of >0.4 (29). The resulting
network was imported into Cytoscape (version 3.10.2) (30) for
visualization and further analysis. Hub genes were identified
using the CytoHubba plugin by applying multiple centrality
algorithms, including Maximum Neighborhood Component,
degree, closeness, radiality, Maximal Clique Centrality and
Edge Percolated Component, to rank genes with the highest
connectivity and potential biological relevance in PTC (31).

Experimental validation of hub genes by reverse
transcription-quantitative PCR (RT-gPCR). To validate
hub gene expression, a cross-sectional analytical study was
conducted, which included 86 samples obtained from patients
attending the diagnostic radiology center, Alvarez & Arrazola
Radiologists (Mazatldn, México) between February 2022 and
August 2024. Patients with suspicious findings on thyroid
ultrasound were consecutively recruited and subsequently
underwent ultrasound-guided fine needle aspiration (FNA)
biopsy for cytological assessment. To minimize interobserver
variability, all cytological evaluations were performed by
a single experienced pathologist. Cytological classification
was performed according to the 2017 Bethesda System for
Reporting Thyroid Cytopathology (32). For the present study,
only patients =18 years of age with definitive cytological clas-
sification were included in the analysis. Specifically, cases
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categorized as Bethesda II were assigned to the BTN group,
while cases classified as Bethesda V and VI comprised the PTC
group. These categories were selected due to their higher level
of diagnostic certainty in distinguishing benign from malig-
nant lesions. Cases with non-diagnostic samples (Bethesda I),
indeterminate cytology (Bethesda III or IV) or incomplete
clinical data were excluded to reduce the risk of misclassifi-
cation bias. Samples with insufficient quality or integrity, as
well as cases in which patients voluntarily withdrew, were also
excluded. Histopathological confirmation following surgical
resection was not available and is acknowledged as a limitation
of the present study. The study protocol was approved by the
Ethics and Research Committee of the Polytechnic University
of Sinaloa (Mazatlan, México; approval no. 001-2022-CEI),
and all participants provided written informed consent forms
prior to sample collection. The cohort included in the present
study was independent from previously published cohorts.
Samples were preserved in RNA Protect Cell Reagent solution
(Qiagen GmbH) and subsequently processed and analyzed at
the Laboratory of Biomedicine and Molecular Biology at the
Polytechnic University of Sinaloa.

RT-qPCR analysis. Total RNA was extracted using the
RNeasy Plus Micro Kit (Qiagen GmbH) according to the
manufacturer's instructions. cDNA was synthesized using
the GoTaq 2-step RT-qPCR system Probe kit (Promega
Corporation) according to the manufacturer's instructions.
Reverse transcription was carried out under the following
thermal conditions: 5 min at 25°C, 45 min at 42°C and 15 min
at 70°C.qPCR was performed using PrimeTime™ qPCR Probes
[claudin 1 (CLDNI), Hs.PT.58.15247281; keratin 19 (KRT19),
Hs.PT.58.4188708; fibronectin 1 (FNI), Hs.PT.58.40005963;
and MET proto-oncogene, receptor tyrosine kinase (MET),
Hs.PT.58.339430] and PrimeTime™ Gene Expression Master
Mix (Integrated DNA Technologies, Inc.) on a StepOnePlus
real-time thermocycler (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The amplification conditions consisted of an
initial denaturation at 95°C for 10 min, followed by 40 cycles
of denaturation at 95°C for 10 sec and annealing/extension
at 60°C for 20 sec. B-actin (Hs.PT.39a.22214847) served as
the endogenous control. Relative gene expression levels were
calculated using the previously described 222 method (33).
Statistical analyses were carried out to evaluate significant
differences in gene expression between the PTC and BTN
groups.

In silico validation of hub gene expression at the protein level.
To further assess whether mRNA expression patterns were
consistent with protein abundance, hub gene expression was
evaluated in silico using immunohistochemistry (IHC) data
available from the Human Protein Atlas (https:/www.protein-
atlas.org/) (34). Representative IHC images of normal thyroid
tissue and PTC samples were retrieved and qualitatively
compared.

Statistical analysis. All experiments were performed in dupli-
cate. Descriptive statistics were applied to qualitative variables,
which are presented as frequencies and percentages, and to
quantitative variables, which are expressed as mean + SD.
Associations between qualitative variables were assessed
using the x* or Fisher's exact test, as appropriate. Differences
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between two groups were analyzed using unpaired Student's
t-test or the Mann-Whitney U test according to the results of the
Shapiro-Wilk normality test. P<0.05 was considered to indi-
cate a statistically significant difference. Statistical analyses
were performed using SPSS (version 25.0; IBM Corp.).

Results

Identified DEGs. Differential expression analysis was
performed independently for each of the six datasets (Fig. 1).
Across all datasets, a total of 131 genes were consistently
dysregulated, including 128 upregulated and 3 downregulated
genes (Fig. 2). These genes were included in subsequent
functional enrichment and PPI network analyses.

Functional enrichment and KEGG pathway analysis.
Functional enrichment analysis of the common DEGs revealed
significant overrepresentation of GO terms related to biolog-
ical processes (BP) and cellular components (CC), whereas no
significant enrichment was observed for molecular function
(Fig. 3A and B). Within the BP category, the most significantly
enriched GO terms included ‘animal organ development’
(G0O:0048513), ‘tissue development’ (GO:0009888) and ‘cell
adhesion’ (GO:0007155), which encompassed the largest
number of DEGs. In the CC category, enriched terms were
primarily associated with plasma membrane organization
and intercellular junction structures, including ‘cell junction’
(GO:0030054), ‘integral component of plasma membrane’
(GO:0005887), ‘anchoring junction’ (GO:0070161) and
‘intrinsic component of plasma membrane’ (GO:0031226).
The GO enrichment results, including BP and CC catego-
ries, are listed in Tables SII and SIII. The aforementioned
findings suggest that the dysregulated genes in PTC were
primarily involved in pathways governing cell adhesion and
tissue integrity, indicating potential alterations in intercel-
lular communication and plasma membrane organization in
tumor cells. KEGG pathway analysis further supported these
observations, highlighting enrichment in cancer-related and
cell adhesion pathways, including ‘small cell lung cancer’
(hsa05222), ‘cell adhesion molecules’ (hsa04514), ‘cornified
envelope formation’ (hsa04382) and ‘virion-hepatitis viruses’
(hsa03272) (Fig. 3C). The complete KEGG enrichment results
are provided in Table SIV.

Identification of hub genes. The PPI network constructed
from the 131 common DEGs is presented in Fig. 4. Hub genes
were identified using the CytoHubba plugin in Cytoscape
(version 3.10.2), applying six centrality algorithms. Only
genes consistently ranked among the top candidates across
all six methods were selected as hub genes (Table I). This
integrative network-based approach enabled the identifica-
tion of nodes with high topological centrality, reflecting
strong connectivity and potential biological influence within
the interaction network. A total of 4 genes, namely FNI,
MET, KRTI19 and CLDNI, were selected through an inter-
section-based strategy, in which only genes shared among
the top-ranked candidates identified by all six centrality
metrics were retained, supporting their relevance within the
PPI network and their potential involvement in key biological
processes associated with PTC. The expression profile of


https://www.spandidos-publications.com/10.3892/ol.2026.15854

4 GASTELUM-QUIROZ et al: DYSREGULATION OF FNI, MET, KRT19 AND CLDNI IN PTC

A GSE153659
80 ! ! .
60 b
s N :
@ ! ' .
< i : " 4 Downregulated
9@ 40 H ' & Not significant
S ' ! .' - . u = Upregulated
T ' ' [
: , : M
' ' - "
20 : : ] a
i | e

0 --AATNEE - vyt o ..
0 5
Log2FC
C GSE171011
120 b
50 AR
=) |
IS v
a Vo
S 60 I b 4 Downregulated
> ' . . Not significant
] . = Upregulated
I N
v "
30 R S
L
A i A }ﬁ
0 ------ - L Y PP N
-5 0 5 10
Log2FC
E GSE201365
60 i »
5 40 SRR
g I L
e A0 4 Downregulated
e Voo e g Not significant
=2 . = Upregulated
L e aE"
T %0 2 E :'"‘i A
A A ' - .
0 T AT - S =7 _ ___.
-10 -5 0 5
Log2FC

B GSE165724

4 Downregulated
Not significant
= Upregulated

= Upregulated

60 .
1 1 -
= 40 T .
® o e
& 1 '
S vl e 4 Downregulated
1=y v " Not significant
g Vo
S Vo
[ v
s

F GSE87410
20 -
15 N
) ' : "
3 ‘ ‘
R 10 ' ' - ~ = 4 Downregulated
Q | A 1 ol Not significant
2 ; I - - = Upregulated
— ' ' ‘. .
| ' .
Vs n
5 “: FLE
0 !
-5 0 5

Log2FC

Figure 1. Volcano plots of differential gene expression analyses from six independent PTC datasets. Each panel represents one dataset comparing PTC samples
with benign or normal thyroid tissue: (A) GSE153659, (B) GSE165724, (C) GSE171011, (D) GSE197443, (E) GSE201365 and (F) GSE87410. The x-axis shows
the log2FC, while the y-axis represents statistical significance [-logl0(padj)]. Significantly upregulated genes (log2FC >2, P<0.05) are shown as black squares,
downregulated genes (log2FC <-2, P<0.05) as black triangles and non-significant genes as grey circles. FC, fold change; PTC, papillary thyroid carcinoma.

these 4 genes across the six independent datasets analyzed
is illustrated in Fig. 5 as log2FC values, highlighting their
consistent dysregulation in PTC. The downregulated genes
IQ motif containing GTPase activating protein 3 (IQGAP3),
mitogen-activated protein kinase 1 (MAPKI) and thrombo-
spondin 1 (THBSI) were not identified as hub genes based

on network centrality and were therefore not selected for
RT-qPCR validation.

Verification of hub gene expression by RT-gPCR. To experi-
mentally validate the computational findings, an independent
cohort of 86 patients was analyzed. Based on cytological
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Figure 2. Venn diagram illustrating overlapping dysregulated genes across the six RNA-sequencing datasets. A total of 131 dysregulated common genes were
identified, of which (A) 128 were upregulated and (B) 3 were downregulated.
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Figure 3. Enriched GO and KEGG terms. Bar plots display the most significantly enriched terms for (A) GO BP, (B) GO CC and (C) KEGG pathways. The
x-axis represents the number of differentially expressed genes associated with each term, and the gray scale indicates statistical significance (-log,, P-value).
GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; CC, cellular component.
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Figure 4. PPI network of dysregulated genes. The PPI network was constructed using the consensus list of 131 DEGs identified across all six datasets. The
network was generated using the STRING database (version 12.0) and visualized in Cytoscape (version 3.10.2). Nodes represent proteins encoded by DEGs
and edges indicate predicted functional associations. All DEGs were included in the network prior to the application of centrality-based methods for hub
gene identification. Downregulated genes (IQGAP3, MAPKI and THBSI) are shown in light gray, while the 4 hub genes identified after centrality analysis
(FNI1, MET, KRT19 and CLDNI) are shown in dark gray. PPI, protein-protein interaction; DEGs, differentially expressed genes; IQGAP3,1Q motif containing
GTPase activating protein 3; MAPK, mitogen-activated protein kinase 1; THBSI, thrombospondin 1; FNI, fibronectin 1; MET, MET proto-oncogene receptor

tyrosine kinase; KRT19, keratin 19; CLDNI, claudin 1.

diagnosis according to the Bethesda system, 45 cases were
classified as BTN (Bethesda II) and 41 as PTC (Bethesda
V-VI). The clinicopathological characteristics of the study
cohort are summarized in Table II. No significant differences
were observed between the BTN and PTC groups regarding
comorbidities, including hypothyroidism, hyperthyroidism,
hypertension and diabetes mellitus (all P>0.05).

The mRNA expression levels of the 4 hub genes were
quantified by RT-qPCR in all samples. As shown in Fig. 6, all
4 genes displayed significant upregulation in PTC compared
with BTN samples (P<0.001). Specifically, the average fold
change was 44.50+0.45 for CLDNI, 17.46+0.82 for FNI,
13.01+0.36 for KRT19 and 12.67+0.67 for MET. These findings
from the current independent patient cohort were consistent
with the in silico results, supporting the consistent upregu-
lation of CLDNI, FNI, KRT19 and MET as a characteristic
molecular signature of PTC.

In silico validation of hub gene expression at the protein level.
To further evaluate whether the transcriptomic alterations
were reflected at the protein level, representative IHC images
were retrieved from the Human Protein Atlas. CLDNI, FNI,
KRTI19 and MET exhibited stronger immunoreactivity in PTC

tissues than in normal thyroid tissue. Normal thyroid samples
showed low or basal staining, whereas tumor tissues displayed
increased protein expression (Fig. 7). These observations
were consistent with the transcriptomic expression patterns
identified in the present study.

Discussion

The present study identified a reproducible set of genes
consistently dysregulated in PTC across multiple indepen-
dent transcriptomic datasets and verified their upregulation
in clinically derived thyroid nodule samples. Although
alterations in FNI, MET, KRTI19 and CLDNI have been
previously reported (8,18,35), variability across independent
cohorts has limited the establishment of a stable molecular
framework, highlighting the need for cross-dataset valida-
tion to distinguish consistently dysregulated genes from
dataset-specific findings. In this context, the novelty of the
present study lies in the integrative analytical approach,
combining multi-dataset RNA-seq analysis with PPI
network-based prioritization and experimental validation
in an independent cohort of FNA samples. In contrast to
previous studies, which are often based on single datasets
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Table I. Top 10 hub genes ranked by six different centrality algorithms calculated with the Cytohubba plugin.

Rank MNC Degree Closeness Radiality MCC EPC
1 FNI* FNI* FNI* FNI* FNI* FNI*
2 MET* KRTI9* KRTI19* MET* MET! MET*
3 KRT19* MET* MET* KRTI19* KRTI19* KRTI19*
4 CLDNI* CLDNI* ERBB3 DPP4 DPP4 DPP4
5 ITGA2 ERBB3 CLDNI* CLDNI* ITGA2 ITGA2
6 DPP4 TGFA DPP4 SERPINI CLDNI* ERBB3
7 TGFA ITGA2 ITGA2 ITGA2 ERBB3 CLDNI*
8 TACSTD2 DPP4 SERPINI ERBB3 TGFA SERPINI
9 SERPINI CDH3 CDH3 CDH3 CDH3 TGFA

10 CDH3 SERPINI TGFA TGFA SERPINI CDH3

*The 4 genes selected for experimental validation (FNI, MET, KRT19 and CLDNI) consistently appear among the highest-ranked candi-
dates across the different methods, robustly identifying them as the most significant hubs in the papillary thyroid carcinoma network. MNC,
Maximum Neighborhood Component; MCC, Maximal Clique Centrality; EPC, Edge Percolated Component; FN1, fibronectin 1; MET, MET
proto-oncogene, receptor tyrosine kinase; KRT19, keratin 19; CLDN1, claudin 1.

Log2FC of hub genes across GEO datasets

T

- GSE197443
- GSE87410 10
- GSE1710M1 5
o
[T
° %
- GSE201365 S
- 5
- GSE153659
- 10
- GSE165724

CLDN1 -
KRT19 -
MET -

Figure 5. Heatmap of log2FC values for hub genes across the six datasets. Each row corresponds to a Gene Expression Omnibus dataset and each column
represents 1 hub gene. The gray scale ranges from -10 (white, downregulation) to +10 (black, upregulation). Across all datasets, the 4 hub genes consistently
show positive 1og2FC values, indicating strong and reproducible upregulation in PTC. FN/, fibronectin 1; MET, MET proto-oncogene, receptor tyrosine kinase;
KRT1I9, keratin 19; CLDNI, claudin 1.
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Table II. Clinicopathological characteristics of the study cohort.

Variable BTN (n=45) PTC (n=41) Total (n=86) P-value
Bethesda category, n (%) <0.001
II 45 (100.0) 0(0.0) 45 (52.3)
A% 0(0.0) 6 (14.6) 6 (7.0)
VI 0(0.0) 35(854) 35 (40.7)
Sex, n (%) 0918
Women 37 (82.2) 35(854) 72 (83.7)
Men 8(17.8) 6 (14.6) 14 (16.3)
Mean age + SD (range), years 52.6+16.3 (26-83) 45.6+18.5 (14-80) 49.40+17.6 0.071
Hypothyroidism, n (%) 0.174
Yes 6 (13.3) 11 (26.8) 17 (19.8)
No 39 (86.7) 30(73.2) 69 (80.2)
Hyperthyroidism, n (%) 1.000
Yes 0(0.0) 0(0.0) 0(0.0)
No 45 (100.0) 45 (100.0) 86 (100.0)
Hypertension, n (%) 0.264
Yes 10 (22.2) 5122) 15(17.4)
No 35(77.8) 36 (87.8) 71 (82.6)
Diabetes mellitus, n (%) 0.187
Yes 1(2.2) 4(9.8) 5(5.8)
No 44 (97.8) 37 (90.2) 81 (94.2)

PTC, papillary thyroid carcinoma; BTN, benign thyroid nodule.

or limited microarray platforms, the present study focused
on genes consistently dysregulated across independent
cohorts. Earlier studies relying on individual GEO datasets
or small sample sizes (7,9,10) may introduce cohort-specific
variability and have reported considerable differences in the
number and identity of DEGs. In addition, candidate genes
are frequently selected based solely on differential expres-
sion, without evaluating reproducibility across datasets or
incorporating robust network-level prioritization. Although
some studies include PPI analyses, these are often limited
to basic network construction without applying multiple
centrality measures (16,17). By integrating six independent
RNA-seq cohorts, the present study enhanced the robustness
and reproducibility of gene identification. The inclusion
of network-based prioritization using multiple centrality
algorithms, together with validation in an independent FNA
cohort, provided a more robust and translational framework,
identifying genes that are not only consistently dysregulated
but also biologically and clinically relevant in PTC.

Notably, in the present study, the validation of FNI, MET,
KRTI9 and CLDNI in a Mexican Mestizo population, in
comparison with datasets derived from different populations,
supports their cross-population consistency and suggests
that the alterations in the expression of these genes are not
population-specific. This aspect strengthens their potential
applicability in diverse clinical settings and reinforces their
relevance as stable molecular features of PTC. Collectively,
these findings support the presence of a consistent
transcriptomic pattern in PTC.

The intersection-based strategy, combined with the
stringent [log2FCI>2 threshold, likely resulted in a conserva-
tive gene set, particularly refining the number of commonly
dysregulated genes identified. However, this approach
was intentionally adopted to prioritize robustness and
cross-dataset reproducibility, ensuring that the identified
genes represent consistent transcriptional alterations rather
than dataset-specific effects.

In the present study, 3 genes (/QGAP3, MAPKI and
THBSI) were consistently identified as being downregulated;
however, they were not prioritized for further analysis due to
their lower centrality within the PPI network. Functionally,
IQGAP3 is involved in cytoskeletal organization and cell
proliferation (36), MAPKI1 participates in MAPK/extracel-
lular signal-regulated kinase (ERK) signaling pathways that
regulate cell growth and differentiation (37) and THBSI is
associated with extracellular matrix interactions, angiogenesis
and the regulation of cell proliferation and apoptosis (38),
suggesting a more peripheral role within the interaction
network identified in the present study.

Among the consistently upregulated genes identified, FNI
emerged as a central component of the interaction network.
FNI encodes fibronectin, an extracellular matrix glycoprotein
that mediates cell-matrix adhesion and contributes to tissue
stiffness (35,39). In PTC, its upregulation activates signaling
pathways that promote cell migration and invasion and has
been associated with activation of vascular endothelial growth
factor-related signaling, thereby increasing the risk of lymph
node metastasis (40). FN1 contributes to extracellular matrix
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Figure 6. Relative mRNA expression of hub genes in PTC. Bar charts showing the fold change in expression for (A) CLDNI, (B) FNI,(C) KRT19 and (D) MET
in PTC tissues compared with that in BTN tissues. Expression levels in the BTN group were normalized to 1 using b-actin as the reference gene. All 4 genes
show significant upregulation in the PTC samples. Bars represents fold change + standard deviation. “P<0.01 and ““P<0.001 vs. BTN. PTC, papillary thyroid
carcinoma; BTN, benign thyroid nodule; FN/, fibronectin 1; MET, MET proto-oncogene, receptor tyrosine kinase; KRT19, keratin 19; CLDNI, claudin 1.

remodeling and cell-matrix adhesion and interacts with inte-
grin receptors, activating downstream signaling pathways such
as focal adhesion kinase, phosphatidylinositol 3-kinase/protein
kinase B (PI3K/AKT) and MAPK/ERK, which are associated
with proliferation, survival and migration (41). In addition, FN/
expression has been reported to be regulated by pathways such
as TGF-f signaling, linking extracellular matrix remodeling
with epithelial plasticity in thyroid cancer (42). FNI upregula-
tion has been associated with aggressive clinicopathological
features, including lymph node metastasis and extrathyroidal
extension. Mechanistically, FN1-integrin interactions, particu-
larly involving av-containing integrins, have been shown to
promote tumor cell proliferation and migration, supporting a
functional role for FN1 in PTC progression (43).

MET encodes the hepatocyte growth factor receptor c-Met,
a receptor tyrosine kinase activated by hepatocyte growth
factor that transduces proliferative, migratory and angiogenic
signals (44,45) triggering signaling cascades, including
PI3K/AKT and MAPK/ERK, that promote proliferation,
survival and invasive behavior (46). MET activation has been
shown to enhance tumor cell proliferation and migration
through ERK and PI3K/AKT signaling pathways, and to coop-
erate with integrin-mediated mechanisms, further supporting
its role in PTC progression (47).

Previous studies have shown that MET upregulation in
PTC may be associated with the BRAFV600E mutation and
a more aggressive phenotype, thus facilitating local invasion
and lymphatic spread (45,48).
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Figure 7. Immunohistochemical expression patterns of key proteins in
normal thyroid and PTC tissues. Panels on the left represent normal thyroid
gland tissue, whereas panels on the right show PTC tissue. Specific protein
staining is as follows: (A and B) CLDN1 (antibody CAB002602), (C and D)
FNI (antibody CAB000126), (E and F) KRT19 (antibody CAB00031) and
(G and H) MET (antibody CAB005282). Images show stronger immunore-
activity in PTC compared with normal thyroid tissue. Images were obtained
from the Human Protein Atlas database (https:/www.proteinatlas.org). Scale
bars, 200 ym. PTC, papillary thyroid carcinoma.

KRTI9 encodes a 40-kDa type I acidic keratin protein, an
intermediate filament protein that forms part of the cytoskel-
etal scaffolding within epithelial cells, and thus is involved
in maintaining epithelial cell architecture and mechanical
stability and contributes to the structural integrity and orga-
nization of epithelial cells (49). KRT19 upregulation has been
consistently reported in PTC and is associated with lymph
node metastasis and advanced tumor stage. Mechanistically,
KRT19 has been shown to promote tumor cell proliferation and
migration through epithelial-mesenchymal transition-related
processes, supporting its role in PTC progression (50).

These epithelial-mesenchymal transition-related
processes are functionally interconnected through extracel-
lular matrix-receptor interactions, junctional dynamics and
growth factor signaling pathways, which collectively regulate
tumor cell proliferation, invasion and epithelial plasticity in
PTC. The coordinated dysregulation of these extracellular,
junctional, cytoskeletal and signaling components suggests
remodeling of epithelial architecture characterized by altered
adhesion dynamics, structural reorganization and enhanced

migratory capacity, consistent with mechanisms underlying
PTC progression.

CLDNI encodes claudin-1, a tight junction protein that plays
a key role in maintaining intercellular adhesion and regulates
epithelial barrier integrity and polarity (51). Dysregulation
of claudins can compromise epithelial barrier integrity and
promote tumor invasion (52). A previous study demonstrated
that CLDNI overexpression in thyroid cells can enhance
cellular migration and invasiveness (52). CLDNI upregulation
has been reported and is associated with aggressive clinico-
pathological features, including lymph node metastasis and
invasive behavior in PTC (53,54). Mechanistically, CLDN1
has been linked to epithelial-mesenchymal transition-related
processes and activation of pathways such as TGF-f} signaling,
promoting tumor cell proliferation, migration and invasion.
In addition, CLDNI dysregulation has been associated with
modulation of the tumor immune microenvironment, including
reduced CD8* T cell infiltration, further supporting its role in
PTC progression (54).

Several of the aforementioned hub genes have been previ-
ously reported in other studies on PTC. A study that aimed
to elucidate the molecular mechanisms underlying PTC and
to identify potential biomarkers and therapeutic targets using
microarray data, identified 8 genes, including KRT19, FNI and
MET (8). Another investigation conducted in 2018 analyzed
both public databases and institutional samples to identify
key genes and microRNAs (miRNAs/miRs) associated with
PTC progression, tumor stage and prognosis (18). In that
study, miR-204-5p was identified as an important regulatory
miRNA that could negatively regulate target genes such as
FNI and CLDNI, which were associated with tumor stage and
prognosis, respectively. Notably, gene expression validation
was performed in PTC samples and matched normal peritu-
moral tissues using RT-qPCR, verifying the upregulation of
these genes.

Particularly, FNI has been consistently reported to exhibit
increased expression in PTC, consistent with the results of the
present study. However, those investigations were limited to
in silico validation based on publicly available datasets such
as TCGA and GEPIA (11,12,17). Similarly, another study
identified KRT19 and FNI as highly connected genes, with
further analysis focusing on FNI due to its highest centrality
value (35). In addition, IHC data from the Human Protein
Atlas analyzed in that study also confirmed significantly
elevated protein expression levels of FN1 and KRT19 in PTC
tissues. Furthermore, increased FNI expression was strongly
associated with advanced pathological stage, higher tumor
grade and enhanced immune cell infiltration. In the present
study, FNI expression displayed a 17-fold increase in PTC
compared with BTN. Previous studies have similarly reported
marked FNI overexpression in PTC, although the magnitude
of the reported fold change varies across studies. For example,
a study reported a 120-fold increase in F'NI expression in nine
PTC samples and paired peritumoral normal thyroid tissues
using GAPDH as the reference gene (18). The higher fold
change observed in that study may reflect differences in the
comparison group (adjacent normal thyroid tissue vs. BTN),
sample size and normalization strategy. Consistently, a TCGA
analysis revealed ~5,000 FN/ transcripts per million (TPM)
in classical PTC samples (n=358), compared with a markedly
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lower FNI expression level of ~0 TPM in normal thyroid tissue
(0n=59) (11). Another TCGA-based study reported a 12-fold
increase in FNI expression in PTC compared with that in
normal thyroid tissue (12). In another investigation analyzing
103 paired PTC tissue samples, a 4-fold increase in FNI in
PTC compared with normal thyroid tissues was observed (35).

Regarding MET, the results of the present study demon-
strated a 12-fold increase in expression in PTC samples
relative to that in BTN samples. A previous study examining
the role of miR-3666 in the pathogenesis of PTC revealed an
inverse association between miR-3666 and MET expression in
tumor samples from 25 patients, analyzed by RT-qPCR, where
downregulation of miR-3666 coincided with MET upregula-
tion (44). Further experiments using cell culture models
showed that enhanced miR-3666 expression inhibited cell
growth and proliferation. Furthermore, bioinformatics analysis
indicated that the 3'-untranslated region of MET mRNA was
a target of miR-3666, thus suggesting that this miRNA could
suppress MET expression by inhibiting its translation. Another
study analyzing PTC tissues from 93 patients, alongside
histopathologically confirmed normal thyroid tissues from 9
patients, also reported significantly elevated MET expression
in PTC, which was associated with an invasive phenotype and
lymphatic metastasis (45).

The upregulation of KRT19 and CLDNI has also been
previously reported in a cohort of 97 FNA samples (55). The
study described fold changes comparable to those observed in
the present study. Specifically, KRT19 expression was found
to be 11-fold higher and CLDNI 41-fold higher in PTC, while
in the present study, KRT19 expression increased by ~13-fold
and CLDNI by 44-fold compared with that in BTN. In another
study analyzing 5 paired PTC tissue samples, CLDNI relative
expression was likewise elevated and associated with patient
prognosis (18).

A number of limitations should be considered when inter-
preting the findings of the present study. The classification of
thyroid nodules was based on ultrasound-guided FNA cytology
according to the Bethesda System, without histopathological
confirmation. Although Bethesda categories II, V and VI are
widely used in clinical practice and are associated with low and
high risks of malignancy, respectively, cytological evaluation
does not provide the same level of diagnostic certainty as surgical
histopathology. This approach reflects real-world clinical prac-
tice, where cytological classification is routinely used to guide
management decisions. Therefore, a residual risk of misclas-
sification, including potential false-positive or false-negative
cases, cannot be completely excluded. However, to reduce this
limitation, only cases with clearly defined cytological categories
were included, and all evaluations were performed by a single
experienced pathologist. Furthermore, the present study focused
on the identification and experimental validation of reproducible
hub genes rather than on the development of integrated diag-
nostic signatures. While combinatorial gene expression models
may enhance diagnostic performance in clinical settings, this
represents a limitation of the present study, as such approaches
were not evaluated. Therefore, the findings reported within the
present study provide a foundation for future studies aimed at
assessing these strategies in larger and independently validated
cohorts. Further studies, including well-characterized cohorts
with histopathological confirmation and comprehensive clinical
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data are required to validate these findings and to further explore
their potential clinical applicability.

Collectively, the findings of the present study support the
consistent dysregulation of FNI, MET, KRTI19 and CLDNI
in PTC across independent datasets and in clinically derived
samples. Rather than establishing causative roles, the results
of the present study identified these genes as robust candidate
markers associated with epithelial remodeling and adhe-
sion-related processes in PTC. Overall, the present integrative
transcriptomic expands the current understanding of molec-
ular alterations in PTC for future functional and prospective
clinical studies aimed at evaluating their diagnostic and
biological significance.
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