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Background: Although with a good prognosis of papillary thyroid cancer (PTC), patients with PTC and also experiencing lymph
node metastasis (LNM) had higher recurrence and mortality rates. Therefore it was essential to explore novel biomarkers or methods to
predict and evaluate the situation in the stages of PTC.

Methods: In this study, mRNA sequence datasets from The Cancer Genome Atlas (TCGA) database and Gene Expression Omnibus
(GEO) were utilized to obtain differentially expressed genes (DEGs) between PTC tumors and normal specimens and DEGs related to
lymph node metastasis were identified using weighted gene co-expression network analysis (WGCNA) according to the clinical
information. Gene Ontology (GO) analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were applied to
query the biological functions and pathways. Furthermore, a protein-protein interaction (PPI) network was constructed using a
STRING database and a prognosis model was established using the least absolute shrinkage and selection operator (LASSO) Cox
regression analysis based on the LNM-related DEGs. Finally, six hub genes were identified and verified in vitro experiments.
Results: A novel six-gene signature model including COL8A2, MET, FN1, MPZL2, PDLIM4 and CLDN10 was established based on
a total of 52 DEGs from the intersection of LNM-related modules identified by WGNCA from TCGA, THCA and GSE60542 to
predict the situation of lymph node metastasis in PTC. Those six hub genes were all more highly expressed in PTC tumors and played
potential biological functions on the development of PTC in in vitro experiments, which had potential values as diagnostic and
therapeutic targets.
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Introduction

The thyroid gland, consisting of two connected lobes, is one of the largest endocrine glands in the human body, weighing
20-30 g in adults. Thyroid lesions are mostly asymptomatic and do not affect thyroid hormone secretion, they are often
found on the gland, with a prevalence of 4-7%.' As the most common malignant tumor in the head and neck, thyroid
cancer (TC) is becoming increasingly prevalent owing to the development of ultrasound technology, and will become the
second and third most common malignant tumor in female and male, respectively, by 2030.” In China, the incidence rate
of TC is also increasing and it has become one of the top ten malignancy cancers threatening the health of people.’
Papillary thyroid carcinoma (PTC) is the most common subtype of thyroid cancer, which has a great incidence rate in the
endocrine tumor, accounting for approximately 90% of all TCs and about 40% of adult PTC patients have lymph node
metastasis.* As an important risk factor for high recurrence and mortality rate, lymph node metastasis (LNM), including
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central and lateral cervical LNM, is an effective indicator of PTC prognosis.” However, there is still a lack of research
about the underlying mechanism of the lymph node metastasis of PTC and there is an urgent need to identify reliable
biomarkers to predict the occurrence of LNM on PTC.

With the development of diagnostic techniques, especially the widespread application of ultrasonography, the over-
diagnosis of LNM of PTC had become a prominent issue leading to total thyroidectomy and lymph node dissection from
PTC patients, resulting in severe overtreatment.® Therefore, it was essential to conduct accurate assessments of the
prognosis of cancer for the high-risk PTC patients. Identification of specific biomarkers related to PTC metastasis had
become feasible due to high-throughput sequencing and bioinformatics technology development and several studies have
screened gene signatures predicting the LNM of PTC. Kun Wang et al systematically evaluated the expression and
potential mechanisms of the transmembrane 4 superfamily (TM4SF) and revealed that a five-gene prognostic model
involved in TM4SFs could assess PTC progression effectively.” Wenjie Chen et al identified the plasma exosomal
miRNAs, miR-6774-3p and miR-6879-5p as potential diagnostic markers of LNM in PTC via miRNA microarray and
quantitative real-time polymerase chain reaction (QRT-PCR) and proved that those two miRNAs and their combination
had better diagnostic performance than that of total circulating miRNAs to distinguish PTC-N1 patients from PTC-NO
patients using receiver operating characteristic (ROC) curves analysis.® Yang Yu et al established a three hub-gene model
including PTGS, MET and ICAMI1 from immune-related genes (IRGs) by least absolute shrinkage and selection operator
(LASSO) and Random Forest methods and validated that those signature immune genes had potential functions for
lymphatic metastasis in papillary thyroid cancer.” However, there were more studies needed to provide strong enough
evidence to prove the accuracy of the model and the impact of key signatures on lymphatic metastasis in PTC.

In this study, we explored RNA-seq data from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus
(GEO) datasets comprehensively with clinical information by weighted gene co-expression network analysis (WGCNA)
and other bioinformatic methods and identified key modules associated with lymph node metastasis of PTC. A risk score
model was constructed to predict the prognosis of PTC and six hub genes including COL8A2, MET, FNI1, MPZL2,
PDLIM4 and CLDN10 might have a functional impact on PTC lymphatic metastasis by in vitro experimental verifica-
tion, which might be novel therapeutic targets for clinical diagnosis and treatment of PTC.

Materials and Methods

Tissue Samples and Cell Lines

Three groups namely normal, non-LNM and LNM including 12 tissue samples respectively were collected from Tianjin Medical
University Cancer Institute & Hospital and used for immunohistochemical (IHC) analysis. K1, TPC-1 and B-CPAP cell lines
were purchased from the American Type Culture Collection (ATCC). Tianjin Medical University Cancer Institute & Hospital
granted ethical approval to carry out this study within its facilities (Ethical Application Ref: bc20240045) and all the patients
from who tissue samples were separated have written informed consents in accordance with the Declaration of Helsinki.

Data Collection and Preprocessing

The workflow of this study is shown in Figure 1. The thyroid carcinoma (THCA) RNA-seq datasets including 495 tumor
samples and corresponding clinical information were downloaded from The Cancer Genome Atlas (TCGA) database
(https://portal.gdc.cancer.gov/repository) for WGCNA analysis after deleting duplicate samples. Three GEO datasets,
namely GSE3467, GSE3678 and GSE60542, which were on the same annotation platform GLP570, were downloaded
from GEO (http://www.ncbi.nlm.nih.gov/geo) to identify the differentially expressed genes (DEGs) between PTC tumors

and normal samples.

Differentially Expressed Genes Screening

R package “limma” was used to screen the differentially expressed genes in the three GEO datasets (GSE3467/GSE3678/
GSE60542) setting the threshold value of [log FC|>1.5 and p < 0.05. A volcano plot was plotted by using R package
“ggplot2”. The statistical power of GSE3467, GSE3678 and GSE60542 was respectively 0.97, 0.92 and 0.99 calculated
by R package “RNASeqPower”.
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Figure | Workflow of study analysis.

Weighted Gene Co-Expression Network Construction

All DEGs from three GEO datasets were prepared for further WGCNA based on 495 tumor samples from TCGA, THCA
and 38 tumor samples including 24 N1-LNM and 14 NO tumor samples from GSE60542 separately with detailed
pathological T and N stage clinical information according to a process described previously.'® Outlier samples were
removed by sample clustering and soft threshold power was set as 6 for TCGA and 12 for GSE60542 using mean
connectivity and scale independence analysis. Then gene modules with similar expression profiles setting module size
>30 were built followed by transforming the adjacency matrix of genes into a topological overlap matrix (TOM).
Therefore, the gene modules associated with LNM of TCGA and GSE 60542 were identified by Pearson’s correlation
analysis with p < 0.01.

GO and KEGG Functional Analysis
The inter-genes from WGCNA analysis of TCGA and GSE60542 underwent gene ontology (GO) analysis including
cellular component (CC), molecular function (MF), and biological process (BP) and Kyoto Encyclopedia of Genes and

2512

Genomes (KEGG) pathway enrichment analysis'' by R package “clusterProfiler”'* with the statistical significance set to

p < 0.05 and minimum count >3.

PPl Network Construction
The protein-protein interaction (PPI) networks of the inter-genes from WGCNA analysis were constructed by STRING
(http://string-db.org)'? after hiding the disconnected nodes by setting 0.4 as the interaction score of the networks. The

network was further analyzed by the program Cytoscape and visualized depending on the degree of nodes in the
network.'*

Prognostic Signature Construction
R package “glmnet” was used to analyze the inter-genes related with lymphatic metastasis by LASSO Cox regression
analysis. The expression data of TCGA THCA was randomly divided into two partswith 70% as training data and the
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remaining 30% data as a validation set. A 10-fold internal cross-validation was used, and the process was repeated 1000
times to evaluate the model.

ROC Validation of Prognostic Signature
R package “pROC” was used to plot the ROC curve of six gene signatures according to mRNA data of GSE 60542 to
evaluate whether prognostic risk model had good diagnostic value or not.

Gene Set Enrichment Analysis

Gene set enrichment analysis (GSEA) was implemented to explore the underlying biological function of the risk model
and hub genes using R package “clusterProfiler”. The mRNA data of TCGA THCA were grouped into high and low
expression of the risk model and each hub gene and “c2.cp.kegg. v7.1. entrez.gmt” from the Molecular Signature
Database was chosen as the reference gene set.

RT-qPCR
Total RNA of three THCA cell lines (K1, TPC-1 and B-CPAP) which were cultured using RPMI1640 (Gibco, USA) with
10% of fetal bovine serum (FBS) (ScienCell, USA) below 37 °C with 5% carbon dioxide was extracted using TRIzol
reagent (Invitrogen, America, 15596018) and quantified by Nanodrop 2000 spectrophotometer (Thermo Fisher,
America). Reverse transcription was conducted using ReverTra Ace qPCR RT Master Mix with gDNA Remove
(TOYOBO, Japan, FSQ-301) and the cDNA generated was used for quantitative real-time PCR using 2* SYBR Green
qPCR Master Mix (Low ROX) (Servicebio, China, G3321-15) and the conditions of reaction were as follows: initial
denaturation at 95 °C for 3 min, followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s and 72 °C for 30 s using the ABI
7500 RT-PCR system (Applied Biosystems, America, 7500). The 2-AACt method was used to measure the mRNA
expression with B-actin as internal reference. The primers of six hub genes are listed in Table 1.

Transwell Assay and Wound Healing

The function of migration and invasion that hub genes might impact was verified in the B-CPAP cell which was
established from metastasizing papillary thyroid carcinoma and cultured in RPMI1640 (Gibco, USA) with 10% of fetal
bovine serum (FBS) (ScienCell, USA) below 37 °C with 5% carbon dioxide. Wound healing and transwell assays were
conducted to estimate the migration and invasive abilities of B-CPAP cells after transfection with siRNAs and siControls
of hub genes as a standard protocol. Briefly, siRNAs of hub genes and corresponding siControls were transfected into
B-CPAP cells and 1.5 x 10° cells were seeded into the chamber and cultured for 24 hours. Then, the cells were fixed with
methanol and stained with crystal violet solution. Meanwhile, 5 x 107 B-CPAP cells were seeded into 6-well plates and
transfected as the same as transwell assay, then pictures were taken at 0-hour and 24-hour points after scratching using a
pipette tip. The sequences of siRNAs of hub genes are listed in SI Table 1.

Table | The Primer Sequences of the Hub Genes

Gene Name Forward Primer Reverse Primer

B-actin CATGTACGTTGCTATCCAGGC CTCCTTAATGTCACGCACGAT

COL8A2 GAGCCAGGAATACGAGGGGA TCCAGGGATAGTAATGCCTGAG
MET TCCAGGGATAGTAATGCCTGAG | AGCAATGGGGAGTGTAAAGAGG
MPZL2 AGCAATGGGGAGTGTAAAGAGG CCCAGTCTTGTACTCAGCAAC

PDLIM4 CCCAGTCTTGTACTCAGCAAC GGAATCCTGAGCGGTACGATG

FNI GGAATCCTGAGCGGTACGATG CTGGCAGGTGTATGTCCCATT

CLDNI0 CTGGCAGGTGTATGTCCCATT GCTGCCACGATCACCTCAC
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Immunohistochemical Staining (IHC)

Tissue wax samples of three groups namely normal, non-LNM and LNM including 12 tissue samples respectively were
heated in citrate buffer for 15 min and rinsed using PBS after soaking in xylene for 40 min and in anhydrous ethanol for
20 min. Then the sections were incubated with primary antibodies including anti-MET (Proteintech, 25869-1-AP, PBS
1:500 dilution), anti-FN1 (Proteintech, 15613-1-AP, PBS1:300 dilution), anti-MPZL2 (Proteintech, 11787-1-AP, PBS
1:200 dilution), anti-PDLIM4 (ThermoFisher, bs-6093R, PBS 1:200 dilution), anti-CLDN10 (ThermoFisher, bs-13739R,
PBS 1:200 dilution), and anti-COL8A2 (Affinity Biosciences, DF8903, PBS 1:100 dilution) at 4 °C overnight and goat
anti-mouse/rabbit IgG polymer antibody (Immunoway, RS0011, PBS 1:100 dilution) was then added and incubated for 1
h at room temperature after three times washing. After PBS rinsing, they were incubated with 3,3-diaminobenzidine
tetrahydrochloride (DAB, Beytime, P0202) for 5 min. The scores of IHC results were evaluated based on the intensity
and area of dyeing. The intensity of dyeing ranged from 0 point as positive cells with no tinting; 1 point was light; 2
points was medium; and 3 points was strong. The area of dyeing followed the rules that the area <5% cell staining was 0
point; 6 ~25% cells staining was 1 point; 26~50% cells staining was 2 points; 51~75% cells staining was 3 points; and
76~100% cell staining was 4 points. Final results were the product of the intensity and area of dyeing with a score of 0—4
being negative and 5—12 was positive.

Statistical Analysis

Statistical analyses were carried out by R software version 3.5.3 and GraphPad Prism 9.0. The values of mean =+ standard
deviation (SD) of at least three individuals were expressed in the results. Student’s #-test and the chi-square test were used
in comparison between the two groups, and one-way analysis of variance (ANOVA) was used for multiple groups with
two-sided p < 0.05 as a statistically significant difference.

Results

Identification of DEGs from GEO Datasets

As the threshold of adjusted P-value < 0.05 and |log FC| > 1.5, there were 265 significant DEGs including 129 up-
regulated and 136 down-regulated DEGs for GSE 3467, 235 significant DEGs including 179 up-regulated and 56 down-
regulated DEGs for GSE 3678 and 269 significant DEGs including 120 up-regulated and 149 down-regulated DEGs for
GSE 60542 (Figure 2A—C). In total, 460 DEGs from all three GES datasets were used for the following analysis
(Figure 2D). The heatmap of all 460 DEGs expressed in TCGA samples is shown in Figure 2E.

Identification Key Modules Related to LNM from Weighted Co-Expression Network
460 DEGs were used for WGCNA analysis for lymph node metastasis of HNSCC following differential analysis. For
TCGA THCA, two modules, namely blue including 84 genes and turquoise including 201 genes were significantly
related to lymph node metastasis with the appropriate soft threshold power 8 of 6 (Figure 3A—C) and the scatter diagrams
of GS for N grade vs MM in the two modules were plotted, respectively (Figure 3D and E). For GSE 60542, the
expression data of 24 N1-LNM samples and 14 NO tumor samples were used to construct in WGCNA on lymph node
metastasis with threshold power B of 12 and the brown module including 74 genes was identified as an LNM-related
module (Figure 3F-H) and the genes in brown module were intensively correlated to LNM from the scatter diagram of
GS for LNM vs MM (Figure 3I). The detailed genes were listed in SI Table 2, Finally, there were 52 interGenes in the
intersection of these three modules (Figure 3J).

Functional Enrichment Analysis and PPl Network Construction of interGenes

The function of 52 interGenes was further investigate by performing GO and KEGG analysis with a p-value of 0.05 used
as the significant difference. From the results of GO analysis, these genes were mainly enriched in cell junction assembly,
epidermis development and skin development in biological process (BP) (Figure 4A), and apical plasma membrane,
endoplasmic reticulum lumen and endoplasmic reticulum-Golgi intermediate compartment were the top 3 GO terms in
cellular component (CC) (Figure 4B). In the aspect of molecular function (MF), these genes were enriched in peptidase

International Journal of General Medicine 2025:18 htps: 1467


https://www.dovepress.com/get_supplementary_file.php?f=502480.docx

Li et al

GSE 3467 GSE 3678

® NS ® Log,FC @ p-value ® p-value andlog, FC ® NS ® Log;FC ® p-value ® p-valueandlog, FC

10.0 1 i |
PROST | . s
SLC45F2 iRy SEREL
7.5 . y pé
Q s CDHS ! < MPPED2
- [ CSTAMP.LRRBKZ 1\.,..
& 5071 41
|
I
2.51
0.0 1
T T T
2.5 0.0 2.5
Log, fold change Log, fold change
C D GSE 3467 GSE 3678
GEO 60542
® NS ©® p-value ® p-valueandlog, FC
251
IPCEF1
201 «iT TPF3
Q
o 151
j=2]
o
= 10+
5 -
o L T T T T T
-5.0 -2.5 0.0 25 50
Log, fold change
E GSE 60542

roup
. x LS A 0k e group
" L 4 Mg s iy 1. PR tumor
‘i‘ ) T e 5 normal
Py >
£ 2 Y
= R ]
v ! : 0
ul i T -
: it p A
Y ! 5
i
1

Figure 2 Identification of differentially expressed genes (DEGs) in GEO datasets. (A) Volcano plot showing DEGs in GEO 3467. (B) Volcano plot showing DEGs in GEO
3678. (C) Volcano plot showing DEGs in GEO 60542. (D) The union of DEGs from three GEO datasets. (E) Heatmap of 460 DEGs expression level in TCGA THCA.

I 4 6 8 https:;

International Journal of General Medicine 2025:18



Li et al

Sample dendrogram and trait heatmap Sample dendrogram and trait heatmap
2
o
g N 2
£ o 8 H
5 s z
: g 8 8
T o
£ 2
o

GSM 1481887

GSM 1481885
GSM1481886

ol [ i

\
are_savologo [ [ TN Hlll\IIIIIIIIHI\I I

[
Il

GSM 1481863

GSM 1481884
GSM 1481928
GSM 1481857
GSM 1481927

AT
AT T

¢_pathologic_stage

. Scale independence Mean connectivity g Scale independence Mean connectivity
3 e s [ . T I
E o4 z 8 S I
g = £ = LN .
g o 18 5 S o e 2 5 8
g 2 ' § 7 2 3 § 91
g g 2 g ° i = o] s
2 o ., 2 “ 45
% 2 1 . . . . o "678910 12 14 16 18 20 l% 3 s . . . . o A ‘“’ 910 12 14 16 18 20
= 5 10 15 20 s 10 15 20 @ 5 10 15 20 s 10 15 20
Soft Threshold (power) Soft Threshold (power) Soft Threshold (power) Soft Threshold (power)
C Module-trait relationships Module-trait relationships
. ! MEbrown .= 1
MEblue b4 & ) ) ow -
05
MEturquoise - 05
MEturquoise @ - dae min 0 MEblue o 0
05 MEyellow by 05
MEgrey Y “{‘3‘ ) @
4 MEgrey o
- %
< N\ 3
.\(,5\\ & & & 5““
o o N &;’
& o & o
oF .Q"S »{f‘? ’Sp
2 >
D & ? &3 I
Module membership vs. gene significance
- Module membership vs. gene significance cor=0 2ps p=g 018 9
o cor=0.73, p=3.3e-15 — h
2 o o @ © °
= ° § o =5 0 o
© w0 g o 5 - ° o
%5 S . & o 8 Lo X ° ° R
8 < A L g ° ° ° o0 ®
© - 8 g2 o S o g0 ° o &
S o ©0500% © s - o
E » og © o o © °
8 = 4 So % o g € ~ 6 ° % o %op &o
o (d ” i
5 oo 5% 2 3 g 8% %% ¢
£ o 00 ® -
5 o § SH° o ° °
» 8 ] (C] 00 °
o o ° o o o~ ©
o T i T T T ) o T T T T T
o 04 05 06 07 08 059 05 06 07 08 09
Module Membership in blue module e
E P J Module Membership in brown module
= Module membership vs. gene significance
o cor=0.49, p=1.6e-13 Blue & Turquoise Brown
=)
o
°
£ o
= >
g o
o
L2,
T o~
ol '
8 ©
o
o
c
o v |
!“E) o
o
R4
o
o ©
S © T T T T T T T
o 03 04 05 06 07 08 09

Module Membership in turquoise module

Figure 3 Weighted co-expression network analysis of TCGA and GEO databases. (A) Sample clustering of TCGA THCA. (B) Selection of optimal various soft-threshold
powers in TCGA THCA. (C) Heatmap of the correlation between module eigengenes and N stage in TCGA THCA. (D) The correlation between blue module membership
and N stage in TCGA THCA. (E) The correlation between turquoise module membership and N stage in TCGA THCA. (F) Sample clustering of GEO 60542. (G) Selection
of optimal various soft-threshold powers in GEO 60542. (H) Heatmap of the correlation between module eigengenes and LMN in TCGA THCA. (I) The correlation
between brown module membership and LMN in GEO 60542. (J) The intersection of genes in the blue, turquoise and brown modules.

International Journal of General Medicine 2025:18 htps: 1469



Li et al

Biological Process
Count Cellular Component
cell junction assembly { ® . 3
apical plasma membrane Count
L .
epidermis development . endoplasmic reticulum lumen 1
P [ 3 e
o Sodum-Gol ® | o9
skin development . . 7 basement membrane [ ] ®:
. 8 platelet alpha granule [ ] e
skin epidermis development [ ]
ticul lgi ] p.adjust
adjust
formation of primary germ layer [ ] p-ack endosome lumen [ ] P
-0.006 insulin-like growth factor binary complex{*
-0.03
endoderm formation * -0.007
recycling endosome lumen 1*
-0.04
-0.008 collagen type VIIl trimer {*
melanin metabolic process{ * !
-0.009 0.020.040.060.080.10
006 008 0f0 012 014 01 Seesat
GeneRatio
Molecular Functior
KEGG Pathways Enrichment
Count
peptidase regulator activity 1 .2
® Complement and coagulation cascades -
®:
extracellular matrix structural constituent . . 5 p.adjust
Small cell lung cancer
1
- 0.03
p.adjust §
-0.025 = 002
protease binding{ @ I
0.030 Focal adhesion 001
-0.035
semaphorin receptor activity | -0.040 Proteoglycans in cancer -
0.0040B.0810 0 1 2 3 4 5
GeneRatio Gene numbers

Figure 4 Enrichment analysis and PPl network construction of interGenes. (A) Analysis of biological process. (B) Analysis of cellular component. (C) Analysis of molecular
function. (D) Analysis of KEGG pathway. (E) PPl network analysis of interGenes.

1470 https: International Journal of General Medicine 2025:18



Li et al

regulator activity, extracellular matrix structural constituent and protease binding (Figure 4C). For the KEGG pathway,

complement and coagulation cascades, small cell lung cancer, focal adhesion and proteoglycans in cancer were the main

pathways in which those genes were enriched, which were closely linked to the progression and metastasis of cancer
(Figure 4D). The PPI network of those 52 interGenes was constructed using the STRING database, which included 52
nodes and 62 edges, and FN1 had the highest degree in the network (Figure 4E).

Construction and Validation of Prognostic Signature
Based on the 52 interGenes, we screened a further six genes including COL8A2, MET, FN1, MPZL2, PDLIM4 and
CLDN10 using LASSO analysis based on TGCA (Figure 5A and B). To assess the diagnostic role of the prognostic risk
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model, GSE 60542 was used to assess ROC and AUC values greater than 70% (86%), meaning that this prognostic risk
model had good prognostic ability (Figure 5C). Using this prognostic risk model, the TCGA THCA database was
grouped into high and low risk group, and five KEGG pathways (Antigen Processing and Presentation, Arachidonic Acid
Metabolism, Nod-Like Receptor Signaling Pathway, Leishmania Infection And Prion Diseases) were enriched by GSEA
analysis (Figure 5D).

Validating the Expression and Function of Hub Genes

To analyze the potential roles of those hub genes in PTC, the high and low expressions of hub genes in NO/N1 and
different progress stages in the TCGA THCA database were compared. Results suggest that patients in N1 stage had a
higher expression of all hub genes compared to NO patients (Figure 6A) and the expression of all hub genes in stage I and
stage II patients were also significantly higher than those in stage III and stage IV (Figure 6B), which were consistent
with the results of WGCNA analysis and the relationship between N stage and LNM. Further to assess the differential
expression of hub genes, GSE 60542 was used to compare the mRNA expression in the normal, NO and N1 samples and
the results indicated that all the hub genes were significantly highly expressed in tumor samples including N1 and NO
than normal tissue, also the expression of CLDN10, MET, MPZL2 and PDLIM4 in N1 were significantly higher than that
in NO (Figure 6C).

Furthermore, the mRNA expressions of those six hub genes were detected in K1, TPC-1 and B-CPAP cell lines using
RT-qPCR. The relative expressions of MET, FN1, MPZL2 and PDLIM4 based on the expressions in the TPC-1 cell line
indicated that all four genes were higher expressed in tumor cell lines apart from COL8A2 and CLDN10 which were
hardly detected in each cell line (Figure 7A-D), in accordance with the low mRNA levels in samples from TCGA THCA.
To determine how MET, FN1, MPZL2 and PDLIM4 impacted on the migration and invasion in PTC, transwell assay and
wound healing assay were conducted in B-CPAP cell line and a knockdown of MET, FN1, MPZL2 and PDLIM4 by
siRNAs could significantly reduce the migration and invasion ability in B-CPAP cell line, indicating that an abnormally
high expression of those four genes could promote cancer cell metastasis (Figure 7E—H). To estimate the results from the
cell functional assay, IHC staining was conducted (Figure 8A), and all six hub genes were significantly increased in the
tumor tissues from PTC LNM patients compared to normal samples and the expression of MPZL2 and PDLIM4 were
significantly increased in LNM tissues than in non-LNM tissues, which was in accordance with the mRNA expression
based on TCGA and GSE 60542 (Figure 8B—G). Based on these findings, we concluded that MET, FN1, MPZL2 and
PDLIM4 played important roles in the malignant progression of PTC. Moreover, KEGG enrichment analysis was
conducted by GSEA to assess the biological functions of six hub genes from an integral perspective. From the results,
we found that all hub genes were involved in two pathways, namely arachidonic acid metabolism and antigen processing
and presentation pathway, as well as leishmania infection, long term depression, and a nod like receptor signaling
pathway were also annotated for partial hub genes (Figure 9A—F). The detailed information of respective normalized
enrichment scores (NES) and the false discovery rate (FDR) p-values are listed in SI Table 3.

Discussion

Lymphatic metastasis was commonly diagnosed in PTC and closely related to a worse prognosis, which might ultimately
lead to metastasis.'> While the 5-year survival time after thyroid cancer surgery was acceptable,'® there was still a lack of
comprehensive research on lymphatic metastasis in PTC. Therefore, new biomarkers for predicting PTC lymph node
metastasis should be further identified. In this study, LNM-related genes from key modules were identified via WGCNA
analysis on TCGA THCA and GEO datasets. Finally, six gene signatures including COL8A2, CLDN10, MET, FNI1,
MPZL2 and PDLIM4 were determined using LASSO Cox regression analysis, which were all significantly highly
expressed in LNM tumors than in normal and non-LNM samples, and involved in the process of cell migration and
invasion verified by cell functional experiments.

The alpha 2 chain of type VIII collagen is encoded by COL8A2, which possesses two non-triple helical domains at
the N and C termini and a brief triple-helical domain. It was demonstrated that a knockdown of COL8A?2 inhibited the
proliferation, migration, and invasion of GBM cells via downregulating the expression of EMT-related proteins in
GBM.'” Claudin-10, encoded as CLDN10, was expressed broadly in the kidney, skin, and salivary glands and served as
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an integral tight junction membrane-spanning protein in two alternatively spliced variant forms.'® Overexpression of
CLDNI10 facilitated cell proliferation and cancer metastasis in osteosarcoma and liver cancer.'”?° In this study, while the
mRNA levels of COL8A2 and CLDN10 were comparatively and significantly higher in tumors than normal cells based
on TCGA THCA and GEO datasets, we found that the expression of COL8A2 and CLDN10 in PTC cell lines such as
K1, TPC-1 and B-CPAP sustained at a low level from the result of qPCR and IHC, which was consistent with the low
mRNA expression in samples from TCGA database.

MET, also referred to as HGFR, encoded a transmembrane protein with four immunoglobulin-like domains that was
essential for binding hepatocyte growth factor (HGF)*' Through the HGF-MET interaction, MET regulated a variety of
cellular functions, such as proliferation, survival, and motility. This process occurred through dimerization and possibly
oligomerization of the MET receptor, which in turn led to trans-phosphorylation and activated multiple downstream
pathways.”>>* MET overexpression activated a carcinogenic pathway including aberrant paracrine or autocrine ligand
production and promoted cancer progression such as lung cancer and head and neck cancers.”>*® Sheng-Yao Cheng et al
found MET was overexpressed in PTC and linked to immunoevasive characteristics, distant metastasis, treatment
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resistance, and poor clinical outcomes.?’ Fibronectin 1 (FN1) encoded a glycoprotein belonging to the FN family which
was expressed in the plasma of several cell types in a soluble dimeric form.?® Previous studies proved FN1 regulated cell
adhesion, proliferation, migration, and differentiation, which contributed to wound healing and embryonic development.-
29 Dysfunction of FN1 was involved in cancer progression and metastasis in melanoma and ovarian cancer as a potential
3031 Qi-Shun Geng et al proved overexpression of FN1 was correlated with CD276 and further
impacted tumor immune infiltration in THCA.>® In comparison to non-metastasis groups, IHC results showed that

therapeutic target.

MET and FN1 were both more significantly positive in LNM samples, suggesting that those two genes might play a
greater potential function throughout the process of lymph node metastasis in PTC.

PDLIM4, namely PDZ and LIM domain 4, was a PDZ and LIM domain— containing protein which normally
maintained cell growth as a tumor suppressor.>* Mostly, PDLIM4 was repressed via hypermethylation and significantly

Non-LMN

CLDNI10

COL8A2

FN1

MET

MPZL2

PDLIM4

Figure 8 Continued.
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associated with shorter overall survival in cancer tissues. Yanyan Jia et al demonstrated downregulated expression of
PDLIM4 promoted migratory and invasion ovarian cancer cells by activating the STAT3 signal pathway, which
contributed to lymph node metastasis in ovarian cancer.>* However, the high level of PDLIM4 in the specific breast
cancer cell lines (MDA-MB-231 and MDA-MB-436) had a higher cell migratory rate via increasing Src kinase activity
as an oncogene,’" demonstrating the controversial and diversity function of PDLIM4. In addition, PDLIM4 was proved
to be highly expressed and underwent hypermethylation in THCA,*® but the biological effect on lymph node metastasis
in PTC was still unclear. Myelin protein zero-like 2, which was encoded by MPZL2, was an adhesion molecule that
mediated epithelial cell-cell interactions and proved that its overexpression in AML and hepatocellular carcinoma was
associated with poor prognosis and recurrence.’’*® As the homology of myelin protein zero, MPZL2 was first reported to
be related to hearing loss functionally via impacting homophilic cell-cell adhesion,*® but its roles in lymph node
metastasis in cancer were still unclear. In this study, we found that PDLIM4 and MPZL2 might link to lymph node
metastasis of PTC in in vitro experiments, indicating that those two genes might facilitate the process of lymph node
metastasis in PTC. However, the precise function of PDLIM4 and MPZL2 still needs further study.

The functions and mechanisms of hub genes were estimated by KEGG analysis using GSEA algorithm and
arachidonic acid metabolism was significantly annotated for all hub genes. As one of the most important metabolic
pathways, arachidonic acid metabolism produced many different biologically active metabolites as paracrine factors and
signaling messengers which could modulate cardiovascular functions, vascular tone, and inflammatory responses.***! It
was proved that inhibiting the synthesis of 20-hydroxy-eicosatetraenoic acid (20-HETE) produced via arachidonic acid
metabolism could suppress tumor cell metastasis and invasion.*” Meanwhile, COX-2 inhibitors, which repressed the
COX-2 enzyme activity that was closely related to arachidonic acid metabolism, was proved to inhibit tumor growth by
suppressing inflammation and angiogenesis.*’ Therefore, anti-AA pathway therapy might be effective in treating lymph
node metastasis of PTC.

Lymph node metastasis in papillary thyroid carcinoma always predicted a further deterioration of disease progression.
It was vital to search suitable diagnostic biomarkers for the early prediction of lymph node metastasis in PTC, which
would effectively extend patients’ lives and improve their quality of life. The six gene signatures, including COL8A2,
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CLDN10, MET, FN1, MPZL2 and PDLIM4, could provide references and bases for doctors to determine whether to
perform a thyroidectomy in a timely manner by detecting their expression and establishing a predictive model, thereby

avoiding misdiagnosis. Meanwhile, the discovery of PDLIM4 and MPZL2, as potential therapeutic targets, provides an

important direction for further elucidating the biological mechanisms of lymph node metastasis in PTC. However, this
study also had some limitations. Firstly, the three GEO datasets used in this study were relatively outdated and lacked

more detailed clinical information, which might introduce bias. Secondly, the number of samples for immunohistochem-

ical analysis was too small considering specific clinical features, and more samples were needed for further investigation
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of the potential of predicting lymph node metastasis in PTC, though there were statistical differences from the result of
IHC in this study. Thirdly, PDLIM4 and MPZL2 were reported for the first time to be associated with lymph node
metastasis in PTC, the specific molecular mechanisms require further research into their inhibiting cancer cell growth by
knocking down the expression of PDLIM4 and MPZL2 in vitro in this study.

Conclusions

In summary, six hub genes (COL8A2, MET, FN1, MPZL2, PDLIM4 and CLDN10) were identified as biomarkers by
WGCNA and LASSO analysis and the high expressions of hub genes were confirmed to be associated with lymph node
metastasis in PTC via cell biology experiments and IHC. Meanwhile, the abnormality of arachidonic acid metabolism
might impact the process of lymph node metastasis, which needs further study. Though detailed biological functions
remain to be investigated, the finding of the six hub genes offers new insights of diagnosis and treatment on lymph node
metastasis in PTC.
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