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Background: Lymph node metastasis (LNM) in papillary thyroid microcarcinoma
(PTMC) is associated with an increased risk of recurrence and poor prognosis. Sex
has been regarded as a critical risk factor for LNM. The present study aimed to
investigate the molecular mechanisms underlying LNM and its significant sex
disparities in PTMC development.

Methods: A direct data-independent acquisition (DIA) proteomics approach
was used to identify differentially expressed proteins (DEPs) in PTMC tumorous
tissues with or without LNM and from male and female patients with LNM. The
functional annotation of DEPs was performed using bioinformatics methods.
Furthermore, The Cancer Genome Atlas Thyroid Carcinoma (TCGA-THCA)
dataset and immunohistochemistry (IHC) were used to validate selected DEPs.

Results: The proteomics profile in PTMC with LNM differed from that of PTMC
without LNM. The metastasis-related DEPs were primarily enriched in
categories associated with mitochondrial dysfunction and may promote
tumor progression by activating oxidative phosphorylation and PI3ZK/AKT
signaling pathways. Comparative analyses of these DEPs revealed
downregulated expression of specific proteins with well-established links to
tumor metastasis, such as SLC25A15, DIRAS2, PLA2R1, and MTARCI.
Additionally, the proteomics profiles of male and female PTMC patients with
LNM were dramatically distinguishable. An elevated level of ECM-associated
proteins might be related to more LNM in male PTMC than in female PTMC
patients. The upregulated expression levels of MMRN2 and NID2 correlated
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with sex disparities and showed a positive relationship with unfavorable
variables, such as LNMs and poor prognosis.

Conclusions: The proteomics profiles of PTMC show significant differences
associated with LNM and its sex disparities, which further expands our
understanding of the functional networks and signaling pathways related to

PTMC with LNM.
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Introduction

Papillary thyroid carcinoma (PTC) is the most common
pathological type of malignant thyroid neoplasm and has a
favorable prognosis. Among PTCs, tumors measuring < 10
mm in maximal diameter are defined by the World Health
Organization (WHO) as papillary thyroid microcarcinoma
(PTMC). The development of ultrasonography and fine-needle
aspiration biopsy (FNAB) has increased the detection rate of
newly diagnosed PTMC. Overall, management of PTMC
remains controversial due to its indolent behavior and good
prognosis (1, 2). In 2015, active surveillance (AS) was accepted
as an alternative management option by the American Thyroid
Association (ATA) for patients with low-risk PTMC (3).
However, PTMC with high-risk features, such as lymph node
metastasis (LNM), extrathyroidal extension (ETE), and invasion
to adjacent organs are not suitable for AS and surgery is needed
(4). If indicated, postoperative radioactive iodine therapy should
be conducted.

In PTMC, the known risk factors associated with LNM
include patient age, sex, multifocality, calcification, and ETE
(5-7). Sex is an important factor in the pathogenic mechanism,
diagnosis, and prognosis of various cancers, particularly sex-
specific organs. Sex disparities in cancers of some organs shared
by males and females, such as the thyroid, liver, and lung, have
also been reported (8). Thyroid cancer is one of the fastest-
growing cancers diagnosed worldwide. It is 2.9 times more
common in women than in men (9). Sex is a significant
parameter for PTC patients, and the clinicopathological
features of PTC vary by sex. It has been found that females
have an earlier age of onset but that males tend to have higher
mortality. Multiple previous studies have suggested that male sex
is a risk factor for LNM in PTC or PTMC (10-12). Nevertheless,
sex disparities are still rarely explored in thyroid cancer, and sex
differences remain largely underestimated when considering
clinical therapeutic strategies.
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Liquid chromatography-tandem mass spectrometry (LC-
MS/MS) is an effective and empirical method for simultaneous
identification and quantification of proteins in different samples.
As the proteome determines the function of a cell, the
application of proteomics is a feasible and significant strategy
for comprehensively analyzing differences in protein expression
and elucidating the process underlying diseases manifestations.
The usage of LC-MS/MS approaches is regarded as a
breakthrough in proteomics. Multiple published works in
thyroid cancer proteomics have targeted PTC and focused on
comparing the protein profiles of PTC tissues with those of
benign or healthy tissues (13, 14). Nevertheless, the protein
profiles of LNM and its sex disparities in PTMC patients are still
unknown, and such information might provide a reasonable
basis for investigating sex as a risk factor for LNM.

Therefore, to unveil differentially expressed proteins (DEPs)
that indicate sex disparities of LNM in PTMC, we applied the
direct data-independent acquisition (DIA) proteomics technique
to analyze the protein profiles of neoplastic and peritumoral
tissues. By comparing LNM versus non-LNM (NLNM) and male
PTMC with LNM (MLNM) versus female PTMC with LNM
(FLNM) thyroid cancer tissues, the crucial DEPs were identified
to reveal the underlying mechanisms of the differences at the
protein level using bioinformatics analysis. This study provides
novel insight into sex disparities of LNM in PTMC.

Materials and methods
Sample collection and study design

Neoplastic tissues and peritumoral tissues were collected
from 72 PTMC patients recruited at the Peking Union Medical
College Hospital (PUMCH, Beijing, China) from September
2020 to January 2021. The inclusion criteria were as follows:
(1) maximal diameter of the thyroid nodule < 10 mm; (2) age >
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18 years at the time of surgery; and (3) diagnosed based on
thyroid ultrasonography, FNA and postoperative pathology, as
confirmed by two pathologists. The exclusion criteria were as
follows: (1) autoimmune, blood, or infectious diseases; (2) a
history of previous thyroid surgery or other malignancy surgery
or a history of chemotherapy or radiotherapy. Meanwhile,
because diabetes may increase the risk of thyroid cancer as a
potential confounding factor, patients with diabetes or impaired
glucose tolerance were also excluded from this study. This study
was approved by the Ethics Committee of PUMCH (No.
JS-2670).

The flow chart of the study design is depicted in Figure 1. In
the discovery phase, tumor tissues from 17 PTMC patients
without LNM were included in the NLNM group, and tumor
tissues from 16 PTMC patients with LNM were included in the
LNM group. Peritumoral tissues from these 33 patients were
randomly mixed into 6 pooled samples as the control group.
Tissue proteomes were compared among patients with LNM
versus NLNM and MLNM versus FLNM to obtain a
comprehensive overview of DEPs associated with LNM and
sex differences. The clinical information of these patients is listed
in Table 1. In the validation phase, IHC was performed on the

@& Tumorous tissues

PTMC without LNM  PTMC with LNM
n=17 n=16

Peritumoral tissues
0 Metastatic lymph node

P 3

Samples from
the cohort

E
Validation

FIGURE 1
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tumorous and peritumoral tissues from another 23 PTMC
patients (12 NLNM and 11 LNM patients) to verify the
proteomic results for LNM. ITHC was also performed on the
tumorous tissues of another 16 PTMC patients with LNM (8
males and 8 females) to verify the proteomic results for sex
disparities in LNM. The detailed clinical information of these 39
patients is listed in Supplementary Table 1.

Protein extraction and quantification

Neoplastic and peritumoral tissues (80-120 mg) were cut
and washed three times with cold phosphate-buffered saline
(PBS) to eliminate blood contamination. The tissues were
homogenized with cold lysis buffer (8M urea in PBS, pH 8.0,
1 mM phenylmethanesulfonyl fluoride [PMSF], 1 x cocktail)
using a Q800R3 sonicator (Qsonica, Newtown, CT, USA).
After centrifugation at 12,000 rpm for 15 min at 4°C, the
supernatant was transferred to a tube, and the protein
concentration was determined using a Nanodrop 2000
(Thermo Scientific, Branchburg, NJ, USA). Each tissue
protein sample (100 pg/uL) was treated with 10 mM

Digested peptide

Protein extraction
and quantification

Data-independent
acquistion

Database analysis

Schematic diagram of the experimental workflow employed in this study. (A) Collection of neoplastic tissues and peritumoral tissues from PTMC
patients; (B) High-throughput sample including tissue grinding and lysis, and protein extraction and quantification; (C) Direct data-independent
acquisition analysis of tissue proteomics and data processing; (D) Bioinformatics and statistical analyses; (E) Validation. PTMC, papillary thyroid

microcarcinoma; LNM, lymph node metastasis.
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TABLE 1 Clinical and pathological characteristics of the subjects used for proteomics analysis.

PTMC without LNM (n = 17)

Age at operation [y, X + S] 40.59 + 8.09
BMI [kg/m?, % + S] 24.12 + 3.01
Sex [n (%)]

Female 12 (70.6)

Male 5(29.4)
Family history of thyroid disease [n (%)]

No 12 (70.6)

Yes 5(29.4)
Tumor size [cm, X + S]

<05 8 (47.1)

> 05 9 (52.9)
Clinical LNM [n (%)]

Absent 17 (100.0)

Present 0 (0.0)
Pathological subtype [n (%)]

Classic 11 (64.7)

Follicular variant 4 (23.5)
Classic and follicular variant 2 (11.8)
Tumor location [n (%)]

Unifocal 12 (70.6)

Multifocal 5(29.4)
Tumor calcification [n (%)]

Absent 4 (23.5)

Present 13 (76.5)
Microscopic capsular invasion [n (%)]

Absent 5(29.4)

Present 12 (70.6)
Side of lobectomy [n (%)]

Unilateral 7 (41.2)

Bilateral 10 (58.8)
Hashimoto’s thyroiditis [n (%)]

Absent 12 (70.6)

Present 5(294)

PTMC with LNM (n = 16) P-value
37.94 + 7.56 0.339
2350 + 2.14 0.503

0.119
7 (43.8)
9 (56.2)

0.758
13 (81.3)
3(187)
4 (25.0) 0.188
12 (75.0)

0.227
14 (87.5)
2 (12.5)

0.356
13 (81.3)
1(6.2)
2 (12.5)

0.392
9 (56.2)
7 (43.8)

0.712
2 (12.5)
14 (87.5)

0.226
8 (50.0)
8 (50.0)

0.881
7 (43.8)
9 (56.2)

0.758
13 (81.3)
3(18.7)

PTMC, papillary thyroid microcarcinoma; LNM, lymph node metastasis; BMI, body mass index. Data are presented as mean + standard deviation, or n (%).

dithiothreitol (DTT) at 55°C for 30 min and alkylated with 25
mM iodoacetamide (IAA) at room temperature in the dark for
30 min. The proteins were digested with trypsin/Lys-C mixture
at a protein/protease ratio of 50:1 at 37°C overnight. The
digested protein sample was desalted, dried, and dissolved in
20 uL of 0.1% formic acid (FA) for subsequent LC-MS/
MS analysis.

DIA proteomics analysis
LC-MS/MS analysis was performed using an EASY-nLC

1200 UHPLC system and Q-Exactive HF (Thermo Scientific,
Rockwell, IL, USA). All peptides dissolved in 0.1% FA were
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loaded onto the trap column. Subsequently, the eluent was
transferred to a reversed-phase analytical column (75 um x
500 mm, 2 um, MONOTECH). The elution gradient was 5-30%
buffer B (flow rate = 300 nl/min; 0.1% FA in 99.9% acetonitrile)
over 120 min. An iRT kit (Biognosys AG, Schlieren, Switzerland)
was used for retention time alignments in all samples. The
parameters of MS were set as follows: the full scan was
achieved by a resolution of 120,000 and in the range of 400-
1,200 m/z; the cycle time was set at 3 s; the AGC was 3e6; the
injection time was under 100 ms; charge state screening was
performed by precursors with a +2 to +6 charge state; and the
dynamic exclusion duration was 10 s. According to the precursor
m/z distribution of the pooled sample, the number of precursor
ions in each isolation window was equalized.
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Proteomics data analysis

The raw data from DIA proteomics analysis were searched
using Spectronaut Pulsar X (Biognosys, AG, Schlieren,
Switzerland) software with default settings. The mass
spectrometry proteomics data have been deposited at
ProteomeXchange Consortium (http://proteomecentral.
proteomexchange.org) via the iProX partner repository with
the dataset identifier PXD031838. An optimal XIC extraction
window was identified based on the iRT calibration strategy. The
mass tolerance strategy was set to dynamic based on extensive
mass calibration. The cross-run normalization was set to local
normalization based on local regression. The sum peak areas of
the respective fragment ions in MS, were used to quantify
peptide intensities. The k-nearest neighbors (KNN) method
was used to fill in missing values of protein abundance.

Bioinformatics analyses

For proteomics analysis of neoplastic and peritumoral
tissues, a 1.5-fold change was set as the threshold for DEPs.
Principal component analysis (PCA) and orthogonal partial least
squares discriminant analysis (OPLS-DA) were conducted using
SIMCA software (version 14.1, Umetrics, Sweden). Gene
Ontology (GO) functional enrichment analysis was performed
using the R program (Version 3.5.1, R Foundation for Statistical
Computing, Vienna, Austria) with the “clusterProfiler” package.
A false discovery rate (FDR) < 0.05 was set as the threshold for
statistical significance in GO enrichment analysis. For Ingenuity
Pathway Analysis (IPA, version 2.3; Qiagen, CA, United States),
all DEPs were imported to analyze pathways, diseases, and
functions. Protein-protein interaction (PPI) network analysis
was conducted using the Search Tool for the Retrieval of
Interacting Genes (STRING) database (http://string-db.org)
(15) and visualized in Cytoscape (version 3.7.1, Cytoscape
Consortium, New York, NY, USA).

We used the Genomic Data Commons (GDC) API to
download level-3 RNA sequencing (RNA-seq) data from The
Cancer Genome Atlas Thyroid Carcinoma (TCGA-THCA)
database, including 507 PTC cases and relevant follow-up
information. Transcript per million (TPM) transformation
followed by base-2 logarithm normalization was applied.
Given the shallow cancer-related death rate, progression-free
interval (PFI) data from the University of California Santa Cruz
(UCSC) Xena database were extracted as the specific survival
outcome (16). Both structural evidence and biochemical
evidence of recurrence were defined as progression. After
removing duplicate samples, differential gene expression
analysis of 452 PTC cases from the TCGA-THCA dataset was
performed by using the R package “DESeq2” (17). According to
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the criteria of FDR < 0.05 and |log2 fold change (log2FC) | >
0.58, differentially expressed genes (DEGs) were identified.
Kaplan-Meier plots were generated for PFI using the
“survminer” and “survival” R packages.

Statistical analysis

All statistical analyses and visualizations were conducted with
SPSS statistics (version 25.0, IBM Corp., Armonk, NY, USA) and
GraphPad Prism (version 8.0.2, GraphPad Software Inc, San Diego,
USA). Comparisons of survival curves were analyzed with the log-
rank (Mantel-Cox) test. Categorical variables were analyzed by the
chi-square test. Continuous variables were expressed as mean and
SD and compared using the independent sample t test (normal
distribution) or the Mann-Whitney U test (non-normal
distribution). Two-sided P < 0.05 was considered
statistically significant.

Immunohistochemistry (IHC) validation

Tissue sections (5 um) were dewaxed at 60°C for 30 min,
followed by two 5-min washes with xylene. Then, the sections were
rehydrated by sequential 5-min washes in 100%, 95%, and 80%
ethanol and distilled water. Antigen retrieval was performed by
heating the tissues at 95°C for 10 min in sodium citrate bufter (0.01
M, pH 6.0). The endogenous peroxidase activity of the tissue was
blocked by 3% hydrogen peroxide for 30 min, followed by
incubation with primary detection antibodies overnight at 4°C.
The sections were incubated with the Polink-2 Plus® HRP Polymer
Detection System (PV-9001 and PV-9002; ZSGB-BIO) according to
the manufacturer’s instructions. The samples were developed using
3, 3’-diaminobenzidine (DAB) substrate (Dako) and counterstained
with hematoxylin.

IHC staining was evaluated based on the percentage and
intensity. The percentage of positive cells was scored as 1-4 (1 =
19%~25%, 2 = 26%~50% cells, 3 = 51%~75% cells, and 4 = 76%~100%
cells). The staining intensity of positive cells was scored as 0-3 (0 = no
staining, 1 = weak staining, 2 = moderate staining, and 3 = strong
staining). The final scores (ranging from 0 to 12) were obtained by
multiplying the percentage and intensity scores.

Results
Flow chart of the study
Tissue proteomes were compared among patients with LNM

versus NLNM and MLNM versus FLNM to obtain a
comprehensive description of the DEPs associated with LNM and

frontiersin.org


http://proteomecentral.proteomexchange.org
http://proteomecentral.proteomexchange.org
http://string-db.org
https://doi.org/10.3389/fonc.2022.887977
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Cao et al.

sex. The flow chart of the study design is shown in Figure 1. The
protein profiles of tumorous tissues and peritumoral tissues were
determined using the direct DIA proteomics technique. Overall,
5,005 credible proteins with at least two unique peptides were
obtained in 45 samples (Supplementary Table 2). The key DEPs
were screened, and bioinformatics analyses were performed.

Functional and biological pathway
analyses of DEPs in PTMC tumorous
tissues with LNM compared to those
with NLNM

To comprehensively discover the molecular mechanisms
involved in the pathogenesis of PTMC susceptibility to LNM,
global protein profiles from PTMC patients with LNM and
NLNM were obtained. Using a 1.5-fold change cut-off for the
classification of differential expression, a total of 411 DEPs in
LNM versus NLNM were identified (P < 0.05), with 26
upregulated and 385 downregulated proteins (Figure 2A;
Supplementary Table 3). OPLS-DA was performed, and the
score plots showed that LNM, NLNM, and NC could be
separated from each other in the model (Figure 2B). Further
GO analysis indicated that these DEPs mainly participated in the
biological processes of mitochondrial transport, cellular
respiration, and energy derivation via the oxidation of organic
compounds (Supplementary Table 4). In terms of cellular
components, the DEPs showed significant enrichment in the
mitochondrial inner membrane, mitochondrial protein-
containing complex, and inner mitochondrial membrane
protein complex. In addition, these DEPs were primarily
related to the molecular function of active transmembrane
transporter activity (Figure 2C). The GO enrichment analysis
was performed separately on upregulated and downregulated
proteins (Supplementary Figures 1A-F).

To gain insight into the potential role that these DEPs may
play in the functional characterization of LNM progression, IPA
was performed on all 411 DEPs. Canonical pathway analysis
indicated predominantly enriched of multiple metastasis-related
pathways, such as the oxidative phosphorylation pathway,
mitochondrial dysfunction pathway, IL-7 signaling pathway,
and PI3K/AKT signaling pathway (Figure 2D). The pathway
enrichment analysis was also performed separately on
downregulated and upregulated proteins (Supplementary
Figures 1G, H). To further place the identified proteins within
the context of known PPI and gain insights into the coordinated
roles of these proteins, the interactions between all DEPs were
investigated using the online resource STRING, and PPI
networks were visualized in Cytoscape based on their STRING
score. We identified two main clusters, as illustrated in
Figure 2E, which correspond to two main functions: oxidative
phosphorylation and structural constituent of ribosome.
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External validation of DEPs between LNM
and NLNM using TCGA-THCA and IHC

To confirm the accuracy of our data as a resource for further
study, it is necessary to conduct secondary validation. In total,
we identified 411 DEPs in LNM versus NLNM. Through DEG
analysis of 452 PTC cases from the TCGA-THCA dataset,
including 229 PTC patients with NLNM and 223 PTC patients
with LNM, we retrieved a total of 3,446 DEGs. The intersection
contained 23 DEGs (Table 2). Kaplan-Meier survival analyses
were used to assess the prognostic value of the 23 DEGs between
NLNM and LNM in the TCGA-THCA dataset. The results
indicated a significant correlation with PFI ability for
SLC25A15, DIRAS2, PLA2R1, and MTARCI (log-rank P =
0.015, P = 0.020, P = 0.027 and P = 0.034) (Figures 3A-D).
We also assessed the status of these four DEPs using RNA-seq
data from the TCGA-THCA dataset. Comparisons between
LNM and NLNM tissues showed mRNA expression of
SLC25A15, DIRAS2, PLA2R1, and MTARCI to be
downregulated in LNM tissues, which was consistent with our
proteomics data. Then, two DEPs (SLC25A15 and PLA2R1)
were further validated in another independent cohort of 23
PTMC patients using the IHC method. The results confirmed
these two proteins to be significantly downregulated in LNM
tissues compared to NLNM tissues (Figures 3E, F). Typical IHC
staining images are shown in Figures 3G-]J. Two DEPs
(SLC25A15 and PLA2R1) were also validated their expression
difference between tumor and peritumoral tissues using THC
method. The THC results is shown in Supplementary Figures 2A,
B. Typical IHC staining images are shown in Supplementary
Figures 2C-F.

Functional and pathway analyses of DEPs
in PTMC tumorous tissues with LNM
according to sex

To comprehensively explore the significance of the
molecular mechanisms of sex disparities in PTMC with LNM,
the differences in protein expression between MLNM and FLNM
were compared. A total of 169 DEPs (fold change > 1.5; P < 0.05)
were identified consisting of 64 upregulated and 105
downregulated proteins (Figure 4A; Supplementary Table 5).
The proteomic profiling OPLS-DA was performed based on
these DEPs, and the score plot showed a tendency to separate
MLNM tissue from FLNM tissue (Figure 4B).

GO enrichment analyses were also performed on these 169
DEPs to further explore the molecular mechanisms involved in
sex disparities of LNM (Supplementary Table 6). Many of the
DEPs showed enrichment in the cellular amino acid metabolic
process, organic acid catabolic process, and cellular amino acid
catabolic process in the biological process category (Figure 4C).
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FIGURE 2

Comparative analysis of proteome expression profiles between the LNM and NLNM groups. (A) Scatter plot showing the distribution of downregulated
(green dots) and upregulated (red dots) differentially expressed proteins (DEPs) between the LNM and NLNM groups. (B) Orthogonal partial least squares
discriminant analysis revealed differences in the proteome profiles among the LNM, NLNM, and normal control (NC) groups. “LNM" refers to PTMC with
lymph node metastasis, “NLNM" refers to PTMC without lymph node metastasis, and “NC" refers to peritumoral tissues. (C) Gene Ontology enrichment
analysis of DEPs between the LNM and NLNM groups. The categories of biological process (BP), cellular component (CC) and molecular function (MF)
are respectively shown. (D) Annotation and functional characterization of DEPs. (E) Protein-protein interaction (PPI) network analysis of DEPs between
the LNM and NLNM groups.
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TABLE 2 Intersection containing 23 DEGs associated with LNM.

Protein Groups Gene name

Log2FC
015020 SPTBN2 -0.88105
075309 CDH16 -1.03375
076076 CCN5 -0.8827
P00491 PNP 0.659164
P07988 SFTPB -1.69991
P08174 CD55 -1.04209
P10415 BCL2 -1.62324
P10515 MUC1 -0.87371
P10586 ITGA2 -1.81713
P24310 COX7Al1 -1.3813
P24539 CHI3L1 -0.65926
P51674 GPM6A -1.0253
P51688 PRRX1 -0.61801
Q13018 PLA2RI -1.3703
Q13084 LAMB3 -0.96885
Q13423 DSC3 -0.68046
Q30154 HLA-DRB5 -1.4606
Q32NB8 MTARCI -0.81087
Q8TF66 LRRCI15 -0.77483
Q8WTS1 SPOCK2 -1.85866
QIGHUS DIRAS2 -0.62135
Q9ULDO OGDHL -0.74369
QIY619 SLC25A15 -0.68524

In the cellular component category, the top enriched categories
were related to the mitochondrial matrix, basement membrane,
and collagen-containing extracellular matrix (ECM)
(Figure 4D). Molecular function analysis revealed that these
proteins were mainly located in ECM structural constituents
(Figure 4E). The GO enrichment analysis was performed
separately on upregulated and downregulated proteins
(Supplementary Figures 3A-F). To gain a better understanding
of the biological pathways in MLNM, IPA was conducted on the
169 DEPs. Numerous signaling pathways associated with the
DEPs were identified, including glucocorticoid receptor (GR)
signaling pathway, GP6 signaling pathway, estrogen receptor
signaling pathway, CDK5 signaling pathway, VEGF signaling
pathway, and mTOR signaling pathway (Figure 4F). The
pathway enrichment analysis was also performed separately on
downregulated and upregulated proteins (Supplementary
Figures 3G, H).

To gain a better overview of the DEPs between MLNM and
FLNM, comprehensive PPI networks were constructed using
Cytoscape 3.7.1 to visualize potential relationships among these
proteins. An intricate network of PPIs that indicated the closest
core interactions among these DEPs is shown in Figure 4G.
According to the map, LAMAIL, LAMA2, LAMA3, LAMA4,
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Metastasis DEGs in TCGA

P-value Log2FC P-value
0.021632 0.586635 6.2E-07
0.024093 -1.92791 3.17E-19
0.015232 0.910836 3.03E-06
0.041600 0.820436 6.9E-10
0.008995 1.240076 1.01E-08
0.013791 0.719739 6.51E-08
0.006101 -0.65017 4.6E-15
0.004778 0.759667 1.22E-06
0.018013 0.624354 421E-07
0.019440 -0.69593 1.02E-07
0.024904 1.246438 8.3E-10
0.033932 -0.83176 3.02E-09
0.023193 0.615458 3.57E-07
0.030249 -0.80338 1.24E-10
0.020498 0.731767 1.32E-06
0.009219 0.806844 0.00034
0.014741 0.621312 1.07E-05
0.002417 -0.633 2E-14
0.028112 1.693971 8.42E-12
0.025249 0.640279 1.69E-05
0.048988 -1.23397 1.38E-18
0038228 -1.35033 6.4E-22
0.024124 -1.07027 6.16E-21

LAMBI1, LAMB2, LAMC1, NID1, NID2, COL5A3, MMRN2,
and VWALI were upregulated.

External validation of DEPs between
MLNM and FLNM using TCGA-THCA
and IHC

LNM and tumor recurrence after initial surgery are the main
factors associated with poor outcomes for PTMC patients.
Moreover, male sex is a known risk factor for LNM in PTMC
and males tend to have higher mortality. Hence, we further
screened prognosis-related proteins from DEPs related to sex
disparities. Considering the relatively good prognosis of PTMC
and extremely low risks associated with overall survival, the
progression-free interval (PFI) was chosen as the primary
endpoint. TCGA-THCA dataset was used to determine
whether the DEPs were associated with PFI. Kaplan-Meier
survival analyses were applied to evaluate the prognostic value
of the 12 upregulated DEPs between MLNM and FLNM in the
TCGA-THCA dataset. We found that MMRN2 and NID2
showed significant correlations with PFI (log-rank P = 0.003
and P = 0.037, respectively). Then, we further validated the

frontiersin.org


https://doi.org/10.3389/fonc.2022.887977
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Cao et al. 10.3389/fonc.2022.887977
A 1.0 SLC25A15 1.0 4 ‘ DIRAS2
— 0.8+ :m 0.8
=
s —— Low Z —— Low
£ —— High 2 —— High
= 0.6 4 — 0.6
2 8
& &
1 Y
£ 0.4 5 0.4+
) 2
£ &
* 024 0.2
HR = 0.49 (0.27-0.87) fk ::;i";ﬁﬁ;;'”)
0.0 4 Logrankp=0.015 0.0 - FosTemrP—>
T T T T
T ) T T 0 50 100 150
0 50 100 150 -
Time (months) Time (months)
1.04 PLA2R1 1.0 4 MTARC1
‘ m
— 081 — 0.8+
s —+ Low g — Low
B —+ High ,g —— High
= 0.6 - 067
S 8
< £
a 0.4 4 ﬁ 0.4
o gj
= &
0.2+ 0.2 4
HR =0.52 (0.20-0.93) HR = 0.54 (0.30-0.95)
0.0 4 Logrank P=0.027 0.0 4 LogrankP-0.034
T T T T
0 50 100 150 (IJ 5‘0 160 1%0
Time (months) Time (months)
G t P
E
SLC25A15
15
Kk kK
@ 10
b
3
» H
(8]
T 5]
0-
NLNM LNM
|
F
PLA2R1
15+ *kk
@ 10
o
o
(7]
o J
T 5
0-
NLNM LNM
FIGURE 3

Kaplan—Meier survival curves (log-rank test) showing the correlation between progression-free survival and DEP expression (SLC25A15, DIRAS2,
PLA2R1, and MTARC1). (A) SLC25A15 mRNA expression in thyroid tumorous tissues is positively related to poor prognosis (log-rank test P =
0.015); (B) DIRAS2 mRNA expression in thyroid tumorous tissues is positively associated with poor prognosis (log-rank test P = 0.020);

(C) PLA2R1 mRNA expression in thyroid tumorous tissues is positively associated with poor prognosis (log-rank test P = 0.027); (D) MTARC1
mMRNA expression in thyroid tumorous tissues is positively associated with poor prognosis (log-rank test P = 0.034); (E, F) Validation of the
differential expression of SLC25A15 and PLA2R1 between LNM and NLNM in another independent cohort. IHC staining was assessed as the sum
of the percentage and intensity scores. (***) P<0.001, (****) P<0.0001. (G-J) Representative IHC staining of SLC25A15 (G, NLNM; H, LNM) and
PLA2R1 (I, NLNM; J, LNM) in tumorous tissues.
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FIGURE 4

Comparative analysis of the proteome expression profiles between the MLNM and FLNM groups. (A) Scatter plot showing the distribution of
downregulated (green dots) and upregulated (red dots) differentially expressed proteins (DEPs) between the MLNM and FLNM groups.

(B) Orthogonal partial least squares discriminant analysis revealed differences in the proteome profiles between the MLNM and FLNM groups.
"MLNM" refers to male PTMC patients with lymph node metastasis, and “FLNM" refers to female PTMC patients with lymph node metastasis.
(C—E) Gene Ontology analysis revealed enrichment of these DEPs in the biological process (BP), cellular component (CC) and molecular
function (MF) categories; (F) Annotation and functional characterization of DEPs. (G) The ECM-related DEPs in the protein-protein interaction
(PPI) network are shown as nodes. The intensity of the red colors indicates the ratio of protein abundance in MLNM/FLNM.
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expression of MMRN2 and NID2 in another independent cohort
of 16 PTMC patients using the IHC method. The IHC staining
results confirmed MMRN2 and NID2 to be significantly
upregulated in MLNM tissues compared to FLNM tissues
(Figures 5A, B). Typical images of staining are shown in
Figures 5C-F.

Discussion
Although differences in PTC versus benign and PTC versus

healthy thyroid tissue have been widely described, differences in
protein levels between male PTMC patients with LNM and

IHC score

MLNM FLNM

NID2
15+
*
o 104
o
o
(7]
2
= 54 F
0-
MLNM FLNM

FIGURE 5

PTMC tissues.

Frontiers in Oncology

Validation of the differential expression of MMRN2 and NID2 between MLNM and FLNM in another independent cohort. (A, B) MMRN2 and NID2
were significantly upregulated in MLNM tissues compared with FLNM tissues. IHC staining was assessed as the sum of the percentage and
intensity scores. (*) P<0.05, (**) P<0.01. (C—F) Representative IHC staining of MMRN2 (C, MLNM; D, FLNM) and NID2 (E, MLNM; F, FLNM) in
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female PTMC patients with LNM have not yet been analyzed
using proteomics techniques (18, 19). In our study, the
molecular mechanisms underlying metastasis-related
differences and sex differences in LNM were investigated. A
comprehensive description of the changes in the protein profiles
of PTMC with LNM and its sex disparities was produced. Using
direct-DIA proteomics analysis, we obtained 5,005 credible
proteins from 45 specimens and observed clear separation of
the protein profiles in PTMC tumorous tissues with peritumoral
tissues. Furthermore, the protein profiles of peritumoral tissues
were prominently similar, which agreed with the findings of
previous studies (20). These results reveal that the tumor
microenvironment has little effect on peritumoral tissues.
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Hence, our further studies focused mainly on DEPs in PTMC
tumorous tissues.

Consistent with the different pathologic features found, there
was a distinct difference in DEPs between LNM and NLNM. We
next performed GO and IPA analyses of DEPs. Interestingly, the
DEPs were found to be mainly enriched in the mitochondrial
inner membrane, mitochondrial protein-containing complex,
mitochondrial transport, and cellular respiration. The most
connected DEPs were closely related to mitochondrial
dysfunction. These results indicated that mitochondrial
dysfunction-associated proteins might play a more significant
role in LNM than in NLNM. As vital organelles, mitochondria
play central roles in tumorigenesis, cellular Ca** homeostasis,
and apoptosis, which affect cellular signaling pathways. Active
mitochondrial remodeling and adaptation of cancer cells could
control the tumor microenvironment and influence the
molecular characteristics of tumor cells heterogeneitys (21).
Metastatic cancer cells undergo enhanced mitochondrial
respiration for energy generation, which produces excess
reactive oxygen species (ROS) and oxidizes mitochondrial
DNA and proteins, altering mitochondrial stability and
triggering tumorigenesis (22). Dysregulation of mitochondrial
functions in epithelial tumor cells and tumor-associated stroma
may promote metastasis formation (23). Combined with the
results of our study, it can be inferred that mitochondrial
dysfunction-associated proteins are mainly related to LNM.

In this study, IPA analysis of the DEPs between LNM- and
NLNM- enriched pathways showed them to be associated with
multiple metastasis-related pathways, including oxidative
phosphorylation (OXPHOS), mitochondrial dysfunction, IL-7
signaling and PI3K/AKT signaling pathway. Increased ATP
through the OXPHOS pathway might promote cell
detachment and migration energy. Increased ROS through this
pathway may promote cell motility. Previous studies have
indicated that mitochondrial dysfunction could enhance
mitochondrial ROS generation and redox rebalance to
stimulate tumor cell proliferation and invasiveness (24). Thus,
mitochondrial dysfunction plays an important role in tumor
progression. A growing body of evidence indicated that IL-7
could promote the growth and metastasis of malignancies. Jian
et al. found that IL-7 could upregulate the expression of PI3K
and promote the phosphorylation of AKT to activate the PI3K/
AKT signaling pathway (25). AKT has been reported to rapidly
accumulate in mitochondria following PI3K activation and
regulate cell proliferation, apoptosis, angiogenesis, and the cell
cycle by activating downstream cell receptors (26, 27).
Furthermore, activation of the PI3K/AKT pathway by the IL-7
signaling pathway has been confirmed to play a pivotal role in
cancer cell proliferation. All these results indicate that OXPHOS,
IL-7 signaling, and PI3K/AKT signaling pathways are strongly
related to PTMC with LNM. Furthermore, the two main clusters
in the PPI network showed close interactions between these
identified proteins, which correspond to two broad functions,
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namely, OXPHOS and structural constituent of ribosome. As
mentioned above, OXPHOS could provide energy needed for
cell detachment and migration and thereby promote metastasis.
We also found that most of the upregulated proteins were from
the same family, ribosomal proteins (RPs). RPs are the main
components of ribosomes and are involved in the self-assembly
of ribosomes and protein synthesis (28). According to published
literature, the increased RP content in epithelial cells could
contribute to their enhanced metastatic potential (29).
Likewise, Lee et al. demonstrated that the high level of
mitochondrial RP L44 expression was associated with the
presence of lymph node metastasis in PTC, suggesting that it
may be a useful clinical marker for predicting the poor prognosis
(30). Similarly, another study indicated that ribosome biogenesis
regulator homolog (RRS1) silencing could inhibit cell
proliferation and promote apoptosis in PTC (31). RRS1 was
found as a regulatory protein for ribosome biogenesis. Overall,
the RP family might play a vital role in promoting tumorigenesis
and metastasis.

To confirm the accuracy of our data as a resource for further
study, the metastasis-related DEPs identified in our data were
validated with regard to metastasis-related DEGs in TCGA-
THCA cohort. Furthermore, four proteins (SLC25A15, DIRAS2,
PLA2RI1, and MTARCI) related to poor prognosis assessed by
the PFI data were downregulated in LNM tissues. IHC analyses
were performed for further validation in another cohort of
PTMC patients, confirming the significant downregulation of
SLC25A15 and PLA2RI in LNM compared to NLNM tissues.
Solute carrier family 25 member 15 (SLC25A15), a
mitochondrial ornithine transporter, is critical for normal
mitochondrial function. The downregulation of SLC25A15 can
facilitate pyrimidine synthesis via dihydroorotase and enhances
cell proliferation and tumor growth (32, 33). DIRAS family
GTPase 2 (DIRAS2), encoding RAS-related small G-proteins,
belongs to a branch of the RAS superfamily. Downregulation of
DIRAS?2 plays a pivotal role in cancer progression and predicts
poor prognosis in tumors (34). It has been reported that DIRAS2
was downregulated in ovarian cancer and was associated with
decreased overall and disease-free survival, which was consistent
with the findings of our study (35). Phospholipase A2 Receptor 1
(PLA2R1) is a transmembrane protein of the mannose receptor
family that can regulate several tumor-suppressive responses via
JAK2 activation (36). Functional experiments have
demonstrated that PLA2R1 controls cancer cell death by
influencing mitochondrial biology. Previous studies have also
demonstrated that the downregulation of PLA2R1 is related to
thyroid, breast, and kidney cancers (37, 38). Mitochondrial
amidoxime reducing component 1 (MTARCI) is a nitric oxide
synthase attached to the mitochondrial membrane that is
associated with increased antioxidant capacity, which can be
considered the response to counteract augmented oxidative
stress (39). MTARC2, which shares a high degree of sequence
similarity with MTARCI, was downregulated in human
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hepatocellular cancer tissues and cells (40, 41). Collectively,
these prior studies support the reliability of our proteomics
data. Interestingly, SLC25A15, DIRAS2, PLA2R1, and MTARC1
are associated with mitochondrial dysfunction to some extent
and have potential as candidate biomarkers for predicting
PTMC metastasis and clinical prognosis. Parallel reaction
monitoring (PRM) is a targeted proteomic technique. PRM
can provide quantitative analysis of the targeted peptides from
the rest of FNAB samples and obtain the expression level of these
four proteins. This method can be used to detect these candidate
biomarkers for preoperatively predicting clinical prognosis.

Compared to female PTMC patients with LNM, the DEPs in
the tumorous tissues of male PTMC patients with LNM were
mostly enriched in the categories of ECM structural constituent,
basement membrane (BM) and collagen-containing ECM. The
most connected DEPs were related to the ECM, indicating that
ECM-related proteins might be more critical in MLNM than in
FLNM. Multiple previous studies reported that dysregulation of
the ECM promoted the formation of invasive lesions and led to
tumor cell invasion by driving focal adhesions formations (42,
43). Combined with our results, we conclude that an elevated
level of ECM-associated proteins might be related to more LNM
in male PTMC than in female PTMC patients. The PPI network
revealed the close interactions among these identified proteins,
and 12 upregulated proteins were associated with ECM function.
Interestingly, many upregulated proteins belong to the laminin
family. Laminins, the major biologically active component, are
significantly involved in the survival and proliferation of cancer
cells, malignant phenotype, angiogenesis, and development of
premetastatic niches at many stages of cancer progression.
Previous studies have shown the prognostic value of laminins
in a range of cancers, including gastric (44), lung (45), and
endometrial (46) cancer. Moreover, Galatenko et al. reported
that laminin expression profile analysis was more helpful for
colorectal cancer prognosis than single-gene expression analysis
(47). Thus, the laminin family proteins identified in our study
might play an important role in facilitating metastasis and serve
as a biomarker panel for PTMC prognosis.

IPA analysis of the DEPs between MLNM and FLNM
showed enrichment in the GR signaling, GP6 signaling, CDK5
signaling, VEGF signaling, and mTOR signaling pathway. GR
belongs to the steroid/thyroid/retinoic acid nuclear receptor
superfamily. A previous study showed that GR signaling
activated TEA domain transcription factors to promote tumor
initiation and progression in breast cancer (48). Mechanistically,
GR signaling affects the mechanical properties of the tumor
microenvironment by inducing the expression and extracellular
deposition of fibronectin, leading to an increased number of focal
adhesions and cell spreading (49). The GP6 signaling pathway
was primarily thought to be involved in platelets and their
precursor megakaryocyte activation, which might shield
circulating cancer cells from immunosurveillance and promote
metastasis (50). It has previously been reported that the GP6
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signaling pathway may play a crucial role in the metastasis of
endometrial cancer and could be involved in the malignant
behavior of parathyroid tumors (51, 52). In our study, GP6
signaling was enriched in the MLNM group, which supports the
reliability of our results. More interestingly, 12 upregulated
ECM-related proteins in this pathway were enriched. CDKS5, a
proline-directed serine/threonine kinase, regulates the motility
and migration of tumor cells, playing a vital role in the tumor
progression and metastasis in thyroid cancer (53). A growing
body of evidence indicated that the VEGF signaling pathway was
activated during thyroid cancer progression, particularly in
LNM (54). mTOR signaling might be highly activated in
aggressive histological types of thyroid cancer and represents a
promising target for therapy (55). Additional evidence indicated
that VEGF stimulation could activate mTOR signaling, and
synchronous inhibition of the mTOR and VEGF axis impedes
tumor growth and metastasis (56, 57). These findings suggested
that ECM-related pathways could reflect more pronounced
changes in ECM components in male than in female PTMC
patients with LNM.

The clinical prognostic values of 12 upregulated DEPs
between MLNM and FLNM were validated using the external
TCGA-THCA and PFI data at the mRNA level. We found that
multimerin 2 (MMRN2) and nidogen-2 (NID2) showed
prognostic significance. Furthermore, IHC analyses were
performed for validation in an independent set of PTMC
patients, confirming the significant upregulation of MMRN2
and NID2 in MLNM tissues compared to FLNM tissues.
MMRN?2 is an endothelial-specific member of the EMI
domain endowed (EDEN) protein family and the component
of the ECM,; it is consistently deposited along tumor capillaries
and is related to neovascularization in neoplastic tissues (58, 59).
Moreover, MMRN2 is upregulated in the tumor vasculature
(60). Previous studies have reported that MMRN2 and CD93
colocalize in neoplastic tissues of different origins and are highly
expressed during tumor angiogenesis, which is consistent with
the fact that this molecule is deposited along blood vessels (60—
62). Accordingly, in the present study, upregulated expression of
MMRN2 in MLNM tissues correlated positively with
unfavorable variables, such as metastasis and poor prognosis.
NID2 is a ubiquitous component in the ECM and plays a vital
role in cancer development. NID2 might regulate the
progression of the tumors via protein digestion and
absorption, focal adhesion, and ECM-receptor interactions.
Previous studies demonstrated that NID2 was significantly
overexpressed in many cancer tissues and positively associated
with TNM stage (63, 64). The results of the present study
indicated that the upregulated expression of NID2 in MLNM
tumorous tissues compared to FLNM tumorous tissues
correlated positively with poor survival and metastasis.
Therefore, we speculate that upregulated expression of
MMRN?2 and NID2 in PTMC tissues might be responsible for
the sex disparities in LNM. In the future, some animal
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experiments are needed to clarify the molecular mechanisms of
MMRN?2 and NID2 in the sex differences of PTMC with LNM,
and a larger-sample and multicenter validation study is needed
to confirm the generalizability of our results.

Conclusions

In this study, we conducted a comprehensive proteomics
comparison of thyroid tumorous tissues and produced a
substantial list of DEPs that are likely related to metastasis and
sex disparities. This is the first application of a direct DIA
proteomics approach to explore significant sex differences in
LNM in patients with PTMC. SLC25A15, DIRAS2, PLA2R1, and
MTARCI expression was downregulated in thyroid tumorous
tissues with LNM compared thyroid tumorous tissues with
NLNM, which was validated using the TCGA dataset.
Additionally, the upregulated expression of MMRN2 and
NID2 in tumorous tissues from males showed a positive
relationship with unfavorable variables, such as LNMs and
poor prognosis. The proteomics profiles of PTMC exhibit
significant differences related to LNM and sex disparities,
which furthers our understanding of the functional networks
and signaling pathways related to PTMC.
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