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Abstract: The past few decades witnessed a significant increase in the incidence of thyroid cancer worldwide. Hiirthle cell carcinoma
(HCC), which was also known as oncocytic carcinoma of the thyroid, was reclassified as a distinct histological type of thyroid cancer by
the WHO in 2022. Although HCC has a relative poorer prognosis and is generally insensitive to radioiodine treatment, the mechanisms be-
hind HCC are poorly understood currently. In this paper, ioinformatics methods were employed to identify differentially expressed proteins
(DEPs) and to analyze their functions in disease. R project was used to identify DEPs in HCC and Hiirthle cell adenoma (HCA) with data
from the iProx database. DEPs were annotated using the DAVID tool. Protein-protein interaction networks were constructed and visualized
using the STRING database and the Cytoscape software. NetworkAnalyst was used to explore the relationships of DEPs, transcription fac-
tors, diseases, and drugs. The predicting ability of DEPs were evaluated with receiver operating characteristic (ROC) curves. Three DEPs
with best performance were validated using immunohistochemistry. Experimental results show that a total of 793 and 295 DEPs were iden-
tified in HCC-normal and HCA-normal comparisons, respectively. The common DEPs of the two comparisons included ATPSF1A,
ATP5F1B, UQCRFSI1, ATPSF1D, ATPSFIC, COXSA, ATPSPD, ATPSPO, SUCLGI, and ACO2. The ROC analysis showed that
ATP5F1B, ATP5F1C, and ATP5PD demonstrated the highest diagnostic accuracy, as indicated by their area under the curve (AUC) values,
highlighting their superior performance. Immunohistochemistry confirmed the upregulation of the three proteins in HCC. Differential ex-
pression analysis revealed DEPs as potential biomarkers for HCC and HCA. Notably, the most dysregulated proteins are generally in-
volved in the assembly of complex V, indicating a potential association between oxidative phosphorylation and the carcinogenesis of HCC.
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0 Introduction

Over the past few decades, there has been a signifi-
cant increase in the global incidence of thyroid cancer,
with follicular thyroid carcinoma (FTC) being the sec-
ond most common histological subtype among differenti-
ated thyroid cancers™. In the 2017 WHO Classification
of Tumours of Endocrine Organs, Hiirthle cell carci-
noma (HCC) was categorized as a distinct subtype of
FTC and was thus renamed as oncocytic (Hiirthle cell)
carcinoma in the WHO classification™. Interestingly, in
the new thyroid cancer pathology classification released
by WHO in 2022, oncocytic (Hiirthle cell) carcinoma
has been excluded from FTC and reclassified as a dis-
tinct pathological entity. The guideline notes that HCC
accounts for nearly 5% of differentiate thyroid cancers
in the United States. Although women are more prone to
developing HCC (female-to-male ratio of 1.6: 1), the
female-to-male ratio is lower compared to FTCP. The
American Thyroid Association (ATA) guideline note that
HCC is associated with a higher risk of lymph node me-
tastasis, recurrence, and cancer-related death. Addition-
ally, HCC has a lower affinity for radioactive iodine (I-
131) treatment™.

Hiirthle cell adenoma (HCA) refers to a thyroid fol-
licular adenoma where the principal component of the tu-
mor (>75%) consists of follicular cells with oncocytic
characteristics™. HCA was previously considered a dis-
tinct subtype of follicular adenoma, and was regarded as
the benign counterpart of HCC'. It has been reclassified
as "oncocytic adenoma of the thyroid" in the newest
guideline®,

Some common genetic mutations associated with
thyroid cancer have been confirmed to exist in HCC.
These mutated genes include RAS, TSHR, EIF1AX,
TP53, PTEN, BRAF, and etc™'”. However, these muta-
tions are only found in a small subset of HCC cases.
These differences suggest that the spectrum of gene al-
terations in HCC may be different from that of other his-
tological types and novel oncogenic pathways might be
involved. These studies supported that HCC is a novel
type of thyroid cancer with distinct molecular character-
istics”.  Alterations in the mitochondrial genome
(mtDNA) and related nuclear genes are a prominent fea-
ture of HCC, particularly those involved in the assembly
of complex I and complex III"****". Copy number varia-
tions were discovered in more than one-third of tu-
mors'®. These alterations in mtDNA could lead to the dis-

ruption of complex 1", and hence the impairment of mi-
tochondrial function. Compensatory mitochondrial pro-
liferation was noticed in most cases”. Furthermore,
some other studies suggested that PIK3CA-Akt-mTOR
and Wnt/B-catenin pathways could be involved in the on-
cogenesis of HCC. In addition, the overexpression of
BRAF, extensive allelic loss and lipid peroxidation-
induced oxidative stress were also closely related to the
progression of HCC.

HCC has a high tendency for invasion and metasta-
sis and thus poor prognosis. Compared with Papillary
Thyroid Carcinoma (PTC), HCC is more likely to pres-
ent with distant metastases via hematogenous route'™>".
The rate of local invasion was higher in HCC in com-
parison with FTC and other types of thyroid cancers™*",
Hundahl and colleagues found that HCC had a poorer
10-year overall survival rate (76% vs. 85%) compared
with FTC?. In addition, HCC also exhibited a poor re-
sponse to radioactive iodine treatment**. Although the
proportion of HCC ranged from 3%-7% in all differenti-
ated thyroid cancers, it accounted for 10.5%-43.0% re-
currence. A precise early-stage identification of HCC is
supposed to significantly improve the prognosis of these
patients®*??,

Proteins, which are considered the ultimate prod-
ucts for most genes, play a crucial role in biological
functions. Proteomics is a high throughout approach for
analyzing protein abundance and provides inspiring in-
sights into the diagnosis of diseases™. Proteins are far
more stable in formalin-fixed paraffin-embedded tissues
samples compared with nucleic acid. Research has
shown that significant protein degradation was observed
in 5.9% of samples, which was much lower than mRNA
(21%)". This lower degradation rate makes proteomics
more reliable for certain types of analysis, especially
long-term retrospective studies. Proteins are superior to
mRNAs in representing biological functions since non-
coding RNAs have an impact on mRNA translation,
whereas proteins function as enzymes or receptors di-
rectly™. Furthermore, proteomics has been utilized to
create diagnostic tools for predicting the benign or ma-
lignant status of thyroid nodules®™.

Up to now, the comprehensive mechanism of HCC
is not fully understood. Previously discovered gene muta-
tions and chromosomal alterations could not fully explain
the pro-growth pathways activated in HCC. A reliable
molecular signature is still lacking. New tumor markers
are needed to improve the diagnosis and treatment of
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HCC in clinical practice.

To elucidate the complex mechanisms underlying
HCC, we compared proteomic data obtained from HCC,
HCA, and normal thyroid tissues. Core proteins related
to HCC were identified using bioinformatics methods.
The proteins with the highest diagnostic efficacy were
validated by immunohistochemistry (IHC) in external
samples to demonstrate that the proteins are associated
with HCC development. These proteins could serve as
novel biomarkers for HCC diagnosis and drug targets.

1 Materials and Methods

1.1 Data Acquisition

The procedure of this study is shown in Fig. 1. The
protein expression profile data for this study was ob-
tained from the iProX database (Supplementary Table
1). iProX is a public platform for collecting and sharing
proteomics  datasets”™.  The  protein  dataset
(IPX0001444000) was released by Guo’s lab at Westlake
University. Tissue samples were processed with pressure
cycling technology to isolate small molecular compo-
nents. Subsequently, high-throughput sample evaluation
was performed with mass spectrometry using data-
independent acquisition. The IPX0001444000 dataset
comprises 1 161 samples from various thyroid diseases,
including differentiated thyroid cancer, benign thyroid
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!
HCC(n=34)
HCA(n=72)
NOR(1=157)
[
! 1
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Fig.1 Flow chart of data screening and analysis

diseases, and normal thyroid tissue (NOR). In the retro-
spective test and discovery subgroups, a total of 34 HCC,
72 HCA, and 157 NOR samples were pooled for further
analysis.

1.2 Identification of Differential Expression
Proteins (DEPs)

The expression profiles were input into the R proj-
ect (v4.2.2). Clinical information was collected for
sample classification. Samples unrelated to the diseases
of interest were excluded. The k-nearest neighbors algo-
rithm in the DMwR2 package was used to impute miss-
ing data. Robust multi-array normalization was not per-
formed since technical replicates were set for each
sample and batch effects were minimized at the batch de-
sign level (Supplementary Fig. 1(a),(b)). UniProtKB AC/
IDs were converted to official gene symbols using the

online tool UniProt?’

!, When multiple protein IDs corre-
spond to one gene symbol, the median value was calcu-
lated. Differential expression proteins (DEPs) were iden-
tified in two comparisons (HCC vs. NOR and HCA vs.
NOR) using Bayesian methods from the limma R pack-
age, and the overlapping DEPs were defined as common
DEPs (Co-DEPs). To control for false positives, P-
values were adjusted for multiple tests using the
Benjamini-Hochberg method. DEPs were filtered based
on the thresholds [log,FoldChange[>2 and adjusted P-
value<0.01. Principal component analysis (PCA) was
performed on the three sample groups using SangerBox
(v3.0). Subsequently, volcano plots and heat maps of
DEPs were constructed for the two comparisons (HCC
vs. NOR, HCA vs. NOR) to identify DEPs™"..

1.3 Gene Ontology and Pathway Enrichment
Analysis

Gene ontology (GO) annotation and pathway en-
richment analysis were conducted using the online tool
DAVID (v2023ql) . GO enrichment analysis com-
prises three categories: biological processes (BP), cellu-
lar components (CC), and molecular functions (MF).
The Kyoto Encyclopedia of Genes and Genomes
(KEGQG) was utilized to analyze the primary pathways
shared by DEPs. A threshold of P-value<0.05 was set for
both GO enrichment analysis and pathway analysis. The
results were visualized using bubble charts.

1.4 Construction of PPl Network and
Identification of Hub Genes

The protein-protein interaction (PPI) of DEPs was
analyzed using the online tool STRING (v11.5)™. PPIs
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with an interaction score of 0.9 are considered significant.
The results from the STRING database were subse-
quently imported into Cytoscape (v3.9.1)* for the visual-
ization of the PPI. The intersection of DEPs between
HCC vs. NOR and HCA vs. NOR was evaluated using
Venn diagrams™”. A plugin software called CytoHubba
was used to identify ten hub genes through the maximum
cross correlation (MCC) algorithm (Supplementary Table
2). The diagnostic accuracy of the hub genes for HCC and
HCA was assessed using receiver operating characteristic
(ROC) curves and the area under the curve (AUC).

1.5 Transcription Factor Analysis

NetworkAnalyst is an online visualization and
analysis platform for transcription factor (TF) analysis.
TF-gene interaction information from the ENCODE da-
tabase was retrieved using NetworkAnalyst (3.0) "*,
The information was then imported into Cytoscape
(v3.9.1) for The TF-miRNA co-
regulatory interaction information was obtained from the
RegNetwork database. Subsequently, a TF-miRNA co-
regulatory network was constructed using Cytoscape

(v3.9.1)H,

1.6 Associations Between Hub Genes and
Diseases

visualization**!.

The disease-related data associated with hub genes
was obtained from the DisGeNET database using the
NetworkAnalyst (3.0). Subsequently, a network related
to gene-disease associations was constructed and visual-
ized using Cytoscape (v3.9.1)14-447,

1.7 Associations Between Hub Protein and
Drugs

Data regarding the interaction between the protein
products of hub genes and drugs from the DrugBank da-
tabase was obtained using the NetworkAnalyst (3.0).
Subsequently, the data was visualized using Cytoscape
(v3.9.1)#4,

1.8 Immunohistochemistry Validation

For the external validation of ATP5PD, ATP5F1B,
and ATPSF1C, tumor and adjacent tissues from four
HCC patients and four HCA patients, all from Renmin
Hospital of Wuhan University, were used (Supplemen-
tary Table 3). The inclusion criteria for patients were as
follows: 1) age at the time of surgery>18 years, 2) the pa-
tient’s pathological diagnosis was either HCC or HCA,
confirmed postoperatively by at least three pathologists.
Exclusion criteria were patients with autoimmune dis-
eases, hematological disorders, infectious diseases, dia-

betes, a history of thyroid surgery or other malignant tu-
mor surgeries, and those who had undergone chemo-
therapy or radiotherapy. Eight patients were categorized
into HCC and HCA groups based on their histopathologi-
cal outcomes. Normal controls were obtained from adja-
cent non-tumor tissues. Antibodies against ATP5PD,
ATP5F1B, and ATPSF1C (Supplementary Table 4) were
used to assess the expression levels of these proteins in
HCC, HCA, and NOR. The Institutional Ethical Com-
mittee of Renmin Hospital of Wuhan University re-
viewed and approved the study design (No. WDRY?2024-
KO038) and the requirement for obtaining informed con-
sent from the involved patients was waived due to the
retrospective nature of the study design. The results of
the ITHC were analyzed using the Image] software

(v1.8.0).

2 Results

2.1 Identification of DEPs in Datasets

In the IPX0001444000 dataset, we selected three
groups, namely, HCC, HCA, and NOR. A total of 6 749
genes were identified. By comparing HCC and HCA with
NOR, 793 DEPs were identified in HCC and 295 DEPs
were identified in HCA, respectively (Fig. 2 and 3). The
dimensions of expression profiles among different groups
were reduced in the PCA plot. The expression profiles of
HCC and HCA partially overlaped, while NOR samples
clustered separately (Supplementary Fig. 2).

2.2 Functional Analysis of HCC and NOR-DEPs

By comparing HCC with NOR, we identified 793
DEPs (FC>4, adjusted P-value<0.01). Among these
DEPs, there were 781 upregulated genes and 12 down-
regulated genes (Fig. 2(a)). In HCC, ETFB, ECI1, and
NNT were the three most significantly up-regulated
genes, while ISLR, APCS, and VPS13D were the three
most significantly down-regulated ones. All of these
genes showed statistical significance. In terms of overall
protein expression, there were also significant expres-
sion differences between HCC and NOR (Fig. 3(a)).

Functional annotation of the identified DEPs was
performed using the DAVID database, focusing on BP,
CC, and MF. For HCC vs. NOR-DEPs, the most en-
riched BP was translation, with fold enrichment (FE) of
9.80. Other enriched BPs included cytoplasmic transla-
tion (FE=20.16), negative regulation of apoptotic pro-
cess (FE=1.73), protein stabilization (FE=3.84), and in-
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tracellular protein transport (FE=2.57). These DEPs also
showed significant enrichment in CCs such as the cyto-
sol (FE=2.24) and cytoplasm (FE=1.79). In addition, en-
riched MFs included protein binding (FE=1.27), RNA
binding (FE=4.24), identical protein binding (FE=1.96),
ATP binding (FE=1.97), and structural constituent of ri-
bosome (FE=9.94). All of the above GOs were signifi-
cantly different.
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The pathway enrichment analysis based on KEGG
database indicated that the relevant pathways for HCC
vs. NOR-DEPs were primarily associated with meta-
bolic pathways (FE=1.995), ribosome (FE=6.83), coro-
navirus disease-COVID-19 (FE=4.70), pathways of
neurodegeneration-multiple diseases (FE=2.20), and Par-
kinson’s disease (FE=3.65). All of these pathways were
significantly different (Fig. 4(a)-(d)).
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Fig. 2 Comparative analysis of proteomic expression profiles between different groups

(a) Volcano plot showing upregulation (red dots) and downregulation (green dots) between HCC and NOR. (b) Volcano plot showing upregulation (red dots)

and downregulation (green dots) between HCA and NOR.
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Fig. 3 Cluster heatmaps of proteomic expression profiles for different groups

(a) The red square represents the HCC group, and the blue square represents the NOR group. (b) The yellow square represents the HCA group, and the blue

square represents the NOR group.
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Fig.4 Enrichment analysis of differentially expressed genes between HCC and NOR using GO and KEGG

(a) Bubble chart of biological process (BP). (b) Bubble chart of cellular component (CC). (¢) Bubble chart of molecular function (MF). (d) Bubble chart of

KEGG pathway.

2.3 Functional Analysis of HCA and NOR-DEPs

In the comparison of HCA with normal thyroid tis-
sue, 295 DEPs (FC>4, adjusted P-value<0.01) were identi-
fied. Among these DEPs, there were 293 upregulated
genes and 2 downregulated genes (Fig. 2(b)). Of the differ-
ential genes in HCA vs. NOR, GOT2, and UQCRFSI
were the three most significantly upregulated genes, while
ISLR and APCS were significantly downregulated. On to-
tal protein expression, HCA and NOR showed significant
differences (Fig. 3(b)).

For HCA vs. NOR-DEPs, the most enriched BPs in-
cluded translation (FE=10.76), cytoplasmic translation
(FE=22.22), hydrogen ion transmembrane transport (FE=
11.59), tricarboxylic acid cycle (FE=40.40), and nega-
tive regulation of apoptotic process (FE=2.14). In terms
of CC, these DEPs were primarily enriched in the mito-
chondrion (FE=8.18), cytosol (FE=1.81), extracellular
exosome (FE=4.05), cytoplasm (FE=1.39, P-value<
0.05), and nucleus (FE=1.15). Enriched MFs primarily
focused on protein binding (FE=1.14), RNA binding (FE
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=3.38), identical protein binding (FE=2.10), and ATP
binding (FE=1.97). The most enriched KEGG pathways
for these DEPs included metabolic pathways (FE=3.07)
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and Parkinson’s disease (FE=6.03). The GOs and path-
ways mentioned above are significantly different (Fig. 5

()-(d)).
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Fig. 5 Enrichment analysis of differentially expressed genes between HCA and NOR using GO and KEGG

(a) Bubble chart of biological process (BP). (b) Bubble chart of cellular component (CC). (c) Bubble chart of molecular function (MF). (d) Bubble chart of

KEGG pathway.

2.4 PPI Networks of HCC vs. NOR-DEPs and
HCA vs. NOR-DEPs

HCC vs. NOR-DEPs and HCA vs. NOR-DEPs
were separately imported into the online STRING data-

base. Genes with no interactions were removed, and the
interacting genes were examined. The PPI network for

HCC vs. NOR-DEPs comprised 52 nodes, while the PPI
network for HCA vs. NOR-DEPs consisted of 59 nodes
(Fig. 6(a), (b)).

Gene scoring identified significant nodes related to
HCC vs. NOR-DEPs, including GAPDH (degree=293),
HSPAS (degree=232), EEF2 (degree=231), HSP90AA1
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(b) -

Fig. 6 Protein-protein interaction (PPI) network analysis of
DEPs
The color of the dots represents the clustering of proteins. The thickness of
the connecting line represents the degree of tightness between proteins. (a)
The PPI network for HCC vs. NOR-DEPs. (b) The PPI network for HCA
vs. NOR-DEPs.

(degree=231), RPS3 (degree=216), and etc.

In the HCA vs. NOR-DEPs’ PPI network, ATPSF1A
(degree=123), GAPDH (degree=117), ACO2 (degree=
116), SDHA (degree=109), and ATP synthase F1 subunit
beta (ATP5F1B, degree=106) were identified.

A Venn diagram (Fig. 7(a)) revealed 94 genes both
differentially expressed in two comparisons. To further
identify key genes associated with HCC development,
these 94 genes were imported into STRING to obtain in-
teraction data (Fig. 7(b)). Using the MCC algorithm, the
top ten ranked genes (hug gene) were identified, includ-
ing ATP5F1B (score=8 672), ATP synthase F1 subunit
gamma (ATP5F1C, score=7 346), ATP synthase periph-
eral stalk subunit D (ATP5PD, score=6 240) (Fig. 7(c)).

2.5 Validation of Hub Genes

ROC curve was conducted to explore the sensitivity
and specificity of hub genes for diagnosing HCC. Valida-
tion using an internal dataset revealed the following
AUC values. Hub genes with the best predicting ability
was ATPSPD (AUC=0.997), followed by ATPSF1B
(AUC=0.996) and ATP5F1C (AUC=0.996). Notably, the
AUCs of all these 10 selected genes were higher than
0.980 (Fig. 8).

(@) (c)
HCC vs. NOR  HCA vs. NOR
.};/ \: SUCLGL
o=,
AN SN

201 27

(b)

Fig. 7 Screen out hub genes based on the intersection of two
comparisons (HCC vs. NOR and HCA vs. NOR)

(a) The Venn diagram shows the intersection of differentially expressed
genes of two comparisons. (b) PPI network analysis of 94 intersecting
genes. (c¢) PPI network analysis of the top ten genes among 94 intersecting
genes.

2.6 Transcription Factor Analysis of Hub
Genes

The associations of 10 hub genes and 206 related
TFs were constructed. Further analysis revealed 39 TFs
and 43 miRNAs interacted with the 10 selected genes
(Fig. 9).
2.7 Correlation between Hub Genes and
Diseases

Querying DisGeNET for these ten genes predicted
that ACO2 and ATPSF1B were associated with several
diseases, while the other genes showed no correlation
with any disease. In the predictions, ACO2 was related
to 37 diseases, such as liver carcinoma, epilepsy, and cer-
ebellar degeneration, suggesting that ACO2 may play a
significant role in the development of various diseases.
ATPSF1B was predicted to be associated with 5 dis-
eases, including precancerous conditions, hypoxia, non-
alcoholic fatty liver disease, spinocerebellar ataxia 17
and acute kidney injury (Fig. 10). The disorders associ-
ated with ACO2 and ATP5F1B did not intersect.

2.8 Correlation between Hub Genes and Drugs

Five drugs, quercetin, 1-acetyl-2-carboxypiperi-
dine, aurovertin b, piceatannol, and N1- (2-amino-4-
methylpentyl) octahydro-pyrrolo[1, 2-a] pyrimidine,

have been shown to interact with the protein products of
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three genes: ATP5F1A, ATPSF1B, and ATPSF1C. The
analysis of protein-drug interactions indicates that the
protein product of UQCRFSI can interact with 8 drugs.
Additionally, the protein product of ATPSF1D can inter-

Fig. 8 Receiver operating characteristic (ROC) of hub genes
(a) ATP5F1A. (b) ATP5F1B. (c) UQCRFSI. (d) ATP5FID. (e) ATP5FIC. (f) COX5A. (g) ATP5PD. (h) ATP5PO. (i) SUCLGI. (j) ACO2. (k) The protein
expression levels of hub genes in different groups ( P<0.05, #* P<0.01, #:# P<0.001, and *#x P<0.000 1).

act with 6 drugs, while the protein product of ACO2 can
interact with 5 drugs. Furthermore, the protein product
of COX5A can interact with 2 drugs, which are cholic
acid and N-formylmethionine(Fig. 11(a)-(d)).
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Fig. 9 Transcription factor analysis of hub genes

The network of ten hub genes and 39 TFs and 43 miRNAs. The red dots represent genes, the blue dots represent miRNAs, and the yellow dots represent TFs.
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Fig. 10 Analysis of hub genes and diseases

The red dots represent genes, and the yellow dots represent diseases. (a) Network of the association between ACO2 and diseases. (b) Network of the

association between ATP5B and diseases.

2.9 Validation by IHC

IHC was used to validate the expression differences

of the top three proteins with the highest AUCs (ATP5PD,
ATPSF1B, ATPSF1C) in an independent cohort of 8 pa-

tients (4 HCC and 4 HCA) (Fig. 12). The IHC results con-
firmed that ATP5PD, ATP5F1B, and ATP5F1C were sig-

nificantly upregulated in HCC tissues compared to HCA
tissues and adjacent normal thyroid tissues (Fig. 12(a)-(1)).



WANG lJiaxi et al: ATP-Related Proteins Were Associated with Hiirthle Cell Carcinomas Identified --- 195

(a) METHYL (b)
(22)2-2-{[6<2-CYANOPHENOXY)PYRIMIDIN4-YLJOXY |PHENYL)3-METHOXYACRYLATE NI-(2-AMINO4-METHYLPENTYL)OCTAHYDRO-PYRROLO[1 2-A]
| PYRIMIDINE
I\
2NONYLA4-HYDROXYQUINOLINE | FAMOXADONE i
N-OXIDE [ |
S~ | & /1
2-Hexyloxy-6-Hydroxymethyl-Tetrahydro- " snundeeyl-6-hydroxy4,7-dioxobenzothiazole PICEATANNOL - — / AW
Pyran-3.4.5-Triol . NG -
: - b =
(59)3-ANILINO-S-(24-DIFLUOROPHENYL)-S-METHYL-1, S\ SHEPIYLGHVDROXY-L - -
3-OXAZOLIDINE-24-DIONE . 3BENZOTHIAZOLE7-DIONE - >y .
' METHYL Quercetin 1-ACETYL-2-CARBOXYPIPERIDINE
UBIQUINONE-2 (22)3-METHOXY-2-{2-{(E)-2-PHENYLVINYL]PHENYL} ACRYLATE
(C) Desflurane

Sevoflurane

/
/
/

Enflurane e - . —— Halothane

\
4 A\

/ \
/ \

Isoflurane Methoxyflurane

(d) Isocitric Acid

4-Hydroxy-Aconitate
lon

-'* —  Tricarballylic Acid

/ \
% \
/!

Alpha-Methylisocitric
Acid

Aconitate lon

Fig. 11 Analysis of hub genes and drugs

The red dots represent genes, and the orange dots represent drugs. (a) Network of the association between UQCRFSI and drugs. (b) Network of the
association between ATP5B, ATPSA1, and ATP5C1 with drugs. (c) Network of the association between ATPSD and drugs. (d) Network of the association

between ACO2 and drugs.
3 Discussion

HCC, a rare type of thyroid cancer, is closely asso-
ciated with mitochondrial dysfunction. Compared to
common thyroid papillary carcinoma, HCC presents
with greater treatment challenges and poorer prognosis.
This has sparked in-depth research into the biological
mechanisms of HCC in hopes of discovering potential
diagnostic markers and treatment targets. WHO guide-
line suggests a potential link between HCC and HCAP!,
Mutations in mtDNA have been shown to be closely as-
sociated with the occurrence of HCC.

In our study, we employed bioinformatics methods
to organize and analyze the proteomics data available on
iProX. We explored the molecular mechanisms of HCC
oncogenesis. Our focus was on proteins related to mito-
chondrial function. Ultimately, we found that HCC and
HCA share some genes closely related to metabolism.
These genes are involved in the composition of ATP syn-
thase (mitochondrial complex V), the function of mito-
chondrial complexes III and IV, and critical mitochon-
drial metabolic pathways like the citric acid cycle
(TCA). We further validated the expression of the top
three proteins with the highest AUCs in ROC curves
through immunohistochemistry. We found that these pro-
teins were significantly more highly expressed in HCC
than in HCA and significantly higher in HCA than in
NOR, which is consistent with our analysis results.

Consistent with the pathological characteristics, the
DEPs exhibited significant differences between HCC
and NOR, as well as HCA and NOR. Subsequently, we
conducted GO and KEGG analyses of these DEPs. Inter-
estingly, both HCC vs. NOR and HCA vs. NOR showed
enrichment in cytoplasmic translation, hydrogen ion
transmembrane transport, and negative regulation of
apoptotic processes. There were 28 upregulated genes re-
lated to cytoplasmic translation shared between the two
comparisons. These genes primarily participate in the
construction of ribosomal large subunits and catalyze
protein synthesis. This suggests that the ribosomes in
both HCC and HCA may exhibit abnormal activity, po-
tentially contributing to the maintenance of rapid cancer
cell proliferation. Ribosomes are essential cellular organ-
elles involved in translation, catalysis, and protein struc-
ture maintenance. In cancer cells, protein synthesis is of-
ten increased to support abnormal cell division and
growth. Overactive ribosomes can promote the develop-
ment of malignant tumors. Upregulation of the nuclear
gene HEATR1 may promote ribosomal function by af-
fecting the transcription and processing of ribosomal
RNA polymerase I. This has been associated with poor
survival rates and malignant clinical features in liver cell
carcinoma®. In certain tissues, the sustained activation
of the ribosomal stress response may lead to the loss of
P53 function, increasing the risk of cancer development.
Meanwhile, the upregulation of ribosome biogenesis
rates is associated with tissue tumor transformation influ-
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Fig. 12 Validation of differential expression of ATPSF1B, ATPSF1C, and ATPSPD between HCC, HCA, and NOR in another
independent queue

(a-c) HCC tissue shows significant upregulation of ATP5F1B, ATP5F1C and ATP5PD compared to HCA tissue. Similarly, compared to NOR tissue, these
three genes are significantly upregulated in HCC and HCA. Evaluation of IHC staining is based on the sum of percentage and intensity scores. (d-1)
Representative IHC staining of ATPSF1B (d, HCC; e, HCA; f, NOR) and ATPSF1C (g, HCC; h, HCA; i, NOR) and ATP5PD (j, HCC; k, HCA; 1, NOR).
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enced by chronic inflammation. Ribosomal dysfunction
may be a contributing factor to the increased susceptibil-
ity to cancer in ribosomopathies as well®™. Furthermore,
a range of rare genetic diseases that lead to alterations in
ribosome production, known as ribosomopathies, have a
significantly higher risk of cancer incidence compared to
chronic infections, although they are much less com-
mon®"!. Based on our research results, it can be inferred
that the upregulation of mitochondrial function may be
associated with the occurrence of HCC.

The intersection of DEPs between HCC vs. NOR
and HCA vs. NOR reveals 23 proteins. These proteins
are associated with hydrogen ion transmembrane trans-
port, and are mainly involved in complex assembly, in-
tracellular acid vesicle formation and acidification, and
the transport of ADP and ATP within mitochondria®. In
both HCC and HCA, these proteins are upregulated com-
pared to normal thyroid tissue.

Furthermore, the PPI network primarily demon-
strates the close interactions among these identified pro-
teins, which are mainly involved in the formation of
complexes in the oxidative respiratory chain and serve
as enzyme proteins in the citric acid cycle.

Specifically, we observed significant upregulation
in the expression of proteins such as ATPSFI1A,
ATP5F1B, ATPSFIC, ATP5F1D, ATP5SPD, and
ATP5PO, all of which are components of ATP synthase
(complex V). Additionally, UQCRFS1 and COXS5A are
involved in the construction of complex Il and IV,
while ACO2 and SUCLG1 are related to the citric acid
cycle. Existing research suggests that mtDNA mutations
and copy number alterations in HCC often occur in com-
plex I and III, but there have been limited reports on
genes related to complex V"*'%2'*% The differential ex-
pression of these proteins in various cancers suggests
that they may play a critical role in the development and
progression of tumors.

The phosphorylation of ATPSF1A has been shown
to prevent its binding to the physiological inhibitor sub-
unit (ATP synthase inhibitory factor subunit 1), leading
to sustained mitochondrial activity, thus promoting can-
cer cell growth. Furthermore, through TNK2/ACK1 me-
diation, the phosphorylation of ATPSF1A not only en-
hances the stability of complex V but also increases mi-
tochondrial energy output in cancer cells®". This is re-
lated to the synergistic interaction among AURKA/
ATPSF1A/ATPSF1B, as they collectively maintain the
energy metabolism and cell survival of breast cancer

cells®. In addition, studies have reported that ATP5FA1
may play a critical role in cervical cancer cells by regu-
lating the expression and alternative splicing of cancer-
related genes®™. Additionally, the progression of clear
cell renal cell carcinoma is associated with the regula-
tion of ATPSF1A phosphorylation, likely mediated
through tumor-related signaling pathways"”.

ATPSF1A is also associated with autoimmune atro-
phic gastritis, a condition that may progress to gastric
cancer. ATPSF1A is a shared gene between these two
conditions, but its expression levels are relatively low"®.
Furthermore, other studies have revealed that the loss of
ATPSF1A promotes cell proliferation and may be indica-
tive of an unfavorable prognosis in colorectal adenocar-
cinoma™. Ling et al'” has unveiled the potential thera-
peutic role of ATPSFA1 in alleviating LPS-induced
depression-like behavior and cognitive impairments,
which may have significant implications for the treat-
ment of Alzheimer’s disease. Interestingly, mutations in
ATPSF1A in neonates may lead to developmental disor-
ders, high lactic acidemia, hyperammonemia, and pro-
nounced clinical symptoms in infants®". Additionally, re-
search has shown that both ATPSF1A and ATP5F1B are
associated with isolated muscle tension disorders®.
These studies collectively demonstrate that ATPSF1A
may have diverse functions in various tissues, and both
its high and low expression levels may be associated
with cancer cell proliferation.

The study of Slater et al'* revealed that ATP5F1B
is expressed in metastatic uveal melanoma, and this high
expression is associated with poor prognosis. The inter-
actions between AURKA, ATP5F1A, and ATP5F1B ex-
hibit metabolic-specific trends in triple-negative breast
cancer cell lines, and they are closely associated with
cell fate. On one hand, this interaction induces G0/G1 ar-
rest in cells primarily relying on oxidative phosphoryla-
tion as their main energy source. On the other hand, it
can bypass the cell cycle arrest and trigger cell death in
cells with glycolytic metabolism™. The steroid receptor
RNA activator 1 (SRAT1) gene plays a crucial role in the
progression of various cancers. Its mechanism of action
includes mediation through the long non-coding RNA
SRA (LncRNA SRA). LncRNA SRA can also function
as an oncogene by modulating the OXPHOS pathway in
colorectal cancer. Knocking down LncRNA SRA results
in changes in the expression levels of genes involved in
the OXPHOS pathway and ATP5F1B™. These studies

collectively demonstrate that high expression of
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ATP5F1B may increase tumor invasiveness. Conversely,
inhibiting the expression levels of ATP5F1B through
non-coding RNA or other pathways may help suppress
tumor growth.

Another study suggests that in the breast cancer
MDA-MD-231 cell line, cells with high ATP5FIC ex-
pression exhibit a fivefold lower in vivo metastatic capa-
bility than low-expression cells. Furthermore, knocking
out ATPSF1C can reduce ATP generation and cell migra-
tion',

The research of Song et al® has revealed that drug
resistance in tumor cells is initiated through the epigen-
etic loss of ATP synthase subunit ATP5PD, resulting in a
core metabolic reprogramming pathway. This leads to
the accumulation of ROS under normoxic conditions
and stabilization of HIF-a, granting tumor cells a stem-
like and invasive phenotype. The loss of ATPSPD is
closely associated with treatment failure, disease pro-
gression, and poor survival rates in cancer patients. In
addition, the ATP5SPD/KCTD2 locus is also associated
with the risk of Alzheimer’s disease®”’.

Furthermore, studies suggest that P53 damage may

lead to an increase in ATP5PO expression®

, providing
indirect evidence for the potential association between
high ATP5PO expression and increased tumor invasive-
ness.

UQCREFSI is a crucial component of mitochondrial
complex III, and its incorporation is the second-to-last
step in the assembly of complex III". UQCRFSI1 con-
tains a catalytic core subunit with a 2Fe-2S cluster, and
previous research has clearly indicated that UQCRFS1 is
closely associated with cell growth”. In earlier studies,
there were reports indicating significant differences in
the activity of complex III between normal and invasive
metastatic breast cancer cell lines, particularly notable
differences in the expression of UQCRFS1 (encoding
the RISP protein). Knocking out UQCRFSI1 resulted in a
decrease in mitochondrial membrane potential, subse-
quently reducing the degree of matrix invasion”". Fur-
thermore, a study in 2012 identified nine significantly
amplified genes in patients with ER-negative grade III
breast cancer, among which UQCRFSI1, POP4, and
PLEKHF1 were included”. SIRT6 is an NAD-+-depen-
dent deacetylase that can enhance the expression and ac-
tivity of pyruvate dehydrogenase in breast cancer cells
through its enzymatic activity. It reduces the activity of
AMPK. Silencing SIRT6 can potentially inhibit the ex-
pression of UQCRFSI1, showing promise as a treatment

approach for breast cancer””. This might suggest that the
high expression of UQCRFSI1 is associated with in-
creased cancer invasiveness. Furthermore, subsequent re-
search has further confirmed the close association of
UQCRFSI1 with various cancers, including acute lym-
phocytic leukemia, gastric cancer, renal clear cell carci-
noma, and ovarian cancer”™™, Additionally, research has
found that UQCRFS1 may be a potential biomarker for
predicting the prognosis of cutaneous melanoma™,
These findings emphasize the potential significance of
UQCREFSI in various cancer types, particularly its role
in regulating cancer cell invasiveness. Further insights
into the biological functions and regulatory mechanisms
of UQCRFSI1 will help uncover its roles in different can-
cers, providing valuable insights for future therapeutic
strategies.

COXS5A is a crucial gene encoding mitochondrial
complex IV, also known as cytochrome ¢ oxidase. This
complex plays a critical role in transferring electrons
from NADH and succinate to oxygen molecules while
creating an electrochemical gradient across the inner mi-
tochondrial membrane to drive transmembrane electron
transfer and ATP synthesis. Studies have shown upregu-
lated expression of COX5A, COXS5B, and ATP5PD in re-
nal oncocytoma™. Liu et al™ revealed that by compar-
ing the mitochondrial proteins of nasopharyngeal carci-
noma cells with metastatic capability to those without,
ten mitochondrial genes, including COX5A, were found
to conform to the tumor-stroma co-evolution model.
This suggests that these genes might be directly in-
volved in tumor metastasis by regulating oxidative
stress. In 2020, Zeng and colleagues™' discovered a posi-
tive correlation between COX5A and the metastasis and
drug resistance of ER+ breast cancer. Knocking down
COXS5A can increase breast cancer cell sensitivity to che-
motherapy by reducing ATP levels and increasing the
production of reactive oxygen species. MiR-204 can tar-
get and inhibit the expression of COX5A, thereby revers-
ing the function of COX5A in ER+ breast cancer cells.
Furthermore, under hypoxic conditions, miR-26a-5p and
miR-26b-5p may directly regulate COXSA, thereby
modulating oxygen-related cell death®™. In contrast to
other tumors, the expression level of COX5A in glioblas-
toma is relatively lower compared to low-grade gliomas
and normal brain tissue. This may be associated with the
increased glycolytic activity in glioblastoma™*
all, our study reveals that the differentially expressed
proteins shared between HCC and HCA may play cru-

1. Over-
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cial roles in the progression from normal thyroid tissue
to oncocytic adenoma and oncocytic carcinoma. Particu-
larly, proteins like COXS5A exhibit significant impacts
on oxidative stress, metastasis, and drug resistance in tu-
mors.

Current research suggests that thyroid cancer can
often survive within the context of tricarboxylic acid
cycle impairments, including HCC. Additionally, in
HCC, the levels of intermediates in the citric acid cycle
significantly decrease compared to normal tissue, while
the levels of enzyme proteins involved in the citric acid
cycle markedly increase™®. Without a doubt, the upregu-
lation of ACO2 and SUCLGI1 identified in this study is
consistent with previous research findings in HCC.

In general, these previous studies support the reli-
ability of our data and analysis results, suggesting that
these differentially expressed proteins could serve as
candidate biomarkers for predicting the transformation
from normal thyroid tissue to HCC.

To confirm the accuracy of our data as a resource
for further research, we applied MCC scores to the pro-
teins in the PPI network, selected the top ten proteins
with the highest scores as core proteins, conducted ROC
analysis on these core proteins, and validated the top
three proteins with the highest AUC using an external
dataset through immunohistochemistry. The results re-
vealed that ATPSPD, ATP5F1B, and ATP5F1C were sig-
nificantly higher in HCC compared to HCA, and all of
them were significantly elevated compared to normal
thyroid tissue. This suggests that normal thyroid tissue
may gradually transform into HCA and then further
progress into HCC, with the function of complex V con-
tinuously strengthening throughout this process.

In summary, our study primarily discovered signifi-
cant upregulation of proteins related to mitochondrial
complex V, III, IV, and enzymes of the citric acid cycle
in HCC compared to normal thyroid tissue. This may im-
ply the presence of inhibition in the upstream aerobic
oxidation metabolism. Previous research has indeed
found that the ratio of acetate to lactate is significantly
decreased in HCC. This suggests that HCC primarily re-
lies on anaerobic glycolysis to produce lactate as the
main source of energy production. The study also found
that the accumulation of 2-phosphoglycerate (2PG) lev-
els is 27 times higher than that of adjacent normal tissue,
further confirming the notion of enhanced anaerobic gly-
colysis in HCC™". It is hypothesized that the increased
production of lactate through anaerobic fermentation

may be linked to the eosinophilic staining observed in
HCC. This may be due to the absence or low expression
of a molecule located upstream of the oxidative respira-
tory chain, resulting in reduced production of aerobic
oxidation products of sugars. As a result, there is an in-
crease in the adaptive level of enzyme proteins down-
stream of the citric acid cycle and in the complex. The
latest research shows that lactic acid accumulation not
only affects energy metabolism but also regulates gene
expression through histone or nonhistone lactylation,
which provides a new research direction for the further
study of the pathogenesis of HCC.

The identification of four different proteins,
ATPSF1E, ATP5PB, ATPSMG, and ATPSME, which are
subunits of ATP synthase, is significant. ATPSF1E en-
codes the ATP synthase F1 subunit epsilon and plays a
role in catalyzing the formation of ATP from ADP, work-
ing together with subunits alpha, beta, gamma, and
sigma in the F1 portion of ATP synthase. ATP5PD,
ATPSME, and ATP5SMG, on the other hand, encode sub-
units b, e, and g, respectively, and together with six
other subunits. They constitute the FO portion, which
forms the proton channel. These subunits are integral
components of ATP synthase, a critical enzyme in cellu-
lar energy production™. The significant upregulation of
these proteins in HCC indicates that the overall function
of ATP synthase may be enhanced. This upregulation
may be a secondary response to a shortage of substrates
for the enzyme.

Among the drugs capable of interacting with the
protein products of hub genes, Diazoxide is a non-
diuretic benzothiadiazine used to treat hypoglycemia in
patients with insulin overproduction caused by various
conditions. Previous research has indicated its inhibitory
effects on ATP synthase activity in myocardial cells,
achieving cardioprotective mechanisms by reducing ATP
production. In HCC, multiple proteins that makeup ATP
synthase show a significant increase. This suggests that
Diazoxide may have potential utility in the treatment of
HCC™. Additionally, a proteomic study suggests that
Artenimol may act as a ligand to bind with the a-subunit
of ATP synthase, ATP synthase subunit O, and ATP syn-
thase membrane subunit G. These three proteins showed
significant upregulation in our study. This interaction po-
tentially exerts an anti-inflammatory effect. However, it
is not yet clear whether it promotes ATP production or
inhibits ATP production™. These drugs that can affect
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ATP synthase have been shown to impact its function.
This could hold potential for the treatment of HCC in
the future.

Vacuolar-type ATPase (V-ATPase) is a multi-
subunit enzyme consisting of a peripheral complex (V1)
that hydrolyzes ATP and an integral membrane complex
(VO0) that transports protons across membranes. Its func-
tion is to acidify intracellular compartments in eukary-
otic cells. V-ATPase is widely expressed and found in or-
ganelles such as vacuoles, lysosomes, and endosomes,
which are membrane-bound cellular organelles™. The
upregulation of the A subunit and the E1 subunit of V-
ATPase in our study provides a reasonable explanation
for the increased acidity observed in HCC. These sub-
units are part of the vacuolar ATPase complex, which
plays a role in acidifying intracellular compartments.
The upregulation of these subunits might contribute to
the altered acid-base balance within HCC cells.

The current study has some intrinsic limitations.
Proteomics sequencing data were employed to discern
and scrutinize HCC and HCA. However, the scarcity of
multiple HCC-related datasets in public databases posed
a challenge in procuring sequencing data suitable for ex-
ternal validation, potentially influencing the outcomes.
Furthermore, while this study suggested that the upregu-
lation of proteins related to aerobic oxidation was an
adaptive response to the absence or downregulation of
upstream molecules, the identification of a specific ini-
tiator molecule remained elusive. This aspect warranted
further investigation in future studies for confirmation
and validation.

Limited by the incidence of HCC and the sample
size of a single center, we are unable to obtain more
samples for IHC verification. In the future, we will carry
out multi-center research to strengthen the reliability of
the research.

4 Conclusion

Our study revealed a close association between the
proteins involved in the assembly of complex V and the
occurrence of HCC. By comparing HCC with HCA and
normal thyroid tissues, the expression of these DEPs in
HCA fell between those of HCC and normal tissues with
statistical significance. This phenomenon supported the
hypothesis that normal thyroid tissues first progress to
HCA and then develop into HCC. The hub genes we

identified include ACO2 and SUCLGI1, which are in-
volved in the citric acid cycle, and we validated the top
three proteins with the highest AUC using IHC. This cor-
roborates previous research findings and further sup-
ports the reliability of our study. The differences in pro-
teins related to complex V offer novel insights for re-
search and treatment. The enhanced anaerobic glycolysis
leading to increased lactate production in HCC may be
one of the reasons for the acidic staining characteristics
observed. There might be a molecular deficiency or
downregulation in the upstream oxidative phosphoryla-
tion, leading to a decrease in the production of aerobic
oxidation products from glucose. This, in turn, increases
the adaptive levels of enzymes in the downstream citric
acid cycle and complex V. By inhibiting the activity of
these proteins, it is possible to suppress HCC activity.
This study revealed hub genes that could serve as poten-
tial biomarkers and therapeutic targets for HCC in clini-
cal practice.
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