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Abstract

Objective: This study investigated the role of long non-coding RNAs (IncRNAs) FTX in vascular endothelial cells (ECs). Methods:
Transfection of FTX/Sh-FTX with lentivirus was used to construct gain and loss of function cell models in human umbilical vein en-
dothelial cells (HUVECs). Liquid chromatography-mass spectrometry was used for quantitative proteomics analysis of differentially
expressed proteins (DEPs). Gene Ontology, Kyoto Encyclopedia of Genes and Genomes, and protein interaction analysis were fur-
ther conducted to investigate the key molecules and pathways that respond to IncRNA-FTX. Results: In the proteomics analysis, 3308
quantifiable proteins were identified, 64 proteins were upregulated and 103 were downregulated when IncRNA FTX was overexpressed.
Additionally, 100 proteins were upregulated and 147 were downregulated when IncRNA FTX was knocked down. Functional clustering
analysis of DEPs demonstrated that IncRNA FTX was involved in multiple biological processes. Among them, the expression of com-
plement 3 (C3), cartilage oligomeric matrix protein (COMP), faciogenital dysplasia 6 (FGD6), and tissue inhibitor of metalloproteinase
1 (TIMP1) was significantly upregulated when IncRNA FTX was knocked down, and significantly downregulated when IncRNA FTX
was overexpressed. They are associated with inflammation, collagen deposition, angiogenesis, and regulation of liver stem cell differ-
entiation, which may be associated with the occurrence and development of liver fibrosis. Conclusions: The study demonstrated that
IncRNA FTX might play a potential role in ECs and contribute to the development of liver fibrosis. Thus, FTX may be a promising target
for the prevention or reversal of liver fibrosis.
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1. Introduction

Endothelial cells (ECs) lining the heart, blood ves-
sels, and lymphatic vessels serve as a crucial interface be-
tween the vascular wall and blood. ECs lining the walls
of blood vessels can regulate blood flow and play pivotal
roles in inflammatory responses through the expression of

Many factors have been shown to regulate the function
of ECs, including the long non-coding RNAs (IncRNAs),
which participate in epigenetic modifications. LncRNAs
such as antisense non-coding RNA in the INK4 locus (AN-
RIL) induce the expression of inflammation-related genes
and alternative splicing in human umbilical vein endothelial

adhesion molecules, recruitment of inflammatory cells, and
neovascularization [1]. Moreover, ECs can secrete an ar-
ray of proteins that can lead to coagulation disorders. Ad-
ditionally, they are able to regulate vascular smooth mus-
cle cells (VSMCs) and help inhibit thrombosis by secreting
cytokines [2]. Under normal physiological conditions, the
proliferation and apoptosis of endothelial cells are in bal-
ance, enabling the normal function of blood vessels [3]. En-
dothelial dysfunction is associated with the development of
various diseases such as coronary heart disease [4], stroke
[5], diabetes [6], pulmonary fibrosis [7], and coronavirus
disease 2019 [8]. Drugs that target endothelial dysfunction
possess therapeutic potential in numerous diseases [9].

cells (HUVECs) when overexpressed [10], and CA7-4 pro-
motes autophagy or apoptosis by sponging microRNA 877-
3p (miR-877-3p) and miR-5680 in high glucose-induced
ECs [11]. Moreover, IncRNA metastasis-associated lung
adenocarcinoma transcript 1 (MALAT1) inhibits ECs pro-
liferation or angiogenesis while promoting invasion and
apoptosis [12], indicating that they may function as regu-
latory factors in the ECs dysfunction-related diseases.
FTX is anon-coding gene on the X chromosome in hu-
mans and was initially discovered and named IncRNA FTX
in human embryonic stem cells. Abnormal expression of
FTX is related to various congenital diseases and acquired
diseases such as tumors or fibrosis [13,14]. For example,
IncRNA-FTX upregulates the fragile X mental retardation
gene 1 (Fmrl) by sponging miR-410-3p to regulate my-

Copyright: © 2024 The Author(s). Published by IMR Press.
BY This is an open access article under the CC BY 4.0 license.

Publisher’s Note: IMR Press stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://www.imrpress.com/journal/FBL
https://doi.org/10.31083/j.fbl2901025
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ocardial cell injury induced by hypoxia/reoxygenation [15].
However, the role of FTX in ECs remains uncertain.

In our study, the intervention of IncRNA FTX expres-
sion FTX in HUVECs was performed in vitro and its in-
fluence on downstream protein composition was analyzed.
We identified the biological effects of IncRNA FTX in ECs.

2. Materials and Methods
2.1 Cell Culture

The HUVECs were obtained from the Chinese
Academy of Sciences Cell Bank (Shanghai, China) and
were cultured in Dulbecco’s modified Eagle medium (Hy-
clone, MA, USA) at 37 °C with 95% air and 5% COx.
All cell lines were validated by short tandem repeat profil-
ing and tested negative for mycoplasma. The medium was
changed every other day. The cells were passaged using
trypsin digestion once the cell density reached 80-90%.

2.2 Establishment of Stable Transgenic Cell Lines

According to the manufacturer’s instructions, IncRNA
FTX overexpression (FTX) and its mock control (FTX-
negative control [NC]), as well as IncRNA FTX RNA in-
terference (single hairpin [Sh]-FTX) and its mock NC (Sh-
NC), were transfected using lentivirus (Shanghai Geochem-
istry, Shanghai, China). Puromycin (2 g/mL) was used to
select transfected cells, and the stability of transfection was
verified by quantitative polymerase chain reaction (QPCR).

2.3 gPCR

Total RNA was extracted from HUVECs and sub-
jected to qPCR. Beta-actin (ACTB) was selected as the in-
ternal reference, and the 2~24¢ method was employed to
identify the relative expression of IncRNA FTX. The primer
sequences are shown in Table 1. The results of qPCR were
normalized to ACTB. All experiments were repeated three
times for improved reliability.

Table 1. The primer sequences.

Primer Sequences (5'-3")

IncRNA FTX Forward Primer GAATGTCCTTGTGAGGCAGTTG
IncRNA FTX Reverse Primer TGGTCACTCACATGGATGATCTG
ACTB Forward Primer GGCACCACACCTTCTACAATG
ACTB Reverse Primer TAGCACAGCCTGGATAGCAAC

2.4 Proteomics Analysis
2.4.1 Extraction and Digestion of Proteins

Samples removed from the —80 °C freezer were treated
with lysis buffer (8 M urea, 1% protease inhibitor), followed
by sonication to ensure complete lysis. After centrifuga-
tion of the solution at 4 °C and 12,000 g for 10 minutes
to eliminate cellular debris, and the supernatant was trans-
ferred to a new centrifuge tube. The protein concentration

was determined using a bicinchoninic acid kit. Equivalent
amounts of protein were obtained from every sample to di-
gest, with the proper amount of standard protein added dur-
ing volume adjustment with the lysis buffer. Subsequently,
dithiothreitol (DTT) was added into the solution to a final
concentration of 5 mM and incubated at 56 °C for 30 min-
utes, followed by the addition of iodoacetamide (IAA) to
a final concentration of 11 mM and incubation for 15 min-
utes at room temperature in the dark. The alkylated sam-
ples were transferred to an ultrafiltration tube, centrifuged
at room temperature for 20 minutes at 12,000 g, washed
three times with 8 M urea, and washed three times with a
replacement buffer. Trypsin was added to the samples at a
ratio of 1:50 (protease: protein, m/m) and allowed to enzy-
matically digest the proteins overnight. The peptide frag-
ments were recovered by centrifugation at 12,000 g for 10
minutes at room temperature, followed by recovery using
ultra-pure water and a combination of the peptide solution.

2.4.2 TMT Labeling

Tryptic peptides were first dissolved in 0.5 M TEAB.
Each sample of 50 ug peptide was labeled with their respec-
tive TMT reagent (ThermoFisher Scientific, MA, USA),
and incubated for 2 hours at room temperature. The labeling
information is shown in Table 2. Five microliters of each
sample were pooled, desalted, and analyzed by MS to check
labeling efficiency. After the labeling efficiency check,
samples were quenched by adding 5% hydroxylamine. The
pooled samples were then desalted with Strata X SPE col-
umn (Phenomenex) and dried by vacuum centrifugation.

Table 2. Labeling information.

Sample Groups Labeling information
H OE C 126
H _OE 128
H KD 129
H KD C 130

H OE C, HUVEC cells transfected with
FTX-NC as a control; H OE, HUVEC cells
overexpressing FTX; H KD, HUVEC cells
knocked down for FTX; H KD _C, HUVEC
cells transfected with shRNA-NC as a control.

2.4.3 HPLC Fractionation

The sample (200 pg labeled peptide) was fractionated
into fractions by high pH reverse-phase high-performance
liquid chromatography (HPLC) using Agilent 300 Extend
C18 column (10 um particles, 4.6 mm ID, 250 mm length).
Briefly, peptides were separated with a gradient of 8% to
32% acetonitrile in 10 mM ammonium bicarbonate pH 9
over 54 min into 54 fractions. The 54 peptide fractions were
combined into 9 fractions and dried by vacuum centrifug-
ing.
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2.4.4 LC-mass Spectrometry (LC-MS) Analyses

After dissolving the peptides in mobile phase A (the
water-based solution including 2% acetonitrile and 0.1%
formic acid), separation was carried out on the EASY-nLC
1200 ultra-HPLC (UHPLC) system. Meanwhile, mobile
phase B (water-based solution including 90% acetonitrile
and 0.1% formic acid) was utilized as well. The liquid gra-
dient was set as follows: 0—26 min, 5-22% B; 26—34 min,
22-32% B; 34-37 min, 32-80% B; 37-40 min, 80% B,
with a flow rate maintained at 450.00 nL/min. The pep-
tides were ionized through a nanospray ionization source
and analyzed with the HF-X Mass Spectrometer after sep-
aration using the UHPLC system. An ion source voltage
of 2.2 kV was utilized, and the detection and analysis of
parent ions and secondary fragments were performed by
high-resolution Orbitrap MS. The first mass scan was con-
ducted between 400 and 1600 m/z, with a resolution set
at 120,000.00, and the second mass scan was initiated at
100 m/z with a resolution of 15,000.00. A data-dependent
acquisition (DDA) program was used for data acquisition
mode, where the top 25.00 peptide parent ions with the
highest signal intensity were sequentially sent to the pool
for high energy collision dissociation (HCD) and then sub-
jected to secondary mass spectrometry (MS) analysis after
being fragmented with 28% collision energy. To enhance
MS efficiency, the automatic gain control (AGC) was set at
5 x 10%, the signal threshold was set at 2.5 x 10° ions/s,
and the maximum injection time was set at 50 ms. The dy-
namic exclusion time of tandem MS scans was maintained
at 30 s to prevent duplicate scanning of parent ions. Proteins
whose fold-change exceeded 1.3 were considered signifi-
cantly upregulated, whereas those whose change was below
1/1.3 were considered significantly downregulated.

2.4.5 Bioinformatics Analysis

The resulting MS/MS data were processed using the
MaxQuant search engine (v.1.6.15.0, https://www.maxqua
nt.org/). Tandem mass spectra were searched against the
human SwissProt database (20,366 entries) concatenated
with the reverse decoy database. Trypsin/P was specified
as a cleavage enzyme allowing up to 2 missing cleavages.
The mass tolerance for precursor ions was set as 20 ppm
in the First search and 4.5 ppm in the Main search, and the
mass tolerance for fragment ions was set as 0.02 Da. Car-
bamidomethyl on Cys was specified as a fixed modifica-
tion. Acetylation on protein N-terminal, oxidation on Met,
and deamidation (NQ) were specified as variable modifica-
tions. TMT-6plex quantification was performed. False dis-
covery rate (FDR) was adjusted to <1% and the minimum
score for peptides was set to >40.

Identified proteins were enriched for protein function,
structural domains, and biological pathways via annota-
tion with the UniProt-Gene Ontology Annotation (GOA)
database (http://www.ebi.ac.uk/GOA/), InterPro structural
domain database (http://www.ebi.ac.uk/interpro/) and Ky-
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oto Encyclopedia of Genes and Genomes database (http://
www.genome.jp/kaas-bin/kaas_main). Wolfpsort software
(https://www.genscript.com/wolf-psort.html) was used for
annotating the subcellular localization of submitted pro-
teins.  Differential expressed protein (DEPs) database
numbers, or protein sequences from different comparison
groups, were compared using the STRING (v10.5; http://cn
.string-db.org) protein network interaction database to ex-
tract protein interaction relationships that possessed a confi-
dence score >0.7 (high confidence). Network analysis was
performed using Cytoscape (v3.9.1; https://cytoscape.org),
and core proteins in the modules were selected using the Cy-
toHubba (v0.1; https://cytoscape.org) and MCODE (v2.0.0;
https://cytoscape.org) plugins, with the Matthews correla-
tion coefficient (MCC) algorithm employed by CytoHubba.

2.5 Statistical Analyses

Statistical analyses were performed using SPSS soft-
ware (v 25.0; IBM, Chicago, IL, USA) and the GraphPad
Prism 5 software (GraphPad, San Diego, CA, USA). Pro-
tein expression was compared using the two-sample, two-
tailed ¢-test, with significance set at p < 0.05.

3. Results
3.1 Lentiviral Infection Efficiency

HUVECs were transfected with the FTX overexpres-
sion lentivirus, its NC lentivirus, the ShRNA lentivirus, and
its NC lentivirus. Total RNA extracted from each cell group
was collected, and qPCR was used to confirm the changes
in FTX expression in HUVECs after successful transfection
with overexpression and shRNA lentivirus (Fig. 1).

3.2 Proteomics Profiles of HUVECs with Functional Loss
or Gain of LncRNA FTX

To study the effects of IncRNA FTX on ECs, we per-
formed quantitative proteomics analysis to analyze DEPs
in HUVECs with functional loss or gain of IncRNA FTX.
A total of 4348 proteins were identified by high-resolution
LC-MS/MS analysis, among which 3308 proteins were
quantifiable. A total of 64 significantly upregulated pro-
teins and 103 significantly downregulated proteins were
identified in the FTX group compared with the FTX-NC
group. A total of 36 significantly upregulated proteins and
44 significantly downregulated proteins were identified in
the FTX-Sh group compared with the Sh-NC group. Log-
arithmic transformation of the fold changes of all proteins
with the base two generated the volcano plot (Fig. 2). The
top 10 significantly upregulated and downregulated pro-
teins in each group are shown in Tables 3,4, respectively.
These data indicate that the intervention of IncRNA FTX
expression could lead to changes in the proteomics pro-
file of HUVECs, suggesting its potential involvement in the
regulation of EC function.
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Table 3. Top 10 significantly upregulated or downregulated proteins in H OE vs H OE_C.

Upregulated protein Protein description Downregulated protein Protein description
P04264/KRT1 Keratin, type II cytoskeletal 1 QI9NRRS|UBQLN4 Ubiquilin-4
PODMV9HSPA1B Heat shock 70 kDa protein 1B P67936/TPM4 Tropomyosin alpha-4 chain
P31689DNAJA1 Dnal homolog subfamily A member 1 P80297MT1X Metallothionein-1X
P07099|EPHX1 Epoxide hydrolase 1 P05783|KRT18 Keratin, type I cytoskeletal 18
QI9HIY6|POLR1IB DNA-directed RNA polymerase I subunit RPA2 Q06323|PSMEI Proteasome activator complex subunit 1
Q5BJF2]TMEM97 Sigma intracellular receptor 2 P55327/TPD52 Tumor protein D52
P56182RRP1 Ribosomal RNA processing protein 1 homolog A P62328 TMSB4X Thymosin beta-4
P50995|ANXA11 Annexin All 060664[PLIN3 Perilipin-3
P50454|SERPINH1 Serpin H1 QIUK76|JPT1 Jupiter microtubule associated homolog 1

Q96QDBS|SLC38A2 Sodium-coupled neutral amino acid transporter 2 Q9Y2US5MAP3K2 Mitogen-activated protein kinase kinase kinase 2

Table 4. Top 10 significantly upregulated or downregulated proteins in H_ KD vs H_ KD _C.

Upregulated protein Protein description Downregulated protein Protein description
Q68D86|CCDC102B Coiled-coil domain-containing protein 102B 075131|CPNE3 Copine-3

Q6ZVT3|FGD6 FYVE, RhoGEF and PH domain-containing protein 6 094925|GLS Glutaminase kidney isoform, mitochondrial
P49747|COMP Cartilage oligomeric matrix protein P62917RPLS 60S ribosomal protein L8
P04114/APOB Apolipoprotein B-100 P62851/RPS25 408 ribosomal protein S25
P07148/FABP1 Fatty acid-binding protein, liver P10412|H1-4 Histone H1.4
043175PHGDH D-3-phosphoglycerate dehydrogenase O15231|ZNF185 Zinc finger protein 185
QB8IZ83]ALDH16A1  Aldehyde dehydrogenase family 16 member Al P62424RPL7A 60S ribosomal protein L7a
P35237|SERPINB6 Serpin B6 P55263|ADK Adenosine kinase
P01033|TIMP1 Metalloproteinase inhibitor 1 P62987|UBAS2 Ubiquitin-60S ribosomal protein L40
QO1581[HMGCSI1 Hydroxymethylglutaryl-CoA synthase, cytoplasmic Q92804|TAF15 TATA-binding protein-associated factor 2N

3.3 Functional Enrichment and Clustering Analysis of
DEPs

Enrichment and clustering analyses were conducted to
evaluate the properties and functions of DEPs in response
to the overexpression or knockdown of IncRNA FTX. GO
functional enrichment analysis showed that the DEPs af-
ter knockdown or overexpression of IncRNA FTX mainly
existed in the cell, organelle, and membrane-enclosed lu-
men, performing molecular functions such as binding and
catalytic activity, which are primarily involved in cellular
processes, biological regulation, metabolic process, and re-
sponse to the stimuli. Based on GO enrichment clustering
analysis (Fig. 3), it was further shown that the DEPs related
to the endoplasmic reticulum (ER) lumen and extracellu-
lar region part were upregulated after IncRNA FTX knock-
down, while those related to the rough ER, rough ER mem-
brane, cytosolic large ribosomal subunit, and large riboso-
mal subunit were downregulated. The upregulated proteins
after overexpression of IncRNA FTX were enriched in cel-
lular components such as the cytosolic small ribosomal sub-
unit, small ribosomal subunit, and ribonucleoprotein com-
plex, whereas the downregulated proteins were enriched
in the actin cytoskeleton and extracellular region part. In
terms of biological processes, IncRNA FTX knockdown led
to the upregulation of proteins involved in the biosynthetic
process of alpha-amino acid, whereas the downregulated
proteins participated in processes such as amide biosyn-

thetic process, protein localization to the membrane and
ER, protein targeting to the membrane, translation, pep-
tide biosynthetic process, cotranslation protein targeting to
the membrane, and protein targeting to the estrogen recep-
tor. At the same time, after overexpression of IncRNA
FTX, the upregulated proteins were mainly associated with
the regulation of cellular response to heat, ncRNA, and ri-
bosomal RNA metabolic process, whereas the downreg-
ulated proteins were associated with actin filament bun-
dle organization. Regarding molecular function, the struc-
tural constituent of the structural molecule activity and ribo-
some was enriched in downregulated proteins after IncRNA
FTX knockdown. The upregulated proteins included heat
shock protein and C3HC3-type RING finger domain bind-
ing when IncRNA FTX was overexpressed.

Next, we further used the Kyoto Encyclopedia of
Genes and Genomes analysis (KEGG) to perform path-
way enrichment-based clustering analysis of proteins re-
sponding to the changes in IncRNA FTX (Fig. 4). Af-
ter the knockdown of IncRNA FTX, the peroxisome
proliferator-activated receptor (PPAR) signaling pathway,
leucine, valine, and isoleucine degradation, pyrimidine
metabolism, fat digestion and absorption, cysteine and
methionine metabolism, drug metabolism-other enzymes,
and biosynthesis of amino acids were enriched by up-
regulated proteins, whereas leukocyte transendothelial mi-
gration, malaria, viral myocarditis, and the Rapl sig-
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Fig. 1. The validation of lentiviral transfection efficiency by
real time quantitative polymerase chain reaction (RT-qPCR).
The results of RT-qPCR were normalized to Beta-actin (ACTB).

naling pathway were enriched by downregulated pro-
teins. Overexpression of IncRNA FTX led to the en-
richment of upregulated proteins in legionellosis, pro-
tein processing in the ER, longevity regulating pathway-
multiple species, antigen processing and presentation, and
the estrogen signaling pathway, whereas folate biosyn-
thesis, tyrosine metabolism, hypertrophic cardiomyopa-
thy (HCM), phenylalanine metabolism, dilated cardiomy-
opathy (DCM), vasopressin-regulated water reabsorption,
shigellosis, phagosome, and focal adhesion pathways were
enriched by downregulated proteins.

Lastly, we further performed domain enrichment anal-
ysis to determine the domain of DEPs after IncRNA
FTX knockdown and overexpression (Fig. 5). The up-
regulated proteins after IncRNA FTX knockdown con-
tained the SH3 domain, whereas downregulated pro-
teins contained the thioredoxin-like domain. When the
IncRNA FTX was overexpressed, the upregulated proteins
contained the ribosomal protein L7Ae/L30e/S12¢/Gadd45
family, DnaJC terminal domain, NOPSNT (NUC127) do-
main, and DnaJ domain structures, whereas the down-
regulated proteins contained laminin EGF-like (domains
III and V), spectrin repeat, FYVE zinc finger, EF-hand
domain pair, kazal-type serine protease inhibitor do-
main, S-100/intestinal calcium-binding protein (ICaBP)
type calcium-binding domain, calcium-insensitive EF-
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hand, and inosine-5’-monophosphate dehydrogenase (IMP)
dehydrogenase/guanosine 5’-monophosphate oxidoreduc-
tase (GMP) reductase domain.

3.4 Protein-protein Interaction Network Analysis

The DEP interaction network was visualized using the
STRING database, and the core modules identified by the
MCODE plugin and the top 10 hub genes recognized by
the MCC algorithm of the CytoHubba plugin are presented
in Fig. 6. The core module in the overexpression IncRNA
FTX group included eukaryotic translation initiation factor-
5, ribosomal protein S18 (RPS18), RPL7A, nucleolar pro-
tein 56, mRNA turnover 4 homolog, SMG1, and serpinel
mRNA binding protein 1. The core module in the knock-
down IncRNA FTX group included ubiquitin A-52, RPLS,
RPL28, RPL7A, RPS25, RPL14, and RPS19.

4. Discussion

In normal conditions, ECs remain in a dormant state
and play crucial roles in upholding the vascular structure’s
integrity, regulating vascular tension and permeability, and
participating in immune responses [16]. However, dur-
ing ischemia or tissue damage, ECs may become acti-
vated to proliferate significantly and facilitate angiogene-
sis. Meanwhile, they can also lead to fibrosis in several or-
gans through processes such as inflammation, endothelial—
mesenchymal transition, secreting exosomes, and regulat-
ing capillary rarefaction and vascular aging [17].

LncRNAs are abundant RNAs of over 200 nucleotides
without protein-coding potential [18]. Studies have re-
ported the significant roles played by IncRNAs in the reg-
ulation of various biological processes including gene ex-
pression regulation, chromatin remodeling, and epigenetic
modifications [19,20]. In the vascular system, IncRNAs ex-
pressed by ECs (such as MALAT1) can regulate vascular
growth and function [21]. LncRNAs also participate in the
fibrosis of various organs [22], including the liver [23,24],
heart [25], and kidney [26,27]. As an increasing number of
IncRNAs have been identified, they have become promis-
ing targets for antifibrotic therapy.

The FTX gene is located on the human X chromo-
some, which encodes nine introns, seven of which are tran-
scribed into RNA fragments and linked to the IncRNA
FTX [28]. LncRNA FTX is composed of about 2300 nu-
cleotides. Some studies have found that IncRNA FTX can
promote the progression of colon, liver, and kidney can-
cer [29-31], other studies have suggested that it can inhibit
the progression of non-alcoholic fatty liver disease to hep-
atocellular carcinoma (HCC) by regulating the M1/M2 po-
larization of Kupffer cells [32]. Despite these findings, the
role of FTX in ECs remains unclear. Thus, the current study
used quantitative proteomics and bioinformatics to system-
atically determine its molecular mechanisms and biological
functions.
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Fig. 3. Gene Ontology (GO) enrichment clustering analysis of DEPs. (A) Cellular Component. (B) Biological Process. (C) Molecular
Function. H_ OE, HUVEC cells overexpressing FTX; H OE_C, HUVEC cells transfected with FTX-NC as a control; H KDsH, HUVEC
cells knocked down for FTX; H_ KD_C, HUVEC cells transfected with shRNA-NC as a control.
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Fig. 4. Kyoto Encyclopedia of Genes and Genomes analysis (KEGG) pathway clustering analysis of DEPs. H OE, HUVEC cells
overexpressing FTX; H OE_C, HUVEC cells transfected with FTX-NC as a control; H KDsH, HUVEC cells knocked down for FTX;
H KD C, HUVEC cells transfected with siRNA-NC as a control.
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Fig. 5. Protein domain clustering analysis of DEPs. H OE, HUVEC cells overexpressing FTX; H OE_C, HUVEC cells transfected
with FTX-NC as a control; H KDsH, HUVEC cells knocked down for FTX; H KD C, HUVEC cells transfected with siIRNA-NC as a

control.

We analyzed the DEPs, with a focus on those whose
expressions was increased in the IncRNA FTX knockdown
group and decreased in the IncRNA FTX overexpression
group. These proteins were encoded by genes including C3,
chromobox protein homolog 1, coiled-coil domain contain-
ing 102B, cartilage oligomeric matrix protein (COMP), D-
dopachrome tautomerase, faciogenital dysplasia 6 (FGD6),
serpin family B member 6, and tissue inhibitor of metallo-
proteinase (7IMP). Among them, C3, COMP, FGD6, and
TIMP1 are related to inflammation, collagen deposition,
angiogenesis, and liver stem cell differentiation regulation,
respectively, which may be involved in the development of
liver fibrosis.

The C3 gene encodes the complement C3 protein. The
complement system functions as a bridge between innate
and adaptive immunity, and comprises a complex network
of proteins. It can modulate mediator release, chemotac-
tic effects, and vascular permeability. Additionally, it can
enhance the phagocytosis of microbes through opsoniza-

tion and participate in inflammatory responses [33]. The
C3 protein is a crucial component in the complement sys-
tem activation pathway. C3 can regulate liver inflamma-
tion through Kupffer/macrophages [34]. When the com-
plement cascade enters an overactivated state, excessive
C3 molecules are cleaved to release C3a [35], trigger-
ing the activation of Kupffer/macrophages in the liver via
specific interaction with C3a/C3aR. This leads to the se-
cretion of inflammatory chemokines and the recruitment
of large numbers of bone marrow-derived mononuclear
cells/macrophages to the liver, thereby amplifying the in-
flammatory response [36—39]. Additionally, C5 molecules
activated by the C3 cascade may cause liver fibrosis through
mediating inflammatory, chemotaxis responses, and ana-
phylatoxin recognition in the innate and adaptive immune
system [40] or regulating the activation and migration
of hepatic stellate cells (HSCs) [41,42]. Studies sug-
gest that blocking the C3aR/C5aR and downstream Wnt/b-
catenin signaling pathway could prevent endothelial-to-
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Fig. 6. Protein-protein interaction network analysis. (A) Core module of protein interaction in the H OE vs H OE_C group. (B)
Top 10 hub genes identified by Matthews correlation coefficient (MCC) algorithm in the H OE vs H_ OE_C group. (C) Core module of
protein interaction in the H KDsH vs H_ KD_C group. (D) Top 10 hub genes identified by MCC algorithm in the H KDsHvs H KD C

group.

mesenchymal transition (EndMT) and alleviate glomerular
fibrosis, indicating the potential role of C3 in the develop-
ment of fibrosis [43].

COMP is a glycoprotein that primarily exists in the
extracellular matrix (ECM) of synovium, ligaments, car-
tilage, and tendons [44]. COMP promotes tumor pro-
gression by increasing invasiveness, tumor cell vitality,
and metabolic transformation in breast and colon cancer
[45,46]. These findings suggest that COMP might serve as
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anovel prognostic indicator and therapeutic target for breast
and colon cancers. Furthermore, studies have demonstrated
that COMP levels are markedly elevated in the serum and
tissues of patients with HCC, thus serving as a non-invasive
tool for assessing HCC [47—49]. Besides its role in promot-
ing tumor progression, the potential for COMP to induce
fibrosis in multiple visceral organs has been extensively re-
searched [50]. For example, COMP can serve as a trans-
forming growth factor beta 1 (TGF-31) activity biomarker
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in patients with idiopathic pulmonary fibrosis (IPF) [51].
Furthermore, COMP induces the pathological deposition
of collagen-I in HSCs through the cluster of differentiation
36 (CD36) receptor signaling facilitated by the MEK1/2-
pERK1/2 pathway, hence contributing to ECM remodeling
and aggravation of liver fibrosis [52]. These studies suggest
that COMP might play an important role in the development
of fibrosis.

The FGD6 gene, which encodes guanine nucleotide
exchange factors (GEFs) and features an FY VE-type zinc
finger structure, a Dbl homology domain, and two pleck-
strin homology domains, is part of the FGD family con-
sisting of six members (FGD1-6) [53]. FGDG6 regulates
bone degradation by osteoclasts [54] and increases the risk
of polypoid choroidal vascular disease [55]. Furthermore,
FGD6 is significantly overexpressed in gastric cancer (GC)
tissues and its overexpression is correlated with high T clas-
sification, histological grade, and a poor prognosis, making
it an independent prognostic factor for GC patient survival
[56]. FDG6 also regulates the angiogenic effects of vascu-
lar endothelial growth factor (VEGF) in ECs, including per-
meability, network formation, orientation, and proliferation
[57]. Moreover, studies have demonstrated that inhibiting
FGD6 gene expression in embryonic liver stem cells pro-
motes their differentiation into liver cells, suggesting that
the FGD6 gene might play a crucial role in regulating liver
stem cell differentiation [58]. All of these mechanisms may
provide potential targets for preventing or reversing liver fi-
brosis.

TIMP is an inhibitor of the matrix metalloproteinase
(MMP), consisting of 184-194 amino acids and weighing
25-31 kD. TIMP encompasses four subtypes: TIMP-1,
TIMP-2, TIMP-3, and TIMP-4 [59]. TIMP-1 primarily in-
hibits the activity of collagenases such as MMP-1, MMP-
8, and MMP-13 [60]. MMPs are calcium-dependent zinc-
containing peptidases that can degrade excessive ECM,
whereas TIMPs can inhibit MMP activity appropriately
without damaging normal liver tissue, thereby preserving
microenvironment homeostasis of the liver [61]. ECM
deposition is the primary pathological process of fibrosis,
characterized by an imbalance between TIMP and MMP ex-
pression [62]. Thus, targeting MMP-mediated ECM degra-
dation presents significant potential in treating fibrosis [63].

The excess proliferation of myofibroblasts and the de-
position of ECM for tissue repair form the biological basis
of fibrosis [9]. Although myofibroblasts are considered to
be effector cells of fibrosis, the contribution of ECs to the
development of fibrosis has also garnered increasing atten-
tion [64,65]. Research findings indicate that environmental
stimuli activate ECs, which potentially trigger and aggra-
vate organ fibrosis via diverse mechanisms [66]. EndMT-
mediated myofibroblast conversion is among the direct ef-
fects [67—69]. Furthermore, ECs contribute to fibrotic pro-
gression indirectly by driving inflammatory reactions and
exosome secretion [70], through participation in regulating
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capillary rarefaction [71] and vascular aging [72]. The mi-
croenvironment of hepatic fibrosis comprises immune cells,
macrophages, hepatic sinusoidal (LSECs), HSCs, extracel-
lular matrix (ECM), and other cell types. This unique, com-
plex, and highly dynamic region is rich in growth or signal-
ing factors [73]. These different cell types and ECM pro-
teins can coordinate liver remodeling, hematopoiesis, im-
mune function, and tissue regeneration, which may be po-
tential targets for the treatment of liver fibrosis [74,75].

Previous studies by our research team identified that
FTX enhances T-cell immunoglobulin and mucin domain
3 expressions through miR-545 inhibition, leading to the
decreased production of inflammatory cytokines - inter-
leukin 6 (IL-6), tumor necrosis factor-alpha, nuclear factor
kappa B, and IL-1b, which delays the progression of cir-
rhosis [76]. In this study, we constructed HUVESs with
the gain and loss of IncRNA FTX function. Application
of quantitative proteomics and bioinformatics analyses en-
abled us to present a detailed overview of quantitative pro-
teome maps in HUVEC cells upon knockdown and overex-
pression of IncRNA FTX. Further, protein annotation, en-
richment, and clustering analyses facilitated the identifica-
tion of DEPs. Intriguingly, our results showed that IncRNA
FTX markedly decreased the expression of C3, COMP,
FGD6, and TIMP in HUVEC cells. This observation in-
dicates that these genes may serve as valuable therapeutic
targets for the clinical prevention or reversal of hepatic fi-
brosis through vascular ECs. However, the specific regula-
tory mechanisms need to be further verified in cell experi-
ments and in vivo experiments to evaluate its possibility.

5. Conclusions

The results of this study demonstrated that IncRNA
FTX might play a potential role in ECs and contribute to the
development of liver fibrosis, thus providing a promising
target for the prevention or reversal of liver fibrosis.
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