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Upregulation of Long Noncoding RNA MAGOH-DT Mediates
TNF-a and High Glucose-Induced Endothelial-Mesenchymal
Transition in Arteriosclerosis Obliterans
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Arteriosclerosis obliterans (ASQO) is characterized by arterial narrowing and blockage due to
atherosclerosis, influenced by endothelial dysfunction and inflammation. This research focuses on
exploring the role of MAGOH-DT, a long noncoding RNA, in mediating endothelial cell dysfunction through
endothelial-mesenchymal transition (EndMT) under inflammatory and hyperglycemic stimuli, aiming to
uncover potential therapeutic targets for ASO. Differential expression of IncRNAs, including MAGOH-DT,
was initially identified in arterial tissues from ASO patients compared to healthy controls through IncRNA
microarray analysis. Validation of MAGOH-DT expression in response to tumor necrosis factor-alpha
(TNF-a) and high glucose (HG) was performed in human umbilical vein endothelial cells (HUVECS) using
RT-gPCR. The effects of MAGOH-DT and HNRPC knockdown on EndMT were assessed by evaluating
EndMT markers and TGF-B2 protein expression with Western blot analysis. RNA-immunoprecipitation
assays were used to explore the interaction between MAGOH-DT and HNRPC, focusing on their role in
regulating TGF-B2 translation. In the results, MAGOH-DT expression is found to be upregulated in ASO
and further induced in HUVECs under TNF-a/HG conditions, contributing to the facilitation of EndMT.
Silencing MAGOH-DT or HNRPC is shown to inhibit the TNF-a/HG-induced increase in TGF-82 protein
expression, effectively attenuating EndMT processes without altering TGF-82 mRNA levels. In conclusion,
MAGOH-DT is identified as a key mediator in the process of TNF-a/HG-induced EndMT in ASO, offering a
promising therapeutic target. Inhibition of MAGOH-DT presents a novel therapeutic strategy for ASO
management, especially in cases complicated by diabetes mellitus. Further exploration into the therapeutic
implications of MAGOH-DT modulation in ASO treatment is warranted.

Keywords: arteriosclerosis obliterans; diabetes mellitus; endothelial-mesenchymal transition; inflammation; long
noncoding RNA

Tohoku J. Exp. Med., 2024 August, 263 (4), 227-238.

doi: 10.1620/tjem.2024.J031

Received April 10, 2024; revised and accepted May 16, 2024; J-STAGE Advance online publication May 30, 2024

*These authors contributed equally to this work.

Wei-Bin Wu, M.D., Division of Vascular Surgery, The First Affiliated Hospital, Sun Yat-sen University, 58 Zhong Shan Er Road, Guangzhou,
Guandong 510080, P.R. China.

e-mail: wuweib@mail2.sysu.edu.cn, wuweibsysu@163.com

Guang-Qi Chang, M.D., Ph.D., Division of Vascular Surgery, The First Affiliated Hospital, Sun Yat-sen University, 58 Zhong Shan Er
Road, Guangzhou, Guandong 510080, P.R.China.

e-mail: changgq@mail.sysu.edu.cn
©2024 Tohoku University Medical Press. This is an open-access article distributed under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC-BY-NC-ND 4.0). Anyone may download, reuse, copy, reprint, or
distribute the article without modifications or adaptations for non-profit purposes if they cite the original authors and source properly.
https://creativecommons.org/licenses/by-nc-nd/4.0/

227



228 K. Wang et al.

Introduction

Arteriosclerosis obliterans (ASO) is a common form
of peripheral arterial disease (PAD), marked by the narrow-
ing and blockage of major arteries due to atherosclerotic
plaque formation, extending mainly from the abdominal
aorta to the femoral arteries (Yuan et al. 2023). From a
pathological vantage point, atherosclerosis is delineated as
a chronic inflammatory pathology, significantly magnified
by systemic risk factors such as hypertension, hypercholes-
terolemia, and hyperglycemia (Chen et al. 2021b; Zhao et
al. 2022). To be specific, empirical evidence elucidates that
inflammatory mediators, notably tumor necrosis factor-
alpha (TNF-a), detrimentally affect endothelial integrity by
precipitating the endothelial-mesenchymal transition
(EndMT), a pivotal mechanism underlying vascular inflam-
mation and the pathogenesis of atherosclerosis (Adjuto-
Saccone et al. 2021; Chen et al. 2021a). Furthermore, stud-
ies underscores that exposure to elevated glucose levels
constitutes a significant etiological factor for EndMT
(Thomas et al. 2019; Lu et al. 2021). Although the induc-
tion of EndMT by inflammatory mediators and high glucose
(HG) exposure occurs via disparate signaling cascades, a
unifying aspect of their modulatory effects is the alteration
in expression of transforming growth factor-beta (TGF-$), a
potent effector of EndMT (Souilhol et al. 2018).

Long noncoding RNAs (IncRNAs), which are defined
as a subset of noncoding RNAs exceeding 200 nucleotides
in length with minimal protein-coding capacity, have been
recognized for their pivotal role in the regulation of diverse
cellular processes, influenced by extracellular signals
(Collado et al. 2023). The involvement of IncRNAs in the
pathophysiology of atherosclerosis has been increasingly
substantiated by recent investigations. Notably, lincRNA-
p21 has been identified as a critical modulator of neointima
formation, vascular smooth muscle cell proliferation, apop-
tosis, and the progression of atherosclerosis (Wu et al.
2014). Similarly, SNHGI12 has been documented to miti-
gate endothelial DNA damage-induced cellular senescence
and atherosclerosis (Haemmig et al. 2020). Nonetheless,
the precise roles and mechanistic pathways through which
IncRNAs contribute to the advancement of ASO remain to
be fully elucidated, indicating a significant gap in current
understanding that warrants further explorative and investi-
gative efforts.

In this study, we elucidated the upregulated IncRNA,
designated as MAGOH divergent transcript (MAGOH-DT),
within the arterial tissues of patients afflicted with ASO.
Moreover, our data revealed that the concurrent stimulation
of endothelial cells with TNF-a and HG levels precipitated
an upsurge in MAGOH-DT expression, thereby catalyzing
the EndMT. Significantly, our findings indicated that
MAGOH-DT engages in molecular interactions with het-
erogeneous nuclear ribonucleoproteins C1/C2 (HNRPC),
facilitating the binding of HNRPC to the mRNA of TGF-
f2. This interaction subsequently elevated the expression

of TGF-$2, further advancing the EndMT process. These
insights unveiled a previously unrecognized therapeutic tar-
get for mitigating EndMT in ASO patients, particularly
those presenting with hyperglycemia.

Materials and Methods

Sample acquisition

Arterial specimens from 18 patients diagnosed with
ASO, who underwent major amputations, alongside venous
blood samples, were procured at the First Affiliated
Hospital, Sun Yat-sen University. Additionally, arterial
samples from 6 healthy individuals, devoid of ASO, served
as controls (see Supplementary Table S1). Following col-
lection, arterial tissues were immediately frozen in liquid
nitrogen and subsequently stored at —80°C for downstream
analyses. Plasma, extracted from the venous blood, under-
went assessments for TNF-a and glucose concentrations or
was preserved at —80°C for future examination. The pro-
curement of all samples was conducted with the informed
consent of the participants. This study received the
endorsement of the research ethics committee at the First
Affiliated Hospital, Sun Yat-Sen University, adhering to the
ethical guidelines of the Declaration of Helsinki (No.
[2021]668).

Intimal RNA isolation from artery samples

RNA extraction from the intimal layer of artery sam-
ples was conducted following a method outlined in prior
literature (Haemmig et al. 2020). Initially, the arteries were
rinsed with phosphate-buffered saline (PBS, Gibco, Grand
Island, NY, USA) to remove any residual blood or debris.
The intimal layer was then carefully separated utilizing
TRIzol reagent (Sigma-Aldrich, St. Louis, MO, USA),
employing a sequential flushing technique: a 10-second
flush of TRIzol (Sigma-Aldrich), a brief 10-second interval,
followed by an additional 10-second flush. The material
thus gathered was processed further to isolate RNA.

LncRNA microarray

The analysis of the Arraystar Human LncRNA
Microarray V3.0 was carried out by Aksomics, Shanghai,
China. Following the extraction and quantification of total
RNA, rRNA was removed using the mRNA-ONLY™
Eukaryotic mRNA Isolation Kit (Epicentre, Madison, WI,
USA). The RNA samples were then amplified and tran-
scribed into fluorescent cRNA without 3’ bias using the
Arraystar Flash RNA Labeling Kit (Rockville, MD, USA),
followed by purification, fragmentation, and heating. The
cRNA was hybridized to the microarray slides, incubated at
65°C for 17 hours, fixed, and scanned with an Agilent DNA
Microarray Scanner (G2505C, Santa Clara, CA, USA).
Data were extracted using Agilent Feature Extraction
Software, and IncRNA scatter plots were generated with
RStudio. LncRNAs with normalized expressions > 7 in the
ASO group and upregulated versus controls are listed in
Supplementary Table S2.
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Cell culture

Human umbilical vein endothelial cells (HUVECs:,
ScienCell, Carlsbad, CA, USA), human aortic smooth mus-
cle cells (HASMCs, ScienCell), fibroblast cells (FBs, Juno,
Guangzhou, China), and THP-1 monocytes (Procell,
Wuhan, China) were acquired for the study. These cells
were maintained in a controlled environment at 37°C and
5% CO,.

HUVECs were propagated in Dulbecco’s Modified
Eagle’s Medium (DMEM, Gibco) supplemented with 10%
fetal bovine serum (FBS, ScienCell) and 1% penicillin/
streptomycin (P/S, ScienCell). For HG experiments,
HUVECs received DMEM (Gibco) enriched with 4.5g/L
D-glucose, alongside the standard 10% FBS (ScienCell)
and 1% P/S (ScienCell).

HASMCs thrived in smooth muscle cell medium
(SMCM, ScienCell), enhanced with 2% FBS (ScienCell),
1% smooth muscle cell growth supplement (ScienCell), and
1% P/S (ScienCell).

Fibroblast cells were cultured in DMEM (Gibco) with
a supplement of 10% FBS (ScienCell) and 1% P/S
(ScienCell).

THP-1 monocytes were grown in 1 X RPMI Medium
1640 (Gibco), containing 10% FBS (ScienCell) and 1% P/S
(ScienCell). For differentiation into macrophages, THP-1
monocytes were treated with 100 ng/mL Phorbol
12-myristate 13-acetate (PMA, Sigma-Aldrich) for a dura-
tion of 48 hours.

RNA extraction, reverse transcription and RT-qPCR

RNA was isolated utilizing the Trizol reagent tech-
nique, and this isolated RNA was subsequently converted
into complementary DNA (¢cDNA) employing the
Transcriptor ¢cDNA Synthesis Kit (Roche, Basel,
Switzerland), following the protocols provided by the man-
ufacturer. Real-time quantitative PCR (RT-qPCR) analyses
were carried out with the LightCycler 480 SYBR Green I
Master (Roche) on a Bio-Rad CFX96 platform (Hercules,
CA, USA). In experiments involving HG exposure or dia-
betic conditions, the cycle threshold (Ct) values were
adjusted based on the ACTB gene as an internal control.
For other experimental conditions, the GAPDH gene served
as the reference for normalization of Ct values. The
sequences of the primers utilized for RT-qPCR are detailed
in Supplementary Table S4.

Western blot

Western blot analysis was executed following estab-
lished protocols (Mo et al. 2023). Cell lysis was achieved
with RIPA buffer (Cell Signaling Technology, Danvers,
MA, USA), and subsequent centrifugation facilitated the
collection of supernatants for protein quantification.
Proteins were then uniformly resolved via SDS-PAGE and
electrotransferred onto PVDF membranes (Roche). These
membranes underwent blocking in Tris-buffered saline
(Boster, Wuhan, China) mixed with Tween-20 (Solarbio,

Beijing, China) and 5% bovine serum albumin (BSA,
Solarbio, Beijing, China) prior to an overnight incubation
with primary antibodies. Following a series of washes,
membranes were treated with HRP-linked secondary anti-
bodies suitable for the primary antibodies used. Detection
of protein bands was performed using the ECL chemilumi-
nescence system (AI600, GE Healthcare, Little Chalfont,
Buckinghamshire, UK). The study utilized primary anti-
bodies targeting CD31 (3528, 1:1,000, Cell Signaling
Technology), Ve-Cadherin (2500, 1:1,000, Cell Signaling
Technology), a-SMA (ab7817, 1:1,000, Abcam, Cambridge,
UK), Vimentin (5741, 1:1,000, Cell Signaling Technology),
HNRPC (11760-1-AP, 1:5,000, Proteintech, Chicago, IL,
USA), TGF-£2 (19999-1-AP, 1:1,000, Proteintech), phos-
pho-Smad2/3 (8828, 1:1,000, Cell Signaling Technology),
Smad2/3 (8685, 1:1,000, Cell Signaling Technology), and
GAPDH (60004-1-Ig, 1:50,000, Proteintech).

Subcellular fractionation

The PARIS kit (Thermo Fisher Scientific, Waltham,
MA, USA) was employed for the separation of nuclear and
cytoplasmic fractions from cells, strictly adhering to the
provided protocol. The process commenced with the col-
lection and suspension of cells in cell fractionation buffer,
maintained on ice for 10 minutes, followed by a 5-minute
centrifugation to secure the cytoplasmic fraction. The
nuclear pellet, once rinsed with the same buffer, was lysed
using cell disruption buffer. Both cytoplasmic and nuclear
extracts were then prepared by adding 2 x Lysis/Binding
Solution and ethanol, respectively. RNA extraction pro-
ceeded via the filter cartridge, with subsequent washing
steps using wash solutions 1 and 2/3. RNA was finally
eluted by applying preheated elution solution at 95°C
through the filter cartridge membrane. The obtained cyto-
plasmic and nuclear RNAs were subjected to reverse tran-
scription and RT-qPCR analyses.

ELISA assays

The concentration of TNF-a in plasma was determined
through enzyme-linked immunosorbent assay (ELISA)
techniques, utilizing the Human TNF-a ELISA Kit
(CUSABIO, Wuhan, China) in strict accordance with the
guidelines provided by the manufacturer.

Plasma glucose measurement

Fasting venous plasma glucose concentrations were
assessed in the morning upon patient awakening, employ-
ing a blood glucose meter from Abbott Laboratories, Abbott
Park, IL, USA, for the measurements.

Cell transfection

Small interfering RNAs (siRNAs) targeting specific
sequences were custom-designed and produced by RiboBio,
Guangzhou, China. For the transfection process, cells were
introduced to these siRNAs employing the Lipofectamine
RNAIMAX Transfection Reagent (Invitrogen, Carlsbad,
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CA, USA), following the protocol specified by the manu-
facturer. The sequences addressed by these siRNAs are
detailed in Supplementary Table S4.

EdU incorporation assays

The Cell-Light EdU Apollo567 In Vitro Kit (RiboBio)
was utilized to perform 5-Ethynyl-20-deoxyuridine (EdU)
incorporation assays, strictly adhering to the protocols out-
lined by the manufacturer. Prior to conducting these assays,
HUVECSs underwent transfection with siRNAs or were
exposed to a combination of 100 ng/L TNF-a (NovoProtein,
Suzhou, China) and HG. Following this preparatory step,
the cells were incubated with 50 uM EdU for a duration of
8 hours. Cells were then fixed using 4% paraformaldehyde
(PFA, Biosharp, Hefei, China) for 30 minutes, permeabi-
lized with 0.5% Triton X-100 (Solarbio) for 20 minutes,
and subsequently incubated with Apollo®567 dye for 30
minutes before being stained with Hoechst 33342 for an
additional 30 minutes. Imaging was accomplished through
a fluorescence microscope (Leica, Wetzlar, Germany), and
the relative proliferation rate was determined by comparing
the number of EdU-positive cells to the total cell count.

Transwell migration assays

Transwell migration assays were conducted in align-
ment with established methodologies (Zhang et al. 2010).
In preparation for these assays, HUVECs underwent trans-
fection with specific siRNAs or were pre-treated with a
combination of 100 ng/L TNF-a (NovoProtein) and HG.
The culture inserts, featuring 8.0 um pore size PET track-
etched membranes (Corning Incorporated, Corning, NY,
USA), were pre-coated with 0.1% gelatin for an hour and
subsequently blocked using 1% BSA (Solarbio) at 37°C for
30 minutes. The lower chamber of the Transwell setup was
filled with DMEM (Gibco) enriched with 10% FBS
(ScienCell). In the upper chamber, 5 x 104 cells per insert
were seeded in DMEM (Gibco) diluted with 0.5% FBS
(ScienCell) and allowed to migrate for 4 hours at 37°C.
After migration, the cells were fixed using 4% PFA
(Biosharp) for 15 minutes and stained with crystal violet for
another 15 minutes. Cells that did not migrate through the
membrane were gently wiped away from the upper side,
leaving behind the cells that had successfully migrated,
which were then documented and analyzed using a photo-
microscope (Leica).

Tube formation assay

Tube formation assays were carried out in accordance
with protocols outlined in previous studies (Li et al. 2020).
As a preliminary step, HUVECs underwent either siRNA
transfection or treatment with a mixture of 100 ng/L TNF-a
(NovoProtein) and HG. The assay plates were prepared by
coating them with Matrigel (Corning Incorporated) and
incubating at 37°C for 30 minutes. Following this, each
well received 1 x 10”5 cells, which were then incubated for
an additional 4 hours at 37°C. The formation of tubular

structures was documented using a photomicroscope
(Leica), and the lengths of the tubes were quantified with
the Image J software (NIH).

Immunofluorescence assay

Immunofluorescence staining was executed following
established procedures (Mo et al. 2023). Cells were first
fixed with 4% PFA (Biosharp) for 15 minutes and then per-
meabilized with 0.5% Triton X-100 (Solarbio) for 30 min-
utes. They were subsequently incubated with primary anti-
bodies targeting CD31 (3528, 1:1,000, Cell Signaling
Technology), VE-cadherin (2500, 1:400, Cell Signaling
Technology), a-SMA (ab7817, 1:1,000, Abcam), or
Vimentin (5741, 1:100, Cell Signaling Technology) over-
night at 4°C. Following primary antibody incubation, the
cells were treated with fluorophore-tagged secondary anti-
bodies for one hour at ambient temperature and counter-
stained with 2-(4-Amidinophenyl)-6-indolecarbamidine
dihydrochloride (DAPI, Abcam) to label nuclei. The
stained specimens were then visualized and documented
using a confocal laser scanning microscope (Nikon Eclipse
Ni-E, Tokyo, Japan).

RNA pull down assays

Biotinylated RNA probes were developed and synthe-
sized by Umine-bio, Guangzhou, China. Utilizing the
Pierce™ Magnetic RNA-Protein Pull-Down Kit (Thermo
Fisher Scientific), RNA pull-down assays were conducted
following the manufacturer’s protocol. Briefly, these
probes were mixed with streptavidin magnetic beads at
room temperature for 30 minutes to create probe-bead com-
plexes, which were then incubated overnight with cell
lysate at 4°C. The complexes were eluted, denatured, and
the associated proteins were identified either through mass
spectrometry or immunoblotting. Proteins binding specifi-
cally to MAGOH-DT, identified in mass spectrometry
results post RNA pull-down, are detailed in Supplementary
Table S3.

RIP assays

RNA-immunoprecipitation (RIP) assays were carried
out with the Magna RIP™ RNA-Binding Protein
Immunoprecipitation Kit (Millipore, Billerica, MA, USA),
following the manufacturer’s guidelines. The process
involved incubating HNRPC antibody (Proteintech) or IgG
with Protein A/G magnetic beads at room temperature for
30 minutes to create complexes. These complexes were
then mixed with cell lysate overnight at 4°C. Afterward,
total RNAs were isolated from the complexes and analyzed
by RT-qPCR.

Statistical analysis

Data are reported as mean + standard deviation (SD).
Statistical evaluations were conducted utilizing SPSS ver-
sion 13.0. For multiple group comparisons, significance
was assessed via one-way ANOVA with Tukey’s post-hoc
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test or the Kruskal-Wallis test as appropriate. For two-
group comparisons, significance was ascertained using the
Student’s t-test or the Mann-Whitney test, depending on
data distribution. A P value of less than 0.05 was deemed
significant. Further statistical information is detailed in the
legends accompanying figures, within the main text, or in
the methods section.

Results

HG and TNF-o increased MAGOH-DT expression in
HUVECs

We performed a IncRNA microarray analysis to inves-
tigate the differential IncRNA transcriptome in the lower
extremity arteries of patients with ASO compared to control
subjects (Fig. 1A). 2,061 differentially expressed IncRNAs
were detected [|log,Fold Change (normalized ASO/normal-
ized Ctrl)| > 1]. We focused on the upregulated IncRNAs,
because we aimed to silence these IncRNAs using oligonu-
cleotide drugs as a potential therapeutic approach.
Additionally, as low-abundance IncRNAs are often consid-
ered as non-functional (Palazzo and Lee 2015), we focused
on IncRNAs with high abundance in the ASO group
(Normalized expression > 7). We identified 512 IncRNAs
for further analysis (Fig. 1A, B and Supplementary Table
S2). Low-density lipoprotein receptor-related protein fami-
lies (LRPs) have been found to be closely associated with
atherosclerotic progression (Mineo 2020). Natural anti-
sense IncRNAs often play a significant role in the patholog-
ical processes where their sense partners are involved (Li et
al. 2008; Zhao et al. 2016; Krappinger et al. 2021). Thus,
we determined to select natural antisense IncRNAs to LRPs
for further studying its role in ASO. Notably, we found that
IncRNA-MAGOH-DT gene partially overlaps in antisense
to LRP8 gene (Fig. 1C). MAGOH-DT is a 1,181 nt IncRNA
in National Center for Biotechnology Information (NCBI)
database. We validated the expression of MAGOH-DT in
different vascular cell types and found it was higher expres-
sion in HUVECs compared to HASMCs, FBs, and THP-1
macrophages, indicating its predominant expression in vas-
cular endothelial cells (Fig. 1D). We further demonstrated
that MAGOH-DT primarily localized to the nuclei of
HUVECs by RT-qPCR analysis of the nuclear and cytoplas-
mic fractionations, which was confirmed by FISH assay
(Fig. 1E, F). Inflammatory factors, HG and high lipid are
common contributors to endothelial damage in ASO. To
explore their relevance to MAGOH-DT expression in
HUVECs, we treated HUVECs with TNF-a, HG or oxi-
dized low-density lipoprotein (oxLDL) for 48 hours.
RT-qPCR demonstrated that both TNF-o (P < 0.001) and
HG (P < 0.0001) exposure increased MAGOH-DT expres-
sion in HUVECs, whereas oxLDL did not affect
MAGOH-DT levels (P > 0.05) (Fig. 1G). Interestingly, the
combined treatment of TNF-a and HG had a more signifi-
cant effect on MAGOH-DT expression (P < 0.0001) (Fig.
1H). Moreover, RT-qPCR showed that MAGOH-DT levels
was higher in the intima of lower extremity arteries in ASO

patients compared to control subjects (P < 0.01), and in
ASO patients with diabetes mellitus, MAGOH-DT was fur-
ther upregulated (P < 0.0001) (Fig. 1I). The plasma levels
of TNF-a (r = 0.6064, P < 0.01) and glucose (r = 0.7052, P
< 0.01) were positively correlated with MAGOH-DT levels
in the intima of ASO arteries (Fig. 1J, K).

MAGOH-DT regulated TNF-a/HG induced morphology
change of endothelial cells

To confirm the regulatory effect of TNF-o/HG on
MAGOH-DT in endothelial cells and investigate its rele-
vance to endothelial function, we designed two different
siRNAs to knock down MAGOH-DT in HUVECs
(Supplementary Fig. S1). As shown in Fig. 2A-C, TNF-o/
HG treatment significantly inhibited the proliferation,
migration and tube formation of HUVECs (all P < 0.0001).
However, transfecting HUVECs with MAGOH-DT siRNAs
did not recover these endothelial functions (P > 0.05).
Moreover, we found that TNF-a/HG treatment induced
transition in cellular morphology from cobblestone-like
shape to an elongated spindle-shaped form, which is the
characteristic of EndMT, whereas knocking down
MAGOH-DT effectively recovered endothelial cells mor-
phology (Fig. 2D). We drew from these data that
MAGOH-DT might play a role in TNF-a/HG induced
EndMT.

TNF-o/HG induced EndMT by upregulating MAGOH-DT

To further elucidate whether MAGOH-DT is involved
in TNF-a/HG-induced EndMT, we detected the expression
of EndMT markers. In the present study, we confirmed that
TNF-a/HG treatment could not only downregulate the
expression of endothelial markers CD31 and VE-cadherin
but also upregulate the expression of mesenchymal markers
a-SMA and Vimentin (all P < 0.001) (Fig. 3A, B).
However, when MAGOH-DT was knocked down in the
HUVECs, the downregulation of CD31 and VE-cadherin,
as well as the upregulation of a-SMA and Vimentin, were
reversed (all P <0.05) (Fig. 3A, B).

In order to evaluate the role of MAGOH-DT on TNF-a/
HG-induced EndMT, we performed immunofluorescence
staining. As shown in Fig. 3C, D, TNF-o/HG induced
HUVEC:s to transform into elongated spindle-shape accom-
panied with changes of cell markers, whereas transfecting
HUVECs with MAGOH-DT siRNAs effectively recovered
the morphology and cell markers of endothelial cells (all P
< 0.01). Furthermore, MAGOH-DT levels were negatively
correlated with CD31 mRNA levels (» =—0.7018, P < 0.01)
and positively correlated with a-SMA mRNA levels (r =
0.8180, P < 0.0001) in the intima of ASO arteries (Fig. 3E,
F), which indicated that MAGOH-DT levels was positively
correlated with degree of EndMT in the arteries. These
findings suggest that TNF-o/HG-induced upregulation of
MAGOH-DT in HUVECs contributes to the induction of
EndMT.
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Fig. 1. HG and TNF-a increased MAGOH-DT expression in HUVECs.

A. Selection strategy for IncRNAs in lower extremity arteries of ASO and control patients. B. Scatter plot of upregulated
IncRNAs in the lower extremity artery between ASO patients and healthy individuals. C. Illustration of the gene localization
of MAGOH-DT and LRPS. D. RT-qPCR was used to determine the MAGOH-DT levels in different types of vascular
cells, including HUVECs, HASMCs, THP-1 macrophages (THP-1 cells) and fibroblasts (FBs). E. RT-qPCR was used to
determine the subcellular abundance of MAGOH-DT. F. The subcellular location of MAGOH-DT (red) in HUVECs was
determined by FISH. Scale bars, 10 um. G. RT-qPCR confirmed MAGOH-DT expression in HUVECs treated with high
glucose (HG), oxidized low-density lipoprotein (oxLDL, 50 xg/mL) or TNF-a (100 ng/mL). H. RT-qPCR confirmed
MAGOH-DT expression in HUVECs treated with HG, TNF-a, or both. I. RT-qPCR confirmed MAGOH-DT expression
in the arterial endothelium of control subjects (n = 6) and ASO patients with (n = 6) or without (n = 6) diabetes mellitus. J.
Correlation between plasma TNF-a levels and MAGOH-DT levels in the ASO arterial endothelium (n = 18). K. Correlation
between plasma glucose levels and MAGOH-DT levels in the ASO arterial endothelium (n = 18). ASO-NDM, ASO
patients without diabetes mellitus; ASO-DM, ASO patients with diabetes mellitus. For D-H, n = 3 independent experiments;
*¥*¥P<0.01; ¥***P<0.001; ****P <0.0001; ns, not significant.
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Fig. 2. MAGOH-DT regulated TNF-a/HG-induced morphological changes in endothelial cells.

A. Representative images (left) and quantification (right) of EdU incorporation in HUVECs treated with TNF-a (100
ng/mL) plus HG for 48 h after knocking down MAGOH-DT. Scale bars, 100 um. B. Representative images (left) and
quantification (right) of transwell migration assays of HUVECs treated with TNF-a (100 ng/mL) plus HG for 48 hours
after knocking down MAGOH-DT. Scale bars, 100 um. C. Representative images (left) and quantification (right) of
tube formation assays of HUVECs treated with TNF-a (100 ng/mL) plus HG for 48 hours after knocking down
MAGOH-DT. Scale bars, 500 um. D. Representative images of morphological changes in HUVECs treated with TNF-a
(100 ng/mL) plus HG for 48 hours after MAGOH-DT was knocked down. Scale bars, 50 um. For all the assays, n=3
independent experiments were performed. ****P < (0.0001; ns, not significant.

TNF-a/HG upregulated MAGOH-DT to promote TGF-p2
translation by promoting the interaction between HNRPC
protein and TGF-2 mRNA

To investigate the mechanism of TNF-o/HG-induced
MAGOH-DT upregulation in EndMT, we conducted RNA
pull-down assays followed by mass spectrometry. We iden-
tified 132 proteins that specifically bound to MAGOH-DT
(Fig. 4A and Supplementary Table S3). Notably, HNRPC
was the top enriched protein (ranked by emPAI) with a high
protein score (Fig. 4B). The interaction between
MAGOH-DT and HNRPC in HUVECs was confirmed
using RNA pull-down assays and RIP (P < 0.0001) (Fig.
4C, D). Previous studies indicates that HNRPC is involved
in cell proliferation and differentiation, but its effect on
EndMT remains unclear (Panchenko et al. 2009).

TGF-f is a crucial regulator of EndMT (Xiao and
Dudley 2017; Ma et al. 2020; Alvandi and Bischoff 2021).
Mammalian TGF-f consists of three isoforms: TGF-f1,
TGF-$2 and TGF-f3, and all of them have been reported to
induce EndMT in human endothelial cells (Hong et al.
2020; Ciavarella et al. 2021; Nasim et al. 2023). HNRPC is
a nuclear-restricted RNA-binding protein involved in

mRNA stability, splicing, export and translation (Mo et al.
2022; Dantsuji et al. 2023). Previous studies show that
HNRPC preferably binds to continuous uridine tracts
(U-tracts) of nine or more uridines (Cienikova et al. 2014,
2015). Both of TGF-42 and TGF-f3 contain multiple con-
secutive uridine fragments that correspond to the HNRPC
binding motif (Fig. 4E). Thus, we investigated whether
TNF-0/HG-induced MAGOH-DT regulated the interaction
between HNRPC protein and TGF-f mRNAs. We per-
formed RIP-RT-qPCR and found that HNRPC protein
bound to TGF-$2 mRNA in HUVECs (P < 0.0001), but not
to TGF-f1 or TGF-43 (P > 0.05) (Fig. 4F). Moreover, nei-
ther TNF-a/HG treatment nor MAGOH-DT and HNRPC
siRNAs affected TGF-42 mRNA levels (all P > 0.05) (Fig.
4G and Supplementary Fig. S2A). However, at the protein
levels, TNF-o/HG treatment significantly upregulated TGF-
S2 in HUVECs, which was attenuated by knocking down
MAGOH-DT, HNRPC or both (all P < 0.0001) (Fig. 4H
and Supplementary Fig. S2B). Previous studies indicates
that HNRPC is a RNA binding protein that can increase
mRNA translation by binding to its 3’-UTR. These results
suggest that TNF-a/HG increases MAGOH-DT expression
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Fig. 3. TNF-o/HG induced EndMT by upregulating MAGOH-DT.

A. RT-qPCR was used to determine the mRNA levels of CD31, VE-cadherin, -SMA, and Vimentin in HUVECs treated
with TNF-a (100 ng/mL) plus HG for 48 hours after knocking down MAGOH-DT. B. Western blot analysis of CD31,
VE-cadherin, a-SMA and vimentin in HUVECs treated with TNF-a (100 ng/mL) plus HG for 48 hours after knocking
down MAGOH-DT. Representative plots (left) and quantification (right) are shown. C, D. HUVECs treated with
TNF-0 (100 ng/mL) plus HG for 48 hours after MAGOH-DT knockdown were analyzed by immunofluorescence for
the expression of CD31, Ve-cadherin, a-SMA, and Vimentin. Representative images (C) and quantification (D) are
shown. Scale bars, 50 um. E. Correlations between MAGOH-DT and CD31 mRNA levels in the ASO arterial endo-
thelium (n = 18). F. Correlation between MAGOH-DT and a-SMA mRNA levels in the ASO arterial endothelium (n
= 18). For A-D, n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001; ns, not sig-
nificant.
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Fig. 4. TNF-a/HG upregulated MAGOH-DT to promote TGF-f2 translation by promoting the interaction between the
HNRPC protein and TGF-52 mRNA.
A. Venn diagram showing the proteins bound to the MAGOH-DT probe or negative control probe in HUVECs after
RNA pull-down. B. Scatter plot showing proteins specifically bound to MAGOH-DT. C. Western blot after RNA pull-
down demonstrated that MAGOH-DT bound to HNRPC in HUVECs. D. RIP assays confirmed the interaction between
MAGOH-DT and HNRPC in HUVECs. ACTB was used as a negative control. E. U-tracts from the mRNA sequences
of TGF-f2 and TGF-$3. F. The binding of the Vigilin protein to the TGF-f1, TGF-42, or TGF-#3 mRNA in HUVECs
was determined by RIP assays. G. RT-qPCR was used to determine the mRNA levels of TGF-42 in HUVECs treated
with TNF-a (100 ng/mL) plus HG for 48 hours after MAGOH-DT was knocked down. H. Western blot analysis of
TGF-£2 in HUVECS treated with TNF-a (100 ng/mL) plus HG for 48 hours after knocking down MAGOH-DT.
Representative plots (top) and quantifications (bottom) are shown. I. Western blot analysis of phospho-Smad2/3,
Smad2/3 and GAPDH in HUVECs treated with TNF-a (100 ng/mL) plus HG for 48 hours after knocking down
MAGOH-DT. Representative plots (top) and quantifications (bottom) are shown. For B-D and F-I, n = 3 independent
experiments. ****P < (0.0001; ns, not significant.
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to increase the interaction between HNRPC and TGF-42
mRNA, thus promoting TGF-42 translation.

TGF-p/Smad signaling pathway plays a pivotal role in
mediating EndMT (Dejana et al. 2017; Pardali et al. 2017;
Xiao and Dudley 2017). Therefore, we detected the phos-
phorylation of Smad2/3 (p-Smad2/3), an indicator of
TGF-f/Smad signaling activity, to evaluate the impact of
TNF-a/HG-induced MAGOH-DT on TGF-f/Smad activa-
tion. TNF-a/HG treatment significantly enhanced Smad2/3
phosphorylation in HUVECs, which was inhibited by
MAGOH-DT knockdown (all P < 0.0001) (Fig. 41).

These findings suggest that TNF-a/HG-induced
MAGOH-DT binds to promote TGF-52 expression, leading
to the activation of TGF-f/Smad signaling and the induc-
tion of EndMT.

Discussion

In ASO, endothelial dysfunction serves as a critical
and persistent contributor to the development of arterial
lesions, with a strong link to inflammatory mediators
derived from either systemic inflammation or the autono-
mous generation within arterial lesions. Prior research indi-
cates that TNF-a plays a significant role in triggering
EndMT, thereby accelerating the progression of atheroscle-
rosis (Cao et al. 2020). Therapeutic strategies focused on
anti-inflammation have shown efficacy in safeguarding
endothelial functions and diminishing the occurrence of
vascular incidents (Spdh 2008). Furthermore, diabetes mel-
litus emerges as a pivotal risk factor for ASO, distinguished
by persistently elevated levels of blood glucose. Under
hyperglycemic conditions, endothelial cells are prone to
undergo EndMT, leading to a compromise in their physio-
logical roles (Thomas et al. 2019; Lu et al. 2021). This
dysfunctionality in endothelial cells, characterized by a
shift towards a mesenchymal phenotype, facilitates the
undue build-up of extracellular matrix proteins within the
affected vessels.

In this study, we identified a novel long noncoding
RNA named MAGOH-DT, which exhibited upregulation in
the vessels of patients with ASO and participated in the pro-
cess of TNF-a/HG-induced EndMT. Building on the foun-
dation laid by previous research, which has demonstrated
that TNF-a and HG can independently influence TGF-f
expression through distinct signaling pathways to foster
EndMT (Souilhol et al. 2018), our findings reveal that both
TNF-o and HG upregulate MAGOH-DT expression. This
upregulation facilitates the interaction between HNRPC
protein and TGF-52 mRNA, culminating in an increased
expression of TGF-f2 protein. The TGF-f/Smad signaling
axis is instrumental in the initiation and propagation of
EndMT. Notably, while all three isoforms of TGF-§ are
implicated in EndMT induction, TGF-42 emerges as the
most potent inducer (Sabbineni et al. 2018). The induction
of EndMT by TGF-f1 and TGF-f3 necessitates paracrine-
mediated stimulation of TGF-42 production (Sabbineni et
al. 2018). MAGOH-DT thus emerges as a critical mediator

for both TNF-a and HG stimuli, underscoring its potential
therapeutic value in managing EndMT associated with
hyperglycemic and proinflammatory conditions. Beyond
its role in regulating endothelial cell proliferation, migra-
tion, and tube formation, EndMT is implicated in enhancing
the secretion of extracellular matrix proteins and upregulat-
ing various leukocyte adhesion molecules. These actions
contribute to matrix stiffening and the infiltration of mono-
cytes or macrophages (Chen et al. 2015; Souilhol et al.
2018). Although silencing MAGOH-DT does not rectify
the altered proliferation and migration of endothelial cells,
it significantly mitigates EndMT. Furthermore, our research
indicates that TNF-o/HG stimulation augments the expres-
sion of endothelial adhesion factors and bolsters monocyte
adherence to endothelial cells. However, the knockdown of
MAGOH-DT, HNRPC, or both attenuates the effects
induced by TNF-o/HG. Consequently, the silencing of
MAGOH-DT may offer a novel strategy to alleviate arterial
inflammation, thereby potentially curbing the progression
of atherosclerosis. This avenue warrants further explora-
tion in future studies.

HNRPC is predominantly found in the endothelial
cells of healthy arteries, whereas its presence is notably
reduced in the smooth muscle cells. Contrastingly, in the
context of atherosclerotic lesions characterized by intimal
hyperplasia, HNRPC expression is significantly elevated,
with the intimal layer being largely composed of SMA+
cells (Panchenko et al. 2009). These SMA+ cells might
originate not solely from the proliferation of activated
smooth muscle cells via HNRPC-involved signaling path-
ways but could also be myofibroblasts that have differenti-
ated from endothelial cells through EndMT. Literature
reveals that the long noncoding RNA CEBPA-DT is capable
of binding to HNRPC, facilitating the cytoplasmic reloca-
tion of HNRPC. This, in turn, enhances the interaction
between HNRPC and DDR2 mRNA, leading to an upsurge
in DDR2 expression (Cai et al. 2022). Additionally,
HNRPC functions as an RNA-binding protein that can ele-
vate mRNA translation efficiency by attaching to its
3 -untranslated region (3’-UTR) (Navickas et al. 2023). A
pivotal discovery of our research is that the silencing of
either MAGOH-DT or HNRPC curtails the TNF-a/
HG-induced increase in TGF-$2 protein levels without
altering its mRNA abundance. This suggests that
MAGOH-DT might collaborate with HNRPC in a manner
analogous to CEBPA-DT, by promoting the cytoplasmic
translocation of HNRPC and facilitating its binding to TGF-
S2 mRNA. This interaction is hypothesized to enhance
TGF-p2 translation. The elucidation of this proposed
mechanism merits further investigation.

Conclusion

In conclusion, MAGOH-DT emerges as a crucial inter-
mediary in the process of TNF-o/HG-induced EndMT.
This investigation offers preliminary evidence of a shared
pathway between hyperglycemia and inflammation in endo-



TNF-a and HG Induced EndMT by MAGOH-DT 237

thelial cell dysfunction. Consequently, MAGOH-DT repre-
sents a promising therapeutic target for ASO, especially in
patients suffering from diabetes mellitus, highlighting its
potential significance in the development of targeted treat-
ments for vascular diseases.
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