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CCCTC-binding factor suppresses alpha-2-macroglobulin transcription
to improve vascular endothelial cell functions in lower extremity
arteriosclerosis obliterans
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Abstract. Vascular endothelial cell functions affect lower extremity arteriosclerosis obliterans
(LEASO), while alpha-2-macroglobulin (A2M) and CCCTC-binding factor (CTCF) are closely
related to the function of such cells. This paper aims to identify the influences of CTCF on vas-
cular endothelial cells in LEASO by regulating A2M. A rat model of LEASO was established to
measure intima-media ratio, blood lipid, and inflammatory factor levels. By constructing LEASO
cell models, cell viability and apoptosis were assayed, while autophagy-related proteins, CTCF and
A2M levels in femoral artery tissues and HUVECs were determined. The transcriptional regula-
tion of CTCF on A2M was verified. In LEASO rat models, femoral artery lumen was narrowed
and endothelial cells were disordered; levels of total cholesterol, IL-1, and TNF-a enhanced, and
HDL-C decreased, with strong expression of A2M and low expression of CTCE The viability of
ox-LDL-treated HUVECs was decreased, together with higher apoptosis, lower LC3II/I expres-
sion, and higher p62 expression, which were reversed by sh-A2M transfection. Overexpression
of CTCF inhibited A2M transcription, promoted the viability and autophagy of HUVECs, and
decreased apoptosis. Collectively, CTCF improves the function of vascular endothelial cells in
LEASO by inhibiting A2M transcription.
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Abbreviations: A2M, alpha-2-macroglobulin; CTCF, CCCTC-binding factor; CCK-38, cell count-
ing kit 8; ChIP, chromatin immunoprecipitation; HUVECs, human umbilical vein endothelial
cells; HDL-C, high-density lipoprotein cholesterol; IL-1, interleukin-1; IGFBP5, insulin-like
growth factor binding protein 5; LEASO, lower extremity arteriosclerosis obliterans; ox-LDL,
oxidized low-density lipoprotein; PI, propidium iodide; TC, total cholesterol; TNF-a, tumor

necrosis factor-a.

Introduction

Peripheral arterial occlusive disease is an arterial thrombosis-
caused disorder of blood circulation, with the pathogenesis
similar to that of atherosclerosis and a clinical sign of inter-
mittent claudication (Yeh et al. 2022). The disease in most
patients stems from atherosclerotic plaque accumulation in
the lower limb arterial tree and even results in chronic limb
threatening ischemia (Sucharitkul et al. 2021). Accumulation
of fibrous elements and lipids in large arteries is a character-
istic of lower extremity arteriosclerosis obliterans (LEASO)
(Li et al. 2019). Once vessels encounter external damage,
vascular endothelial injury will appear and subsequently
cause proliferation and migration of smooth muscle cells,
ultimately inducing luminal stenosis and vascular dysfunc-
tion (Gusev and Sarapultsev 2023). However, the explicit
molecular mechanism behind LEASO is far from clear.

Alpha-2-macroglobulin (A2M) is a highly abundant
protein in the peripheral blood circulation in humans and
is generated mainly in the liver due to coordination between
endothelial cells and hepatocytes (Yoshino et al. 2019). It
has been shown to have a close association with vascular
endothelial cell functions (Lehmann et al. 2022). In addition,
the changes in A2M have been verified to be associated with
atherosclerotic disease (Lin et al. 2022), with its mechanism
unclear. With the aim to illustrate the mechanism of A2M in
LEASO, we predicted possible genes interacting with A2M
and found CCCTC-binding factor (CTCF) has a binding
site in the promoter region of A2M. CTCT is a multifunc-
tional insulator element that significantly affect chromatin
organization (Agrawal et al. 2018). CTCF has been revealed
to promote vascular development and block oxidative stress
in endothelial cells (Roy et al. 2018). Other than the role
in vascular endothelial cells, CTCF was found to suppress
microRNA-383-5p expression by enriching in the promoter
region and thereby enhancing HDAC9 expression, which
lead to facilitated apoptosis in ischemic brain injury (Shen
et al. 2022). These studies indicate the possible functions of
CTCEF in vascular endothelial cells in LEASO.

In plaque, low-density lipoprotein (LDL) cholesterol
is transformed into oxidized LDL (ox-LDL) by oxidative
process, and ox-LDL arouses endothelial injury and further
spurs LEASO initiation and development (Cui et al. 2022).
Atherosclerosis is a prevailing inflammatory disease related
to endothelial dysfunction, and apoptosis and autophagy

of endothelial cells greatly affect the progression of athero-
sclerosis (Zhang et al. 2018; Shan et al. 2021). Therefore,
this study stimulated human umbilical vein endothelial cells
(HUVECsS) using ox-LDL to mimic LEASO initiation other
than LEASO rat models, which has been validated to be ef-
fective by previous studies (Li et al. 2019; Jiang et al. 2020).
This study aims to verify whether CTCF modulates A2M
transcription to regulate vascular endothelial cell functions
in LEASO.

Materials and Methods

LEASO rat models

Eight-week-old male Sprague Dawley rats (n = 16, 200-
250 g weighing, all from Shanghai Lab. Animal Research
Center) were kept at 23 + 3°C and 40-70% humidity under
a 12h/12h light/dark cycle and had free access to water
and food. With the approval of the ethics committee of
the First Affiliated Hospital of Fujian Medical University,
animal experiments were implemented abiding by codes
and operation specifications of laboratory animal manage-
ment and complying with the relevant ethics requirements.
After one week of feeding with high-fat diet, the left and
right hind limbs of rats were anesthetized and sterilized,
and the skin was incised from the groin to the place below
the knee to identify the bifurcation of femoral artery at the
popliteal artery. After the distal femoral artery was blocked
with an artery clamp, 0.2 ~ 0.3 ml ddH,O was infused to
the blocked artery until the vessel was filling. Five minutes
after the infusion, hemostasis and suture were carried out
(Liet al. 2019).

Animal groups

Sixteen rats were randomly assigned into two groups: sham-
operated group (sham group, n = 8) and LEASO model
group (LEASO group, n = 8). Four weeks after operation,
the rats were euthanatized by cervical dislocation for blood
sampling after anaesthesia via intraperitoneal injection of
pentobarbital sodium. Blood samples of tail vein (2.5 ml)
were centrifuged at 4°C and 1000 x g for 15 min, with the
supernatant collected and stored at -80°C. A fraction of rat
femoral artery was obtained, washed with phosphate buffer
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saline (PBS), and fixed at room temperature for 24 h in 4%
paraformaldehyde.

Hematoxylin and eosin staining

After fixation in 4% paraformaldehyde, dehydration, clear-
ing, paraffin penetration, and embedding, the rat femoral
artery was sectioned into 4 pm-thick slices, placed in water
at normal temperature for 60 min, and transferred to glass
slides. At room temperature, the sections were stained in
hematoxylin and eosin (Sigma, USA) for 5 min and 3 min,
respectively. Visualization of the sections was carried out
using an Eclipse 80i microscope (Nikon, Shanghai, China)
and images were acquired and analyzed with Image-Pro Plus
6.0 software (Media Cybernetics) to calculate the intima-
media (I/M) value.

Determination of blood lipid level

An automatic serum biochemical analyzer (BK-200,
BIOBASE) was utilized to detect the total cholesterol (TC)
and high-density lipoprotein cholesterol (HDL-C) levels in
rat serum.

Detection of serum biochemical indices by enzyme-linked
immunosorbent assay (ELISA)

Serum interleukin-1 (IL-1) and tumor necrosis factor-a
(TNF-a) levels were evaluated using IL-1 and TNF-a Kits
(Multi Sciences Biotechnology, Hangzhou, China) based
on the manufacturer’s instructions. The absorbance was
measured and standard curve was plotted.

Cell cultures and LEASO cellular models

HUVECs (American Type Culture Collection, Manassas,
VA, USA) were conventionally cultured in Dulbecco’s
modified Eagle medium (Gibco, Rockville, MD, USA) con-
taining 10% fetal bovine serum (Gibco) and 1% penicillin-
streptomycin (Gibco) at 37°C with 5% COs.

HUVECs were plated in a six-well plate (Corning, NY,
USA) for establishment of LEASO cellular model. After
they grew to 80% confluence, 100 pg/ml of ox-LDL (Yiyuan
Biotech, Guangzhou, China) was added to the medium for
48-h incubation to induce in vitro atherosclerosis model
(Zhu et al. 2019).

Cell transfection

HUVECs were plated in a 96-well plate and transduced with
A2M interference vector (sh-A2M), its negative control
(NC) (sh-NC), overexpression vectors of CTCF and A2M
(0e-CTCF and oe-A2M) and its NC (0e-NC) (all from

Hanbio, Shanghai, China) using Lipofectamine 2000 reagent
(Invitrogen, Carlsbad, CA, USA) as per the instructions.
Forty-eight hours after transfection, the HUVECs were
obtained for subsequent experiments.

Cell counting kit 8 (CCK-8) assay

CCK-8 (MedChemExpress, Monmouth Junction, NJ, USA)
was used to determine cell viability. After cell counting on
a counting plate, the HUVECs (3x 10%) were inoculated onto
a 96-well plate and incubated with 10 ul CCK-8 solution
per well at 37°C for 2 h in the dark, followed by absorbance
determination at 450 nm with a microplate reader.

Flow cytometry

HUVEC apoptosis was detected using a fluorescein isothio-
cyanate (FITC) conjugated annexin V apoptosis detection
kit (BD Biosciences, Franklin Lakes, NJ, USA). HUVECs
were detached with EDTA-free trypsin, collected, and
washed three times with pre-cold PBS (Solarbio, Beijing,
China). HUVECs (5x10°) were suspended in 100 pl of
binding buffer supplemented with 5 pl of Annexin V-FITC
and 5 yl of propidium iodide (PI) and incubated for 30 min
in the dark before the addition of 400 ul of binding buffer.
BD FACSCalibur (BD Biosciences, USA) instrument was
utilized to determine the apoptotic rate of the stained cells.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)

After total RNA isolation using RNAiso Plus (9109, Takara,
Dalian, China), reverse transcription was performed for 2 pg
of total RNA extracted from each sample using PrimeScrip RT
Master Mix (RR036A, Takara) to convert RNA into cDNA.
qRT-PCR was carried out in a fluorescence quantitative PCR
instrument (ABI7500, ABI, Foster City, CA, USA) and the re-
action system was as follows: SYBR Mix, 9 ul; forward primer,
0.5 pl; reverse primer, 0.5 pl; cDNA, 2 ul; RNase Free dH20
8 pl; the reaction conditions were as follows: 95°C, 10 min;
95°C, 15 s; 60°C, 1 min; in a total of 40 cycles. Each sample
had three replicates. The primers were synthesized by Shang-
hai Sangon Biotech (Shanghai, China) (primer sequences
in Table 1). The Ct value of each well was recorded, and the
relative expression of products was calculated using 2-AACt
method, with GAPDH as the internal reference.

Western blotting

Femoral arteries or HUVECs obtained from groups were
lysed with protein extraction lysis buffer after washing with
pre-cold PBS. Following the determination of protein con-
centration using the BCA kit (Thermo Fisher, Waltham, MA,


C:/Users/WJB/AppData/Local/youdao/dict/Application/10.0.3.0/resultui/html/index.html#/javascript:;

234

He et al.

Table 1. Primer sequences used in qRT-PCR

Name of primer Sequences (5-3)

CTCE-F (Rat) ACGCAGATAACTGTGCTGGT
CTCEF-R (Rat) ACGCAGATAACTGTGCTGGT
CTCEF-F (Human) GAATTGGTTCGGCATCGTCG
CTCEF-R (Human) GCTGACTTCTACACTGGCGT
A2M-F (Rat) GCTGCCATCAGACGTGGTAG
A2M-R (Rat) AGCCATAGGGCATCTTGAGG
A2M-F (Human) GAGGCAGAAGGACAATGGCT
A2M-R (Human) ATAGGCGGAGAGGGTCACTT
GAPDH-F (Rat) CCCTTAAGAGGGATGCTGCC
GAPDH-R (Rat) ACTGTGCCGTTGAATTTGCC
GAPDH-F (Human) TCCAAAATCAAGTGGGGCGA
GAPDH-R (Human) AAATGAGCCCCAGCCTTCTC

E, forward; R, reverse.

USA), a corresponding volume of protein was mixed with
5xloading buffer (Sangon Biotech) and heated in a boiling wa-
ter bath for 3 min to denature protein. The electrophoresis was
carried out at 80 V for 30 min, and the voltage was switched
to 120 V for 1-2 h of electrophoresis once bromophenol
blue reached the separation gel. The protein was passed onto
the membrane in an ice bath at 300 mA for 60 min. After
the transferring, the membrane was washed in a washing
solution for 1-2 min and blocked in a blocking solution at
room temperature for 60 min or at 4°C overnight. At room
temperature, the membrane was incubated at a shaking table
for 1 h with anti-GAPDH (CB-100034, 1:10000, Cameback,
Changsha, China), anti-CTCF (ab128873, 1:1000, Abcam),
anti-A2M (ab109422, 1:1000, Abcam), anti-LC3B (ab192890,
1:2000, Abcam), and anti-SQSTM1/p62 (ab109012, 1:10000,
Abcam) before washing three times with the washing solu-
tion for 10 min each, and the membrane was transferred to
secondary antibody anti-IgG for 1 h of incubation at room
temperature and washed three times for 10 min each. After
the developing solution was added to the membrane, the
chemiluminescence was detected with the chemilumines-
cence imaging system (Tanon, Shanghai, China).

Chromatin immunoprecipitation (ChIP)

According to the manufacturer’s protocol of the ChIP kit
(26156, Thermo Fisher), chromatin was cross-linked and
digested with micrococcal nuclease. Anti-CTCF (#3418,
CST, Beverly, MA, USA) or anti-IgG (ab182931, Abcam)
was added to the reaction system for IP and the sediments
were washed several times to remove nonspecific binding
substance. After de-crosslinking, the DNA sample was
purified and the enrichment of certain genomic region was
determined using qRT-PCR. IgG served as the negative
control and A2M promoter primer therein is as follows: F:

5-GAAACAACCACCAGCCTCTG-3; R: 5-AACATCAT-
GCCCTGTGAGTCAT-3’

Luciferase reporter assay

The binding of the transcription factor CTCF and the pro-
moter of A2M was predicted by JASPAR database and the
wild sequence (wt-A2M) and designed mutated sequence
(mut-A2M) of the binding site were inserted into luciferase
reporter vector (pGL3-Basic) and the vectors were trans-
fected into HEK293T cells (Qinggi (Shanghai) Biotechnology
Development) with oe-CTCF or oe-NC. Forty-eight hours
after the transfection, a Luciferase Assay System kit (E2920,
Promega, Madison, WI, USA) was used to determine lucif-
erase activity.

Statistics analysis

GraphPad prism7 software was applied for statistics analysis
and all data were represented as mean * standard deviation.
For samples conforming to normal distribution, the data
between two groups were compared using ¢t test and those
among multiple groups were compared using one-way analy-
sis of variance, followed by Tukey’s multiple comparisons test
for post-hoc analysis. For sample not conforming to normal
distribution, two independent samples were compared using
Mann-Whitney U test and multiple independent samples
were compared using Kruskal-Wallis. p < 0.05 is considered
to have statistical significance.

Results

A2M strongly expressed in LEASO model rats

Image-Pro Plus detected the I/M value in rats, which showed
an increased I/M value in the LEASO group versus the sham
group (Fig. 1A). The detection of blood lipid levels displayed
that rats in the LEASO group had substantially increased
TC level and decreased HDL-C level compared to rats in
the sham group (Fig. 1B,C). As ELISA revealed, the serum
levels of IL-1 and TNF-a were enhanced in the LEASO group
compared to in the sham group (Fig. 1D,E). The above results
demonstrated the successful establishment of the LEASO
rat model. The expression of A2M, detected by qRT-PCR
and Western blotting, was found to be higher in the LEASO
group than in the sham group (Fig. IEG).

Silencing A2M restores HUVEC viability and autophagy but
suppressed the apoptosis

qRT-PCR and Western blotting demonstrated an increase
in A2M expression in the ox-LDL group versus the control
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group (Fig. 2A,B). HUVECs were transfected with sh-A2M
or its NC to investigate the influences of A2M on HUVEC
functions. The results of qRT-PCR and Western blotting
verified the successful transfection (Fig. 2A,B). The viability
of HUVECs, shown by the CCK-8 assay, was suppressed
in the ox-LDL group compared with the control group
but restored in the ox-LDL+sh-A2M group in comparison
with the ox-LDL+sh-NC group (Fig. 2C). Flow cytometry
assay displayed that the apoptotic rate was elevated in the
ox-LDL group in comparison with the control group and
decreased in the ox-LDL+sh-A2M group compared with
the 0x-LDL+sh-NC group (Fig. 2D). The results of Western
blotting showed downregulated LC31I/1 expression and
facilitated p62 expression in the ox-LDL group compared
with the control group; the ox-LDL+sh-A2M group had
higher LC3II/I expression and lower p62 expression than
those in the ox-LDL+sh-NC group (Fig. 2E). Moreover,
previous studies stated that ox-LDL can induce oxidative
stress and inflammation in HUVECs (Chen et al. 2019; Jia
et al. 2022). Here, we designed ELISA to test the inflamma-
tory factors in the supernatant, and found that the ox-LDL
group had higher levels of IL-1 and TNF-a than the control
group, while opposite levels of these factors were noted in the
ox-LDL+sh-A2M group compared with the ox-LDL+sh-NC
group (Fig. 2EG).

Overexpression of CTCF inhibits A2M transcription

qRT-PCR and Western blotting detected the expression
of CTCEF in rat femoral artery tissues and HUVECs. The
results showed that CTCF levels in the LEASO group were
lower than that in the sham group (Fig. 3A,B); in the ox-
LDL group, CTCF levels were decreased compared with the
control group (Fig. 3C,D). In response to the transfection of
oe-CTCF into HUVECs, levels of CTCF mRNA and protein
were elevated in the ox-LDL+oe-CTCF group in comparison
with the ox-LDL+oe-NC group; however, A2M protein and
mRNA levels were reduced (Fig. 3E.F).

Through the transcription factor JASPAR database
(http://jaspar.genereg.net), we predicted the binding sites
between CTCF and A2M promoter, and found that there
was a binding site between the transcription factor CTCF
and the A2M promoter (Fig. S1 in Supplementary materi-
als), indicating that A2M transcription may be regulated by
CTCE To investigate whether A2M is directly controlled by
CTCE we performed ChIP to detect the binding of CTCEF to
A2M, and the results showed that the A2M promoter bound
by the CTCF antibody was more stronger than that bound
by the IgG antibody (Fig. 3G), indicating that CTCF was
enriched in the transcriptional regulatory region of the A2M
gene. The luciferase reporter gene assay further verified that
the luciferase activity of the oe-CTCF group inserted with
the mut-A2M sequence was not different from that of the

0e-NC group, while the luciferase activity of the oe-CTCF
group inserted with the wt-A2M sequence was lower than
that in the oe-NC group (Figure 3H). Based on the above,
the transcription factor CTCF can regulate the transcription
of A2M gene.

CTCF improves the functions of vascular endothelial cells in
LEASO by inhibiting the transcription of A2M

HUVEC:s treated with ox-LDL were subjected to transfec-
tion with oe-CTCF and oe-A2M to further investigate
the impacts of CTCF in LEASO. Shown by qRT-PCR and
Western blotting assays, CTCF expression was higher in the
0e-CTCF group than in the oe-NC group; A2M expression
in the oe-CTCF+oe-A2M group was higher than in the
oe-CTCF+oe-NC group (Fig. 4A,B). Functionally, HUVEC
viability in the oe-CTCEF group was restored compared with
that in the oe-NC group; the viability of ox-LDL-treated
HUVECs was suppressed in response to A2M overexpres-
sion after CTCF overexpression (Fig. 4C). The apoptotic
rate in the oe-CTCF group was lower than in the oe-NC
group, while the rate in the oe-CTCF+oe-A2M group was
increased in comparison with the oe-CTCF+oe-NC group
(Fig. 4D). Besides, LC3II/I showed an increase in the oe-
CTCF group versus the oe-NC group and a decrease in
the oe-CTCF+oe-A2M group versus the oe-CTCF+oe-NC
group, and p62 displayed a decrease in the oe-CTCF group
compared with the oe-NC group and an elevation in the
oe-CTCF+oe-A2M group compared with the oe-CTCF+oe-
NC group (Fig. 4E). As for the results from ELISA, the
levels of IL-1 and TNF-a were markedly decreased in the
oe-CTCF group in comparison with the oe-NC group, and
were elevated by further oe-A2M transfection (Fig. 4EG).
Overall, overexpression of CTCF can promote the viability
and autophagy of HUVECs, and reduce the apoptosis and
inflammatory response, and on this basis, overexpression
of A2M can reverse these effects.

Discussion

LEASO is the stem of peripheral artery disease that is related
to atherosclerosis of other vascular beds (Barnes et al. 2020).
In this study, a LEASO rat model was established in which
A2M was highly abundant in femoral arteries and CTCF
was modestly expressed. In ox-LDL-induced HUVECs,
CTCF was shown to suppress A2M transcription to alleviate
vascular endothelial cell functions in LEASO.
Atherosclerotic occlusion is involved in endothelial
cell dysfunction and migration, thrombus formation, and
vascular remodeling with resultant local inflammation and
cytokine release (Qi et al. 2021). The high-fat diet-induced
LEASO rats showed high levels of TC, IL-1, and TNF-q,
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and low level of HDL-C, as well as high A2M expression.
Excessive apoptosis of endothelial cells is preliminary in
atherosclerosis, and inhibiting apoptosis may prevent and
treat atherosclerosis (Duan et al. 2021). Molecular endothe-
lial signatures identified that A2M is a major downstream
regulator of endothelial cell phenotype (Menon et al.
2020). A2M is synthesized in response to simulation of

pro-inflammatory cytokines and elevates in the process of
chronic or acute inflammatory diseases; apart from inflam-
mation, it can trap many proteinases related to coagulation
and fibrinolysis (Lagrange et al. 2022). Previously, serum
A2M level was considered to indicate endothelial dysfunc-
tion assessed by flow-mediated dilation in patients with
chronic stroke or cardiovascular risk factors (Shimomura
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et al. 2018). Additionally, A2M appears to modulate the
release of proangiogenic microvesicles by binding to its
main receptor LDL receptor-related protein 1 (Laberge
et al. 2021). Herein, our findings revealed that silencing
of A2M restored the viability and autophagy of ox-LDL-
stimulated HUVECs, and repressed the apoptosis and
inflammation. Based on previous findings, A2M not only
regulates the functions of vascular endothelial cells but may
also affect the accumulation of fibrous proteins and lipids.
The influences of A2M in LEASO require more extensive
investigations to obtain a more intensive understanding of
A2M in the disease.

In this work, CTCF was demonstrated as a transcription
factor of A2M. CTCF was at a low level in ox-LDL-induced
HUVEC and CTCF could inhibit A2M transcription by
enriching in the promoter region. CTCF overexpression
alone suppressed ox-LDL-induced HUVEC apoptosis and
enhanced the viability and autophagy; however, CTCF
overexpression-induced changes in HUVEC functions were
reversed by A2M overexpression. Similarly, CTCF activates
the FXN promoter, so as to restore FXN level in damaged
endothelial cells, thereby improving vascular development
and limiting oxidative stress (Roy et al. 2018). CTCF facili-
tated H3K27me3 modification in the promoter region of
insulin-like growth factor binding protein 5 (IGFBP5) by
recruiting EZH2, leading to downregulation of IGFBP5 and
alleviating colonic mucosal epithelial cell injury in ulcerative
colitis (Gu et al. 2023). In combination with previous studies
and our findings, a conclusion was drawn that CTCF also
has anti-apoptotic roles in endothelial cells. Concerning
atherosclerosis, CTCF was revealed to have a binding site
in the CDKN28 promoter region and CDKN28-AS1 pro-
moted the formation of atherosclerotic plaques by recruiting
CTCF and EZH2 to the CDKN28 promoter (Murdoch and
Showman 1988). This study seems to indicate a promoting
effect of CTCF in plaque formation. At the same time, CTCF
binding sites have been believed to be highly mutated across
cancers, especially when they are within loop anchor points
(Kaiser and Semple 2018). The mutation of CTCF binding
sites may be an explanation for the difference between the
results of our study and that of previous study. In addition,
depletion of CTCF in a liver-specific manner triggered
hepatic steatosis and inflammation (Choi et al. 2021).
The stress-induced apoptotic response in cells requires
downregulation of CTCE, suggesting that CTCF may be an
important downstream target of stress-induced signaling
pathways (Li and Lu 2007). The anti-inflammation effects
of CTCF and the possible pathways should be explored in
our future studies.

This study mainly focused on the interaction between
CTCF and A2M and their effects on HUVEC functions.
However, the interpretation of the results shall be cautious
due to the limitations of the present study. For instances, the

regulatory effects of A2M and CTCF on vascular endothelial
cell functions are validated only in the ox-LDL-induced
cellular model. LEASO development in vivo cannot be
completely mimicked by the cellular model. The specific
mechanism of CTCF-mediated transcription inhibition of
A2M should be explored, for example, whether CTCF re-
cruits a certain gene to modify the methylation of the A2M
promoter. The current work verified that CTCF transcrip-
tionally suppressed A2M expression, thus suppressing the
apoptosis of HUVECs and restoring their viability. Overall,
this study helps to deepen the understanding behind LEASO
initiation and progression and provides interesting targets
for treating the disease.

Conflicts of interests. The authors report no relationships that
could be construed as a conflict of interest.

Author contribution. TH, MY, PC and SF conceived the ideas. TH,
MY and HZ designed the experiments. TH, MY and HZ performed
the experiments, analyzed the data, provided critical materials,
and wrote the manuscript. PC and SF supervised the study. All the
authors have read and approved the final version for publication.

Funding. This work was supported by Joint Funds for the Innova-
tion of Science and Technology, Fujian Province (N0.2021Y9098);
Fujian Provincial Finance Project (No. BPB-2022CP-1) and Fujian
Provincial Health Technology Project (No.2020TG015).

Availability of data and materials. The datasets used or analyzed
during the current study are available from the corresponding
author on reasonable request.

Ethics approval and consent to participate. With the approval
of the ethics committee of the First Affiliated Hospital of Fujian
Medical University, animal experiments were implemented abid-
ing by codes and operation specifications of laboratory animal
management and complying with the relevant ethics require-
ments.

References

Agrawal P, Heimbruch KE, Rao S (2018): Genome-wide maps of
transcription regulatory elements and transcription enhancers
in development and disease. Compr. Physiol. 9, 439-455
https://doi.org/10.1002/cphy.c180028

Barnes JA, Eid MA, Creager MA, Goodney PP (2020): Epidemiol-
ogy and risk of amputation in patients with diabetes mellitus
and peripheral artery disease. Arterioscler. Thromb. Vasc. Biol.
40, 1808-1817
https://doi.org/10.1161/ATVBAHA.120.314595

Chen X, Lin J, Hu T, Ren Z, Li L, Hameed I, Zhang X, Men C,
Guo Y, Xu D, et al. (2019): Galectin-3 exacerbates ox-LDL-
mediated endothelial injury by inducing inflammation via
integrin betal-RhoA-JNK signaling activation. J. Cell. Physiol.
234, 10990-11000


https://doi.org/10.1002/cphy.c180028
https://doi.org/10.1161/ATVBAHA.120.314595

CCCTC-binding factor inhibits A2M transcription in LEASO

241

https://doi.org/10.1002/jcp.27910

Choi Y, Song M]J, Jung WJ, Jeong H, Park S, Yang B, Lee EC, Joo
JS, Choi D, Koo SH, et al. (2021): Liver-specific deletion
of mouse CTCF leads to hepatic steatosis via augmented
PPARgamma signaling. Cell. Mol. Gastroenterol. Hepatol.
12, 1761-1787
https://doi.org/10.1016/j.jcmgh.2021.07.016

CuiL, Chen L, Dai Y, OuJ, Qiu M, Wang S (2022): Increased level
of Tim-3(+)PD-1(+)CD4(+)T cells with altered function might
be associated with lower extremity arteriosclerosis obliterans.
Front. Immunol. 13, 871362
https://doi.org/10.3389/fimmu.2022.871362

Duan H, Zhang Q, Liu J, Li R, Wang D, Peng W, Wu C (2021): Sup-
pression of apoptosis in vascular endothelial cell, the promising
way for natural medicines to treat atherosclerosis. Pharmacol.
Res. 168, 105599
https://doi.org/10.1016/j.phrs.2021.105599

Gu D, Cao T, Yi S, Liu Y, Fan C (2023): CCCTC-binding factor
mediates the transcription of insulin-like growth factor bind-
ing protein 5 through EZH2 in ulcerative colitis. Dig. Dis. Sci.
68, 778-790
https://doi.org/10.1007/s10620-022-07566-w

Gusev E, Sarapultsev A (2023): Atherosclerosis and inflammation:
Insights from the theory of general pathological processes. Int.
J. Mol. Sci. 24, 7910
https://doi.org/10.3390/ijms24097910

Jia ], Wang Y, Huang R, Du F, Shen X, Yang Q, Li J (2022): Protein
disulfide-isomerase A3 knockdown attenuates oxidized low-
density lipoprotein-induced oxidative stress, inflammation and
endothelial dysfunction in human umbilical vein endothelial
cells by downregulating activating transcription factor 2. Bio-
engineered 13, 1436-1446
https://doi.org/10.1080/21655979.2021.2018980

Jiang B, Wang R, Lin Z, Ma ], Cui J, Wang M, Liu R, Wu W, Zhang
C,Li W, etal. (2020): Antisense long non-coding RNA WEE2-
AS1 regulates human vascular endothelial cell viability via cell
cycle G2/M transition in arteriosclerosis obliterans. Mol. Med.
Rep. 22, 5069-5082
https://doi.org/10.3892/mmr.2020.11625

Kaiser VB, Semple CA (2018): Chromatin loop anchors are as-
sociated with genome instability in cancer and recombination
hotspots in the germline. Genome Biol. 19, 101
https://doi.org/10.1186/s13059-018-1483-4

Laberge A, Merjaneh M, Arif S, Larochelle S, Moulin V] (2021):
Shedding of proangiogenic microvesicles from hypertrophic
scar myofibroblasts. Exp. Dermatol. 30, 112-120
https://doi.org/10.1111/exd.14178

Lagrange ], Lecompte T, Knopp T, Lacolley P, Regnault V (2022):
Alpha-2-macroglobulin in hemostasis and thrombosis: An
underestimated old double-edged sword. J. Thromb. Haemost.
20, 806-815
https://doi.org/10.1111/jth.15647

Lehmann GL, Ginsberg M, Nolan D], Rodriguez C, Martinez-Gon-
zalez ], Zeng S, Voigt AP, Mullins RF, Rafii S, Rodriguez-Boulan
E, et al. (2022): Retinal pigment epithelium-secreted VEGF-A
induces alpha-2-macroglobulin expression in endothelial cells.
Cells 11, 2975
https://doi.org/10.3390/cells11192975

LiT, LuL (2007): Functional role of CCCTC binding factor (CTCF)
in stress-induced apoptosis. Exp. Cell. Res. 313, 3057-3065
https://doi.org/10.1016/j.yexcr.2007.05.018

Li WM, Yue JN, Guo DQ, Fu WG (2019): MiR-126 promotes en-
dothelial cell apoptosis by targeting PI3K/Akt in rats with lower
limb arteriosclerosis obliterans. Eur. Rev. Med. Pharmacol. Sci.
23,327-333

Lin K, Wang X, LiJ], Zhao P, Xi X, Feng Y, Yin L, Tian J, Li H, Liu X,
etal. (2022): Anti-atherosclerotic effects of geraniin through the
gut microbiota-dependent trimethylamine N-oxide (TMAO)
pathway in mice. Phytomedicine 101, 154104
https://doi.org/10.1016/j.phymed.2022.154104

Menon R, Otto EA, Hoover P, Eddy S, Mariani L, Godfrey B,
Berthier CC, Eichinger F, Subramanian L, Harder J, et al.
(2020): Single cell transcriptomics identifies focal segmental
glomerulosclerosis remission endothelial biomarker. JCI In-
sight 5, e133267
https://doi.org/10.1172/jci.insight.133267

Murdoch SE, Showman RM (1988): Temporal and spatial expres-
sion of embryonic alkaline phosphatase activity in the surf clam,
Spisula solidissima. Cell Differ. Dev. 25, 213-221
https://doi.org/10.1016/0922-3371(88)90118-9

Qi M, Song Z, Wang L, Xie X (2021): Effect of temperature-
sensitive nanogel combined with angioplasty on sSICAM-1
and VE-cadherin in lower extremity arterial occlusion rabbits.
Bioengineered 12, 12535-12543
https://doi.org/10.1080/21655979.2021.2009967

Roy AR, Ahmed A, DiStefano PV, Chi L, Khyzha N, Galjart N,
Wilson MD, Fish JE, Delgado-Olguin P (2018): The transcrip-
tional regulator CCCTC-binding factor limits oxidative stress
in endothelial cells. J. Biol. Chem. 293, 8449-8461
https://doi.org/10.1074/jbc.M117.814699

Shan R, Liu N, Yan Y, Liu B (2021): Apoptosis, autophagy and ath-
erosclerosis: Relationships and the role of Hsp27. Pharmacol.
Res. 166, 105169
https://doi.org/10.1016/j.phrs.2020.105169

Shen J,Han Q, Li W, Chen X, LuJ, ZhengJ, Xue S (2022): miR-383-
5p regulated by the transcription factor CTCF affects neuronal
impairment in cerebral ischemia by mediating deacetylase
HDACS activity. Mol. Neurobiol. 59, 6307-6320
https://doi.org/10.1007/s12035-022-02840-4

Shimomura R, Nezu T, Hosomi N, Aoki S, Sugimoto T, Kinoshita
N, Araki M, Takahashi T, Maruyama H, Matsumoto M (2018):
Alpha-2-macroglobulin as a promising biological marker of
endothelial function. J. Atheroscler. Thromb. 25, 350-358
https://doi.org/10.5551/jat.41335

Sucharitkul PPJ, Jones KL, Scott DJA, Bailey MA (2021): Lipid
optimization in lower extremity peripheral arterial disease.
Ann. Vasc. Surg. 76, 542-554
https://doi.org/10.1016/j.avsg.2021.03.055

Yeh YT, Tseng YS, Wu YL, Yang SE Wang BY, Wang YH, Yeh LT,
Yeh YT, Chan CH (2022): Risk of peripheral arterial occlusive
disease with periodontitis and dental scaling: A nationwide
population-based cohort study. Int. J. Environ. Res. Public
Health 19, 10057
https://doi.org/10.3390/ijerph191610057

Yoshino S, Fujimoto K, Takada T, Kawamura S, Ogawa J, Kamata
Y, Kodera Y, Shichiri M (2019): Molecular form and concen-


https://doi.org/10.1002/jcp.27910
https://doi.org/10.1016/j.jcmgh.2021.07.016
https://doi.org/10.3389/fimmu.2022.871362
https://doi.org/10.1016/j.phrs.2021.105599
https://doi.org/10.1007/s10620-022-07566-w
https://doi.org/10.3390/ijms24097910
https://doi.org/10.1080/21655979.2021.2018980
https://doi.org/10.3892/mmr.2020.11625
https://doi.org/10.1186/s13059-018-1483-4
https://doi.org/10.1111/exd.14178
https://doi.org/10.1111/jth.15647
https://doi.org/10.3390/cells11192975
https://doi.org/10.1016/j.yexcr.2007.05.018
https://doi.org/10.1016/j.phymed.2022.154104
https://doi.org/10.1172/jci.insight.133267
https://doi.org/10.1016/0922-3371(88)90118-9
https://doi.org/10.1080/21655979.2021.2009967
https://doi.org/10.1074/jbc.M117.814699
https://doi.org/10.1016/j.phrs.2020.105169
https://doi.org/10.1007/s12035-022-02840-4
https://doi.org/10.5551/jat.41335
https://doi.org/10.1016/j.avsg.2021.03.055
https://doi.org/10.3390/ijerph191610057

242

He et al.

tration of serum alpha(2)-macroglobulin in diabetes. Sci
Rep. 9, 12927

https://doi.org/10.1038/s41598-019-49144-7
Zhang Y, Liu X, Bai X, Lin Y, Li Z, Fu ], Li M, Zhao T, Yang H, Xu
R, et al. (2018): Melatonin prevents endothelial cell pyroptosis

via regulation of long noncoding RNA MEG3/miR-223/NLRP3
axis. J. Pineal Res. 64, 12449

https://doi.org/10.1111/jpi. 12449

Zhu Z, Li], Zhang X (2019): Salidroside protects against ox-LDL-
induced endothelial injury by enhancing autophagy mediated

by SIRT1-FoxO1 pathway. BMC Complement. Altern. Med.
19,111

https://doi.org/10.1186/s12906-019-2526-4

Received: July 27, 2023
Final version accepted: March 4, 2024


https://doi.org/10.1038/s41598-019-49144-7
https://doi.org/10.1111/jpi.12449
https://doi.org/10.1186/s12906-019-2526-4

Gen. Physiol. Biophys. (2024), 43, 1 1

doi: 10.4149/gpb_2024005

Supplementary Material

CCCTC-binding factor suppresses alpha-2-macroglobulin transcription
to improve vascular endothelial cell functions in lower extremity
arteriosclerosis obliterans

Tianmin He'*, Mengqiang You***, Huixin Zhu*°, Peng Chen**" and Shanhong
Fang??

! Department of Vascular Surgery, the First Affiliated Hospital of Fujian Medical University, Fuzhou, Fujian, PR. China

2 Department of Sports Medicine, National Regional Medical Center, Binhai Campus of the First Affiliated Hospital of Fujian
Medical University, Fuzhou, Fujian, PR. China

3 Department of Orthopedic Surgery, the First Affiliated Hospital of Fujian Medical University, Fuzhou, Fujian, PR.
China

* Nursing Department, the First Affiliated Hospital of Fujian Medical University, Fuzhou, Fujian, PR. China

> Nursing Department, National Regional Medical Center, Binhai Campus of the First Affiliated Hospital of Fujian Medical
University, Fuzhou, Fujian, PR. China

Supplementary Figure
Matrix ID Name Score Relative score v  SequencelD Start End Strand Predicted sequence
MAD531.1 MA0531.1.CTCF 6.2267017 0.8160075364603584 NC_000012.12:c9118229-9116129 593 607 - TGGGAAGATGGAGTA
MAOD531.1 MA0531.1.CTCF 5.83319 0.810903169766731 NC_000012.12:c9118229-9116129 75 89 + GAAACAGATGTTTCC
MAD531.1 MA0531.1.CTCF 5.346674 0.8045924155882906 NC_000012.12:c9118229-9116129 2021 2035 + ACCATAAAAGGCGTT

Figure S1. JASPAR database prediction for the binding site of CTCF and A2M gene promoter.
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