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Abstract
Abdominal aortic aneurysm (AAA) is characterized by inflammatory cell infiltration and aggravated by hyperhomocysteine-
mia (HHcy). It is unknown whether the homocysteine (Hcy)-activated RNA methyltransferase NOP2/Sun domain family 
member 2 (NSun2) is associated with AAA. Here, we found that NSun2 deficiency significantly attenuated elastase-induced 
and HHcy-aggravated murine AAA with decreased T cell infiltration in the vessel walls. T cell labeling and adoptive transfer 
experiments confirmed that NSun2 deficiency inhibited the chemotaxis of vessels to T cells. RNA sequencing of endothelial 
cells showed that Hcy induced the accumulation of various metabolic enzymes of the phospholipid PC-LPC-LPA metabolic 
pathway, especially autotaxin (ATX). In the elastase-induced mouse model of AAA, ATX was specifically expressed in the 
endothelium and the plasma ATX concentration was upregulated and even higher in the HHcy group, which were decreased 
dramatically by NSun2 knockdown. In vitro Transwell experiments showed that ATX dose-dependently promoted T cell 
migration. HHcy may upregulate endothelial ATX expression and secretion and in turn recruit T cells into the vessel walls 
to induce vascular inflammation and consequently accelerate the pathogenesis of AAA. Mechanistically, secreted ATX 
interacted with T cells by binding to integrin α4, which subsequently activated downstream FAK/Src-RhoA signaling path-
ways and then induced T cell chemokinesis and adhesion. ATX overexpression in the vessel walls reversed the inhibited 
development of AAA in the NSun2-deficient mice. Therefore, NSun2 mediates the development of HHcy-aggravated AAA 
primarily by increasing endothelial ATX expression, secretion and T cell migration, which is a novel mechanism for HHcy-
aggravated vascular inflammation and pathogenesis of AAA.
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AAA   Abdominal aortic aneurysm
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BrdU  5-Bromo-2′-deoxyuridine
CFSE  Carboxy fluorescein diacetate succinimidyl 

ester
FAK  Focal adhesion kinase
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Hcy  Homocysteine
HHcy  Hyperhomocysteinemia
HUVECs  Human umbilical vein endothelial cells
ICAM  Intercellular adhesion molecule
LPA  Lysophosphatidic acid
LPC  Lysophosphatidylcholine
NSun2  NOP2/Sun domain family, member 2
RhoA  Ras homolog gene family, member A

Introduction

Abdominal aortic aneurysm (AAA) is a typical asympto-
matic disease leading to aneurysm expansion and rupture. 
The pathogenesis of AAA includes vascular inflammation, 
smooth muscle cell apoptosis, extracellular matrix degra-
dation, and oxidative stress [1]. Despite progress in inva-
sive surgical repair and drug treatment, the fatality rate is 
extremely high in patients once the aneurysm ruptures. Thus, 
it is of high importance to enhance our understanding of the 
pathobiology of AAA and develop new strategies to prevent 
the progression of AAA.

In AAA, multiple inflammatory cells, including neutro-
phils, T cells, B cells, macrophages, mast cells and NK cells, 
were observed in all layers of the aortic wall [2]. The pro-
cesses of leukocyte recruitment to the aortic wall include 
selectin-dependent cell rolling, chemokine-induced cell 
activation, integrin-dependent cell adhesion and cell trans-
migration [3]. NSun2 (NOP2/Sun domain family, member 
2; Myc-induced SUN domain-containing protein, Misu) is 
a nucleolar RNA methyltransferase implicated in cell pro-
liferation [4], stem cell differentiation [5], testis differen-
tiation [6], and human cancers [4, 7]. Our previous study 
reported that NSun2 upregulates the protein expression of 
intercellular adhesion molecule 1 (ICAM-1) by methylat-
ing ICAM-1 mRNA in vascular endothelial cells, thereby 
increasing the adhesion of leukocytes to the endothelium 
and promoting arteriosclerosis in rats [8]. However, whether 
NSun2 mediates murine AAA formation by affecting vari-
ous inflammatory cell migration or adhesion is unclear, and 
if it does mediate AAA formation, the underlying mecha-
nism is unknown.

Hcy is a sulfur-containing amino acid and serves as an 
intermediate product during the metabolism of methionine 
and cysteine. Hyperhomocysteinemia (HHcy), defined as 
a pathological elevation of plasma Hcy levels (> 15 μM) 
resulting from a metabolic imbalance, is an independent 
risk factor for various vascular diseases, including aneu-
rysm [9, 10]. Our previous studies showed that HHcy 
accelerates AAA development accompanied by many more 
monocytes/macrophages and T cells in adventitia and acti-
vation of macrophage NLRP3 inflammasome [10, 11]. 
Hcy directly interacts with and activates the angiotensin II 

type I receptor to aggravate vascular injury and AAA for-
mation [12]. Recently, B cell-derived pathogenic anti-β2-
glycoprotein I (anti-β2GPI) IgG and antiphospholipid (aPL) 
antibodies might contribute to HHcy-aggravated chronic 
vascular inflammation and AAA formation [9]. Although 
HHcy activates endothelial NSun2 methyltransferase activ-
ity to recruit leukocytes in arteriosclerosis [8], the potential 
regulatory targets of NSun2 in HHcy-accelerated murine 
AAA need to be further investigated.

Modification of cell membranes is detected in various 
vascular diseases, such as atherosclerosis and AAA. The 
presence of lipid-protein interactions in the membrane pro-
vides a substrate for lysophosphatidylcholine (LPC) and 
lysophosphatidic acid (LPA) [13]. Autotaxin (ATX; also 
known as ENPP2), a lysophospholipase D (lysoPLD) relying 
on its catalytic phosphodiesterase (PDE) domain, catalyzes 
the conversion of LPC to LPA [14]. LPA plays a critical 
role in lymphocyte migration and several kinds of tumor 
cell motility [14–17]. Although most research to date has 
focused on targeting the ATX-LPAR axis to treat patients 
suffering from various inflammatory diseases, emerging data 
point to the important role of ATX directly interacting with 
integrin on the target cell surface to regulate cell function 
as a secreted protein, lysoPLD. Here, the significance of 
ATX-mediated intercellular interactions in AAA is explored.

Using elastase-induced and HHcy-accelerated AAA 
models in  NSun2+/− mice, we demonstrated that the RNA 
methyltransferase NSun2 mediated HHcy-induced ATX 
expression and secretion from the endothelium, which in 
turn recruited T cells by binding to their integrin α4 and 
subsequently aggravated AAA development in mice. Tar-
geting ATX may be a potential novel target to treat HHcy-
associated vascular inflammation and AAA.

Materials and methods

Reagents and antibodies

dl-Homocysteine, elastase from porcine pancreas and 
 MnCl2 were obtained from Sigma Chemical Co. (St. Louis, 
MO, USA). CFSE and BrdU were purchased from Invitro-
gen Corporation (Waltham, MA, USA). Recombined ATX 
was purchased from R&D Systems, Inc. (Minneapolis, 
MN, USA). Recombined CXCL12 was purchased from 
Novoprotein Scientific Inc. (Shanghai, China). HA130 was 
purchased from MCE (Monmouth Junction, NJ, USA). 
CD3ε F(ab’)2 fragments and IgG isotypes were purchased 
from Bio X Cell (West Lebanon, NH, USA). Antibodies 
against CD3ε, CD19, integrin α4, p-FAK (Tyr397), FAK, 
p-Src (Tyr416) and Src were purchased from Cell Signal-
ing Technology (Danvers, MA, USA). Antibodies against 
CD31 and β-actin and recombinant human ICAM-1 were 
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purchased from ABclonal (Wuhan, China). Antibodies 
against α-SMA and NSun2 and mounting medium with 
DAPI were purchased from Abcam (Cambridge, MA, 
USA). Antibodies against ATX were purchased from 
Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies 
against RhoA were purchased from Cytoskeleton (Den-
ver, CO, USA). Neutralizing antibody anti-CD49d mAb 
was purchased from BD Biosciences (Franklin Lakes, NJ, 
USA).

Animal treatments

All animal studies and experimental procedures were 
approved by the Institutional Animal Care and Use Commit-
tee (IACUC) of Peking University Health Science Center, 
an ethical organization authorized by Beijing Municipal Sci-
ence and Technology Commission.

NSun2+/− mice were generated from C57BL/6 mice using 
the Mice TALEN method (Mice NSun2 Gene ID: 28114) 
in Kangweida Technology Co. Ltd. (Wuhan, China). The 
constructs used are described in a previous study [18]. Dele-
tion of NSun2 was confirmed by polymerase chain reaction 
(PCR) and sequence analysis. The primers used for PCR 
were as follows: CAC CTG TCC CGA TCA CTG AC and ACA 
GCC TGG TCC TAC ACT CA.

Eight-week-old wild-type (WT) or  NSun2+/− mice were 
fed normal chow supplied with either dl-Hcy supplemented 
(1.8 g/L; Cat. H4628, Sigma-Aldrich, St. Louis, MO, USA) 
water or normal water for 4 weeks prior to euthanization 
[12].

As male mice are more susceptible to AAA than female 
mice, male mice were used for AAA induction [19, 20]. 
Elastase-induced AAA was performed in mice accordingly 
[21]. The 10-week-old male mice were subjected to surgery 
in accordance with the elastase-daubed abdominal aor-
tic aneurysm model. The mice were anesthetized, and the 
infrarenal aortas were exposed, isolated and wrapped with 
sterile cotton, followed by the addition and soaking of 40 μL 
elastase (68.68 U/mL) for 40 min. Elastase-soaked cotton 
was then removed, and 0.9% NaCl was used to perfuse the 
abdominal cavities before suturing.

For the enpp2-overexpression model, the abdominal 
aortas of eight-week-old male WT or  NSun2+/− mice were 
locally transfected with either AAV-NC or AAV-enpp2 
 (1010 pfu) suspended in 50 µL 30% Pluronic F-127 gel (Cat. 
P2443, Sigma-Aldrich, St. Louis, MO, USA) in PBS. Two 
weeks later, the mice were subjected to surgery to induce 
AAA as described. The Pluronic gel solution was prepared 
under sterile conditions and stirred for 12 h at 4 °C. The 
AAV-Pluronic gel mixture was applied topically to the 
abdominal aortas and allowed to solidify for 10 min before 
suturing.

Morphometric, histological 
and immunofluorescence analysis

The AAA mice were euthanized and perfused through the 
left ventricle with PBS and fixated with 4% paraformalde-
hyde through a sternotomy 14 days later. The perivascular 
connective tissues were removed. The aortas were isolated 
and fixed on black cloth for photography, and the diameters 
of the aortas were measured using ImageJ software (National 
Institutes of Health, Bethesda, ML, USA). Infrarenal abdom-
inal aortas were embedded in OCT compound and cut into 
serial frozen sections (7-μm-thick, 70 μm apart). The aortas 
were analyzed by a Verhoeff–Von Gieson Staining Kit (Baso 
Diagnostics Inc., China) for elastin assessment. Elastin deg-
radation was graded on a scale of 1–4, where 1 indicates 
< 25% degradation, 2 indicates 25–50% degradation, 3 indi-
cates 50–75% degradation, and 4 indicates > 75% degrada-
tion [21].

For immunofluorescent staining, mouse aortic sections 
were stained with primary antibodies against CD3ε (Cat. 
99940, Cell Signaling Technology, Danvers, MA), CD19 
(Cat. 3574, Cell Signaling Technology, Danvers, MA), 
α-SMA (Cat. ab32575, Abcam, Cambridge, MA, USA), 
ATX (Cat. sc-374222, Santa Cruz Biotechnology, Dal-
las, TX, USA) and CD31 (Cat. A4900, ABclonal, Wuhan, 
China) overnight at 4 °C, followed by fluorescent second-
ary antibodies (Alexa Fluor 647/555/488 goat anti-rabbit/
mouse/rat IgG) for 1 h at 37 °C. All immunofluorescence 
analyses were performed at room temperature using a Leica 
Microsystems instrument (Fluorescence Light DM4000B 
and Confocal TCS SP8 Microscopes).

Aortic single‑cell preparation

The infrarenal abdominal aorta was dissected at 14 days 
after AAA induction, and the connective and fat tissues sur-
rounding the vessels were removed completely. The aortic 
tissues were cut into pieces and digested into single cells in 
1 mL of 1 × Aorta Dissociation Enzyme Solution (125 U/
mL Collagenase type XI, 60 U/mL Hyaluronidase type 1-s, 
60 U/mL DNase I and 450 U/mL Collagenase type I) for 1 h 
at 37 °C as described previously [22]. All these enzymes 
were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
The digested single-cell suspension was used for flow cyto-
metric analysis.

Flow cytometric analysis

To analyze integrin α4 on the cell surface, T cells were 
stained with anti-integrin α4 antibody (Cell Signaling Tech-
nology, Danvers, MA) for 30 min on ice, followed by fluo-
rescent secondary antibody (Alexa Fluor 488 goat anti-rabbit 
IgG) for 1 h. After the unbound antibodies were washed 
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away, the cells were analyzed using a FACS Calibur flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA) and 
FlowJo software (Treestar, Ashland, OR, USA).

Analysis of ATX levels in mice and human plasma

The levels of ATX in cell culture supernatants and mouse 
plasma were measured by enzyme-linked immunosorbent 
assay (ELISA) kits (Cat. SEC323Mu, CLOUD-CLONE 
CORP, Houston, USA) according to the manufacturer’s 
instructions. The levels of ATX in human plasma were 
measured by ELISA kits (Cat. SEC323Hu, CLOUD-CLONE 
CORP, Houston, USA) according to the manufacturer’s 
instructions.

All clinical samples were obtained at Peking University 
Third Hospital with informed consent and ethical review 
committee approval. All experiments were conducted 
according to the principles expressed in the Declaration 
of Helsinki. The baseline characteristics of the patients are 
summarized in Table S1.

Cell isolation and culture

Splenic T cells from mouse spleen were purified by posi-
tive selection with magnetic microbeads against CD90.2 
according to the manufacturer’s protocol (Miltenyi Biotec, 
Bergisch Gladbach, Germany). The plates that cultured puri-
fied splenic T cells were precoated with anti-CD3 antibody 
(as basic stimulation, 1 μg/mL, BD Biosciences, Franklin 
Lakes, NJ, USA) overnight.

Human umbilical vein endothelial cells (HUVECs, from 
Dr. Lei Wang, Institute of Biophysics, CAS), Jurkat T cells 
(purchased from ATCC, Manassas, VA, USA) and purified 
mouse splenic T cells were cultured in RPMI 1640 media 
(Gibco, Gaithersburg, MD, USA) supplemented with 10% 
fetal bovine serum (Gemini Bio-Products, West Sacramento, 
CA, USA) and penicillin/streptomycin (Gibco, Gaithersburg, 
MD, USA). All cells were cultured at 37 °C in a humidified 
atmosphere containing 5%  CO2.

T cell chemotaxis assay

Jurkat T cells  (106) were added to the upper chamber of 
Transwells (Cat. 3421, Corning, NY, USA). For induction 
of chemokinesis, the indicated concentrations of ATX were 
added to the upper chamber of Transwells. For induction of 
chemotaxis, the indicated concentrations of ATX were added 
to the lower chamber of Transwells. CXCL12 (0.5 μg/mL 
or 5 μg/mL) was added to the lower chamber as a positive 
control [23]. After 3 h of incubation at 37 °C [24], the cells 
migrated to the lower chamber were quantified by cell-count 
boards.

T cell adhesion assay

Jurkat T cells were fluorescently labeled with 5 ng/mL 
calcein-AM in complete RPMI 1640 medium for 10 min 
at 37 °C in the dark. Then, HUVECs were pretreated with 
TNF-α (tumor necrosis factor α; 4 ng/mL) for 24 h in 6-well 
plates, followed by coculture with labeled Jurkat T cells 
(1 × 106 cells/well) for 30 min. Recombinant soluble human 
ICAM-1 (1 μg/mL or 10 μg/mL) was coated on the plates by 
overnight incubation at 4 °C, or  MnCl2 (1 mM or 10 mM) 
was added to the labeled Jurkat T cell suspension as a posi-
tive control [25]. Labeled Jurkat T cells was added to 6-well 
plates without HUVECs as a negative control. After the non-
adherent cells were removed by washing with PBS 3 times, 
the adherent Jurkat T cells were evaluated using a fluores-
cence microscope (Leica, Wetzlar, Germany). Six random 
fields per well were imaged and subsequently quantified by 
ImageJ software (National Institutes of Health, Bethesda, 
ML, USA).

In vivo T cell migration assay

CD3+ T cells from WT mice were labeled with CFSE 
(Cat. C1157, Invitrogen, Waltham, MA, USA) according 
to the manufacturer’s instructions. The effect of the CFSE 
label itself on T cell viability was tested using the Annexin 
V-FITC/PI Apoptosis Detection Kit (Cat. CTK007-100, 
M&C Gene Technology, Beijing, China) after labeling for 
16 h [26]. A total of  107 labeled cells were intravenously 
injected into one recipient WT or  NSun2+/− mouse whose 
infrarenal abdominal aorta had been treated with elastase for 
3 days. 16 h later, the aortas were digested into single cells 
as described above and the proportions of CFSE-labeled 
donor cells in infrarenal abdominal aortas were measured 
by flow cytometry.

Western blotting

Cells or tissues were lysed in cold RIPA buffer to extract the 
total protein. Protein concentrations were evaluated using 
the BCA Protein Assay Kit (Thermo Scientific, Waltham, 
MA). Equal amounts of total protein were resolved by 10% 
SDS-PAGE and transferred onto polyvinylidene difluoride 
membranes (Millipore, Billerica, MA, USA). The mem-
branes were incubated with primary antibodies against 
ATX (Santa Cruz Biotechnology, Dallas, TX, USA), inte-
grin α4 (Cell Signaling Technology, Danvers, MA, USA), 
p-FAK (Cell Signaling Technology, Danvers, MA, USA), 
FAK (Cell Signaling Technology, Danvers, MA, USA), 
p-Src (Cell Signaling Technology, Danvers, MA, USA), 
Src (Cell Signaling Technology, Danvers, MA, USA), 
RhoA (Cytoskeleton, Denver, CO, USA), β-actin (ABclonal, 
Wuhan, China) and appropriate HRP-conjugated secondary 
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antibodies (Abclonal, Wuhan, China). The blots were vis-
ualized by an Odyssey infrared imaging system (LI-COR 
Biosciences, Lincoln, NE) after coating with Immobilon 
Western Chemiluminescent HRP Substrate (Millipore cor-
poration, MA, USA).

Co‑immunoprecipitation

T cells stimulated with or without ATX were lysed in 
cold RIPA buffer, incubated with ATX antibody, and immu-
noprecipitated with protein A/G agarose beads (Santa Cruz 
Biotechnology, Dallas, TX, USA). Mouse IgG (sc-2025, 
Santa Cruz Biotechnology, Dallas, TX, USA) was used as 
a negative control. The precipitated proteins were resolved 
by 10% SDS-PAGE as described above and then incubated 
with an antibody against integrin α4. β-actin was detected 
by immunoblotting as a loading control.

Rho GTPase activation assay

Rho GTPase activation was analyzed by the RhoA Pull-
down Activation Assay Biochem Kit (bead pull-down for-
mat) (Cat. BK036, Cytoskeleton, Denver, CO, USA) accord-
ing to the manufacturer’s instructions.

Real‑time polymerase chain reaction

Total RNA was isolated from infrarenal abdominal aortas, 
HUVECs and T cells using TRIzol reagent (Invitrogen, 
Carlsbad, CA, USA) and reverse transcribed to cDNA using 
5 × All-In-One RT MasterMix (ABM Inc, Vancouver, Can-
ada). Real-time polymerase chain reaction (PCR) amplifica-
tion was performed using 2 × RealStar Green Power Mixture 
(GenStar, San Diego, USA) and recorded using the Mx3000 
Multiplex Quantitative PCR System (Stratagene, La Jolla, 
CA, USA). The target mRNA levels were normalized to the 
level of β-actin mRNA. The primer sequences used for real-
time PCR analyses were listed in Table S2.

mRNA half‑life measurement

To measure the half-life of endogenous enpp2 mRNA, actin-
omycin D (2 μg/mL, Sigma-Aldrich, St. Louis, MO, USA) 
was added to the cell culture medium. Total RNA was pre-
pared at the indicated times and subjected to real-time PCR 
analysis using enpp2-specific primers.

RNA sequencing analysis (RNA‑seq)

Total RNA from HUVECs was isolated as described above. 
A total amount of 3 μg RNA per sample was used as input 
material for RNA sample preparation. Library construction 
and RNA sequencing were performed by the Novogene 

Bioinformatics Institute (Beijing, China). Sequencing 
libraries were generated using the NEBNext UltraTM RNA 
Library Prep Kit (New England Biolabs, Ipswich, MA, 
USA) for the Illumina system following the manufacturer’s 
instructions. Reference genome and gene model annotation 
files were downloaded from the genome website directly. 
The index of the reference genome was built using Hisat2 
(v2.0.5). The mapped reads of each sample were assembled 
by StringTie (v1.3.3b) in a reference-based approach. Dif-
ferential expression analysis of two groups was performed 
using the DESeq  2 R package (1.16.1). Genes with an 
adjusted P value < 0.05 found by DESeq 2 were assigned as 
differentially expressed.

Statistical analysis

All data are shown as the mean ± SEM unless otherwise 
stated. GraphPad Prism software was used for data analysis. 
Statistical analysis was performed with one-way or two-way 
ANOVA followed by Tukey’s test for multiple comparisons 
and with unpaired Student’s t test for comparisons between 
two groups. A value of P < 0.05 was considered statistically 
significant.

Results

NSun2 deficiency attenuates HHcy‑aggravated AAA 
in mice

Recruitment of leukocytes to the aortic wall plays a key role 
in AAA progression [27]. In rats, we have demonstrated that 
the RNA methyltransferase NSun2 upregulates ICAM-1 
expression in vascular endothelial cells, thereby increasing 
the adhesion of leukocytes to the endothelium in arterioscle-
rosis [8]. To explore the potential role of NSun2 and espe-
cially the NSun2-mediated interaction between leukocytes 
and the endothelium in a murine AAA experimental model, 
we first generated NSun2-knockout mice using TALEN tech-
nology. Because the homozygous knockout mice  (NSun2−/−) 
died during the embryonic period, we used heterozygous 
knockdown mice  (NSun2+/−) to perform the following 
experiments. The knockdown of NSun2 was confirmed by 
sequence analysis (Fig. S1a). The expression of NSun2 was 
significantly decreased in various tissues of  NSun2+/− mice 
(Fig. S1b), further confirming the successful knockdown of 
NSun2.  NSun2+/− mice exhibited weight loss and no obvious 
abnormalities in terms of total cholesterol, triglyceride levels 
or proportion of blood cells compared with the wild-type 
littermates (Table S3).

To examine the role of NSun2 in elastase-induced and 
HHcy-accelerated AAA, we used WT and  NSun2+/− mice, 
which were fed a normal chow diet and given drinking water 
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supplemented with or without 1.8 g/L Hcy for 2 weeks, to 
develop an elastase-induced AAA model. Two weeks after 
elastase induction, we observed a significant expansion of 
the infrarenal abdominal aorta in WT mice (0.93 ± 0.03 mm 
in the saline group and 1.65 ± 0.23  mm in the elastase 
group; Fig. 1a, b). This process was aggravated by HHcy 
(2.38 ± 0.13 mm; Fig. 1a, b). NSun2 knockdown mark-
edly reduced the expansion of the infrarenal abdomi-
nal aorta, and there was no obvious aortic aneurysm in 
both  NSun2+/− groups treated with or without HHcy 
(1.06 ± 0.10 mm in the elastase group and 1.38 ± 0.13 mm in 
the HHcy plus elastase group; Fig. 1a, b). Consistent results 
were obtained from ultrasonography (Fig. 1c). Notably, in 
WT mice, the incidence of AAA in the HHcy plus elastase 
group was 100% (8/8), which is significantly higher than that 
in the elastase alone group (62.5%, 5/8), while the incidence 
of AAA was decreased dramatically in both groups with or 
without HHcy in  NSun2+/− mice (12.5%, 1/8 in the elastase 
group and 37.5%, 3/8 in the HHcy plus elastase group; 
Fig. 1d). Moreover, Verhoeff–Van Gieson staining showed 
that NSun2 knockdown also significantly inhibited elas-
tin degradation in elastase-induced and HHcy-aggravated 
AAA (Fig. 1e). These results indicate that the development 
of elastase-induced and HHcy-aggravated AAA is attenuated 
in  NSun2+/− mice.

NSun2 deficiency reduces T cell infiltration 
in the aortic wall of HHcy‑aggravated AAA 

The above data suggested that NSun2 may be involved in 
murine AAA development. Afterwards, we further inves-
tigated the potential mechanisms by which NSun2 medi-
ated AAA formation. As the early pathologic stage of AAA, 
various inflammatory cell infiltrations in the vessel wall may 
normally be first investigated. By immunofluorescent stain-
ing, we found that the number of T cells recruited to the 
aortic wall induced by elastase and aggravated by HHcy was 
markedly decreased in  NSun2+/− mice (Fig. 2a). However, 
NSun2 deficiency did not significantly affect the infiltration 
of B cells in AAA (Fig. S2). We next collected elastase-
treated infrarenal abdominal aortas with or without HHcy 
groups and then digested them into single-cell suspensions 
for the following flow cytometric assay to confirm the T 
cell number in those vascular samples. As anticipated, 
NSun2 deficiency significantly inhibited the accumulation 
of  CD3+ T cells in the infrarenal abdominal aortic wall dur-
ing elastase-induced and HHcy-accelerated AAA formation 
(0.05 ± 0.02% in the saline WT group, 0.85 ± 0.07% in the 
elastase WT group, 1.57 ± 0.12% in the HHcy plus elastase 
WT group, 0.06 ± 0.02% in the saline  NSun2+/− group, 
0.21 ± 0.05% in the elastase  NSun2+/− group, 0.50 ± 0.15% 
in the HHcy plus elastase  NSun2+/− group; Fig. 2b).

The T cell number in lesions was specifically decreased 
in  NSun2+/− mice, which may be one of the major causes 
for the decreased AAA incidence and suggests the pivotal 
role of T cells in AAA development as well. To confirm this 
phenomenon by inducing T cell depletion in vivo, recipi-
ent C57BL/6J mice were intraperitoneally injected with 
anti-CD3ε F(ab’)2 fragments for six consecutive days as 
described [28], followed by an AAA-inducing operation 
(Fig. S3a). We next assessed the formation of elastase-
induced AAA in these mice. The maximal diameters of 
the infrarenal abdominal aortas of the anti-CD3ε F(ab’)2-
treated mice were much smaller than those of the IgG iso-
type control recipient mice after elastase induction (Fig. 2c, 
d). Verhoeff–Van Gieson staining demonstrated that elastin 
degradation in elastase-induced AAA was inhibited in anti-
CD3ε-treated mice (Fig. 2e, f). These data confirmed the 
critical role of T cells in AAA formation.

Furthermore, we performed adoptive transfer experi-
ments. A total of  107 CFSE-labeled WT  CD3+ T cells 
were transferred into recipient WT or  NSun2+/− mice, 
whose infrarenal abdominal aortas had been pretreated 
with elastase for 3 days (Fig. S3b). CFSE labeling per se 
did not affect cell apoptosis and necrosis (data not shown). 
Flow cytometric assays showed that 16 h after transfer, 
the percentages of CSFE-labeled T cells in the infrarenal 
abdominal aortas of recipient  NSun2+/− mice were signifi-
cantly lower than those of recipient WT mice (Fig. 2g), sug-
gesting that the decreased T cell number in AAA lesions of 
 NSun2+/− mice shown above may be partly due to NSun2 
deficiency in aortas.

Hcy upregulates endothelial autotaxin (ATX) 
expression and secretion in vitro and in vivo

To explore the potential regulatory targets of NSun2, 
HUVECs were treated with or without Hcy (100 μM) 
for 24 h and then subjected to RNA sequencing analy-
sis (RNA-seq). Interestingly, prominent changes were 
observed in metabolic enzymes involved in the PC-
LPC-LPA pathway, especially enpp2, known as the 
lysophospholipase ATX gene (Fig. 3a). In the verification 
experiments, Hcy (100 μM) treatment for 24 h markedly 
enhanced ATX protein (Fig. 3b) and mRNA expression 
(Fig. 3c) in HUVECs, accompanied by increased ATX 
levels in the culture supernatants (Fig. 3d), without alter-
ing the half-life of ATX mRNA (Fig. 3e). In parallel, the 
plasma level of ATX was markedly elevated in HHcy mice 
compared with the control mice (Fig. 3f). To further inves-
tigate the relative translational significance of these data, 
we preliminarily analyzed the ATX level of human plasma 
during the health physical examination, the baseline char-
acteristics of which are summarized in Table S1. The 
plasma ATX level was positively correlated with the Hcy 
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Fig. 1  NOP2/Sun domain family, member 2 (NSun2) deficiency 
attenuates HHcy-aggravated abdominal aortic aneurysm (AAA) in 
mice. Infrarenal abdominal aortas of 10- to 11-week-old wild-type 
(WT) and  NSun2+/− mice were treated with saline or elastase to 
induce abdominal aortic aneurysm after the mice were fed a normal 
chow diet and given drinking water supplemented with or without 
1.8 g/L Hcy for 2 weeks. a–c Representative photographs (a) quan-
tification of maximal diameters (b) and representative images (c) 

of ultrasonography of infrarenal abdominal aortas (n = 6–8). d Inci-
dence of abdominal aortic aneurysm. e Representative Verhoeff–Van 
Gieson staining and statistical analysis of elastin degradation in the 
infrarenal abdominal aortas (n = 8). Scale bar, 25 μm. Data shown are 
mean ± SEM. *P < 0.05, by two-way analysis of variance (ANOVA) 
followed by Tukey’s test for multiple comparisons (b, e) or Fisher’s 
exact test (d)
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Fig. 2  NSun2 deficiency reduces T cell infiltration in aortic wall of 
HHcy-aggravated AAA. a, b Infrarenal abdominal aortas of 10- to 
11-week-old WT and  NSun2+/− mice were treated with saline or 
elastase to induce abdominal aortic aneurysm after the mice were fed 
a normal chow diet and given drinking water supplemented with or 
without 1.8  g/L Hcy for 2  weeks. a Representative immunofluores-
cent staining of  CD3+ T cells of infrarenal abdominal aortas. Scale 
bar, 25 μm. b Quantification of  CD3+ T cells by flow cytometry of 
infrarenal abdominal aortas (n = 5). c, d Representative photographs 
(c) and quantification (d) of maximal diameters of infrarenal abdomi-
nal aortas (Saline, n = 6; Elastase + isotype, n = 4; Elastase + anti-
CD3, n = 6). e, f Representative Verhoeff–Van Gieson staining (e) and 

statistical analysis (f) of elastin degradation in the infrarenal abdomi-
nal aortas (Saline, n = 6; Elastase + isotype, n = 4; Elastase + anti-
CD3, n = 6). Scale bar, 25  μm. g After adoptive transfer of CFSE-
labeled WT donor T cells into recipient WT or  NSun2+/− mice whose 
infrarenal abdominal aortas were treated with elastase for 3 days, the 
proportions of WT donor T cells in the infrarenal abdominal aortas 
were analyzed by flow cytometry (WT, n = 6;  NSun2+/−, n = 5). Data 
shown are mean ± SEM. *P < 0.05, by two-way ANOVA followed by 
Tukey’s test for multiple comparisons (b), one-way ANOVA followed 
by Tukey’s test for multiple comparisons (d, f) or unpaired Student t 
test (g). E endothelium, M tunica medium, A tunica adventitia
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concentration (Fig. 3g). Plasma ATX can reach over 4 ng/
mL when the Hcy concentration is beyond 40 μM. These 
results suggest that Hcy upregulates both ATX protein 
expression and secretion from the endothelium in vitro, 
as well as plasma levels of both humans and mice in vivo.

NSun2 deficiency reduces ATX upregulation 
in the endothelium and plasma of HHcy‑aggravated 
AAA 

ATX is widely expressed in the brain, ovary, lung, intes-
tine and kidney [29]. Lymph nodes and high endothelial 
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Fig. 3  Hcy upregulates endothelial autotaxin (ATX) expression and 
secretion in  vitro and in  vivo. a Volcano plots and heat map show-
ing differentially expressed metabolizing enzyme genes in metabolic 
pathways for LPC after Hcy (100  μM) stimulation for 24  h. b–d 
Human umbilical vein endothelial cells (HUVECs) were stimulated 
with or without Hcy (100  μM) for 24  h. b Representative West-
ern blot analysis of ATX expression after Hcy stimulation for 24  h 
(n = 4). c Real-time polymerase chain reaction (PCR) quantification 
of ATX mRNA levels after Hcy stimulation for 24 h (n = 5). d ATX 

levels in the culture supernatants after Hcy stimulation for 24 h were 
measured via ELISA (n = 3). e Real-time PCR quantification of ATX 
mRNA levels of at 0 h, 3 h, 6 h, 9 h, 12 h after adding Hcy (100 μM) 
and actinomycin D (2 μg/mL) into the cell culture medium (n = 3). f 
Plasma ATX levels of control or HHcy C57BL/6J mice were meas-
ured via ELISA (n = 6). g Plasma ATX levels of patients were meas-
ured via ELISA (n = 56). Data shown are mean ± SEM. *P < 0.05, by 
unpaired Student t test (b–d, f)



1718 Y. Miao et al.

1 3

cells have abundant expression of ATX [24]. In the present 
study, ATX expression in vessels of AAA was tested first 
in WT and  NSun2+/− mice. The total expression of ATX 
in infrarenal abdominal aortas was constitutive and signifi-
cantly elevated after elastase induction at both the protein 
and mRNA levels (Fig. 4a, b). Notably, the elevation of the 

ATX protein level, but not the mRNA level, was abrogated 
in  NSun2+/− mice (Fig. 4a, b). These results indicate that 
NSun2 deficiency downregulates ATX protein expression 
in AAA vascular lesions.

We next explored the potential cellular source of ATX 
in AAA vessels. En face staining of ATX expression in the 
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Fig. 4  NSun2 deficiency reduces ATX upregulation in endothelium 
and plasma of HHcy-aggravated AAA. Infrarenal abdominal aortas of 
10- to 11-week-old WT and  NSun2+/− mice were treated with saline 
or elastase to induce abdominal aortic aneurysm after the mice were 
fed a normal chow diet and given drinking water supplemented with 
or without 1.8  g/L Hcy for 2  weeks. a Representative Western blot 
analysis of ATX expression in infrarenal abdominal aortas. b Real-

time PCR quantification of ATX mRNA levels in infrarenal abdomi-
nal aortas (n = 6). c Representative immunofluorescent staining of 
ATX expression in endothelial cells (CD31 positive) in infrarenal 
abdominal aortas. Scale bar, 25 μm. d Plasma ATX levels were meas-
ured via ELISA (n = 6). Data shown are mean ± SEM. *P < 0.05, by 
two-way ANOVA followed by Tukey’s test for multiple comparisons 
(b, d). ns no significance
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endothelial layer of elastase-treated infrarenal abdominal 
aortas showed that ATX was highly expressed in CD31-
positive endothelial cells (Fig. S4a). However, immunofluo-
rescent staining data indicated that there is probably no ATX 
expression in CD3-positive T cells (Fig. S4b) or SMA-pos-
itive vascular smooth muscle cells (Fig. S4c) in the sections 
of elastase-treated infrarenal abdominal aorta. Meanwhile, 
immunofluorescent staining of infrarenal abdominal aortas 
confirmed the expression of ATX in endothelial cells and the 
loss of ATX expression in  NSun2+/− mice (Fig. 4c). A simi-
lar decreasing tendency was obtained in the plasma ATX 
levels of  NSun2+/− AAA mice (Fig. 4d). More importantly, 
HHcy-increased endothelial ATX expression (Fig. 4c), and 
plasma ATX elevation were downregulated significantly 
in  NSun+/− mice as well (Fig. 4d), which was consistent 
with changes in aortic ATX protein expression (Fig. 4a). 
These results indicate that NSun2 can modulate ATX protein 
expression and secretion, and the vascular endothelium may 
be an important source of ATX during elastase-induced and 
HHcy-aggravated AAA formation.

ATX induces T cell adhesion by binding to integrin 
α4 and activating the FAK/Src‑RhoA signal pathway 
in vitro

To explore the potential interaction between the ATX and 
T cells during AAA formation, we investigated the influ-
ence of ATX and Hcy on T cell migration or adhesion to 
endothelial cells in vitro. First, to determine whether ATX 
had motility-enhancing or chemotactic effects on T cells, 
we performed a Transwell migration assay using Jurkat 
T cells as reported [24]. Increased migration of Jurkat T 
cells was observed when ATX (0.5–2 nM) was added to 
the upper chamber but not in the lower chamber (Fig. 5a), 
suggesting that ATX could increase the chemokinesis of T 
cells. CXCL12 was added to the lower chamber as a positive 
control. We next labeled the Jurkat T cells with calcein-AM 
and cocultured them with HUVECs for 30 min. And recom-
binant soluble human ICAM-1 (sICAM-1) was coated on 
the plates, or  MnCl2 was added in the labeled Jurkat T cells 
suspension as a positive control. Confocal microscopy data 
showed that ATX (0.5–5 nM) pretreatment promoted the 
adhesion of Jurkat T cells to HUVECs in a dose-dependent 
manner (Fig. 5b).

Integrin α4 or β1 on T cells may be involved in ATX-
promoted cell adhesion [24]. We first tested whether ATX 
regulated the expression of various integrins on T cells. 
The results showed that ATX significantly upregulated the 
mRNA expression of integrin α4 but not any other integ-
rin, such as αL, β1 or β2, whereas integrin β7 also showed 
a tendency for increased expression (Fig. 5c). Consistent 
with the mRNA expression results, ATX (0.5–5 nM) dose-
dependently upregulated the protein expression of integrin 

α4 in T cells, as indicated by flow cytometric assay (Fig. 5d). 
Figure 5e is a typical fluorescent image of increased inte-
grin α4 expression in T cells by ATX (0.5 nM) treatment. 
Furthermore, anti-CD49d mAb, an integrin α4 neutralizing 
antibody, significantly inhibited the adhesion of T cells to 
HUVECs induced by ATX or Hcy (Fig. 5f).

A co-immunoprecipitation assay with an antibody spe-
cific to ATX demonstrated that ATX bound to integrin α4 
directly (Fig. 6a). As reported, FAK, Src family kinases 
and the Rho-family of GTPases (RhoA, Rac1, and Cdc42), 
which are crucial regulators of intracellular signal path-
ways, can be activated by integrins and promote cell adhe-
sion and transmigration [30, 31]. In the present study, ATX 
upregulated the phosphorylation of FAK-Tyr397 and Src-
Tyr416 and activated the RhoA signaling pathway in T cells 
(Fig. 6b). RGDS (20 nM), an integrin inhibitor, effectively 
inhibited the activation of FAK and Src induced by ATX 
(Fig. 6c). To further confirm the effects of endothelial cell-
secreted ATX under Hcy stimulation, the supernatants from 
HUVECs stimulated with or without Hcy (100 μM) for 24 h 
were transferred to T cells pretreated with or without the 
ATX lysoPLD activity inhibitor HA130 (1 μM) for 24 h. The 
data showed that HA130 suppressed the activation of FAK 
and Src in T cells caused by Hcy-stimulated HUVEC super-
natant (Fig. 6d). These results indicate that ATX induces T 
cell migration and adhesion via binding to integrin α4 and 
activating the downstream FAK/Src signaling pathway.

Overexpression of ATX in aortas aggravates AAA 
development in  NSun2+/− mice

To further confirm that ATX mediates NSun2-regu-
lated AAA formation in vivo, we designed adeno-asso-
ciated virus (AAV) to overexpress ATX (enpp2) in the 
elastase-treated infrarenal abdominal aortas of WT and 
 NSun2+/− mice. AAV-NC or AAV-enpp2  (1010 pfu) was 
applied to the elastase-induced abdominal aortas. Success-
ful overexpression of ATX in infrarenal abdominal aor-
tas was confirmed by western blotting and real-time PCR 
quantification (Fig. 7a, b). ATX overexpression markedly 
aggravated the maximal diameters of infrarenal abdominal 
aortas both in WT mice (1.49 ± 0.09 mm in the AAV-NC 
group and 1.95 ± 0.08 mm in the AAV-enpp2 group) and in 
 NSun2+/− mice (0.99 ± 0.06 mm in the AAV-NC group and 
1.43 ± 0.13 mm in the AAV-enpp2 group; Fig. 7c, d). Ver-
hoeff–Van Gieson staining showed that ATX overexpression 
aggravated elastin degradation in WT and  NSun2+/− mice 
(Fig. 7e). In these mice, endothelial ATX expression was 
upregulated after AAV-enpp2 transfection (Fig. 7f), accom-
panied by more  CD3+ T cell infiltration (Fig. 7g). There-
fore, NSun2 mediates AAA development by promoting ATX 
protein expression and secretion in the endothelium, sub-
sequently inducing T cell migration and adhesion (Fig. 8).
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Fig. 5  ATX induces chemokinesis and adhesion of T cells via activat-
ing integrin α4. a Transwell migration assay of Jurkat T cells added 
to the upper chamber with ATX added either to the same chamber 
(to induce chemokinesis) or to the lower chamber (to induce chem-
otaxis); after 3  h of incubation at 37  °C, cells that had migrated to 
the bottom chamber were quantified (n = 5). *P < 0.05, compared 
with 0 nM ATX. b Representative photographs and quantification of 
the adhesion of calcein-AM-labeled Jurkat T cells to HUVECs after 
coculture with or without indicated concentrations of ATX for 0.5 h 
(n = 6). Scale bar, 100  μm. *P < 0.05, compared with 0  nM ATX. 
c–e, g–j Splenic T cells purified from C57BL/6J mice were cultured 
in vitro with or without ATX for 0.5 h. c Real-time PCR quantifica-
tion of mRNA levels of T cell integrin treated with ATX (0.5 nM) for 

0.5 h (n = 6). d Quantification of activated integrin α4 in T cells after 
ATX stimulation for 0.5 h by flow cytometry (n = 3). e Representative 
immunofluorescent staining of integrin α4 after ATX (0.5 nM) stimu-
lation for 0.5  h. Scale bar, 5  μm. f Representative photographs and 
quantification of the adhesion of calcein-AM-labeled Jurkat T cells to 
HUVECs after coculture for 0.5 h with or without ATX (0.5 nM) and 
Hcy (100 μM) and with an equal amount of mouse IgG or integrin 
α4 neutralizing antibody anti-CD49d mAb (10 μg/mL) (n = 4). Scale 
bar, 100  μm. Data shown are mean ± SEM. *P < 0.05, by one-way 
ANOVA followed by Tukey’s test for multiple comparisons (a, b, d), 
unpaired Student t test (c), or two-way ANOVA followed by Tukey’s 
test for multiple comparisons (f). ns no significance
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Fig. 7  Overexpression ATX in aortas aggravates AAA development 
in  NSun2+/− mice. Infrarenal abdominal aortas of 10- to 11-week-old 
WT and  NSun2+/− mice were treated with elastase to induce abdomi-
nal aortic aneurysm after the infrarenal abdominal aortas were trans-
fected with either AAV-NC or AAV-enpp2  (1010 pfu) suspended in 
50 µL 30% Pluronic F-127 gel for 2 weeks. a Representative West-
ern blot analysis of ATX expression in infrarenal abdominal aortas 
(n = 3). b Real-time PCR quantification of ATX mRNA levels in 
infrarenal abdominal aortas (n = 6). c, d Representative photographs 
(c) and quantification of maximal diameters (d) of infrarenal abdomi-

nal aortas (n = 6). e Representative Verhoeff–Van Gieson staining and 
statistical analysis of elastin degradation in the infrarenal abdominal 
aortas (n = 6). Scale bar, 25  μm. f Representative immunofluores-
cent staining of ATX expression in endothelial cells (CD31 positive) 
in infrarenal abdominal aortas. Scale bar, 25  μm. g Representative 
immunofluorescent staining of  CD3+ T cells of infrarenal abdominal 
aortas. Scale bar, 25 μm. Data shown are mean ± SEM. *P < 0.05, by 
two-way ANOVA followed by Tukey’s test for multiple comparisons 
(a, b, d, e)
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Discussion

The present study provided the first evidence that the RNA 
methyltransferase NSun2 mediates endothelial ATX pro-
tein expression and secretion and in turn promotes T cell 
migration and adhesion during HHcy-aggravated AAA. 
Mechanistically, secreted endothelial ATX directly binds to 
integrin α4 on the T cell surface and subsequently activates 
the downstream FAK/Src/RhoA signaling pathway (Fig. 8).

NSun2 is a tRNA and mRNA methyltransferase impli-
cated in cell proliferation [4], stem cell differentiation [5], 
testis differentiation [6] and human cancers [4, 7]. In a 
rat model of aortic allograft arteriosclerosis, our previous 
study demonstrated that Hcy-induced RNA methyltrans-
ferase NSun2 upregulates ICAM-1 protein expression by 
methylating ICAM-1 mRNA in vascular endothelial cells, 
thereby increasing the adhesion of leukocytes [8]. Based on 
the reported study, we hypothesize that NSun2 may be more 
likely involved in AAA development because leukocyte 
migration to vessels also plays a pivotal role in AAA. As 
expected, the incidence of AAA and HHcy-accelerated AAA 
were significantly decreased in  NSun2+/− mice accompanied 
by lower attraction for T cells than it in WT mice (Figs. 1, 2). 
This study provides the first evidence of NSun2 regulating 
vascular inflammation in mice. Furthermore, RNA-seq data 

showed that many genes in the PC-LPC-LPA axis, especially 
ATX, were upregulated in endothelial cells after Hcy treat-
ment (Fig. 3), suggesting the involvement of cellular lipid 
metabolism. Subsequent in vivo experimental data indi-
cated that ATX may be a new potential regulatory target for 
NSun2 (Fig. 4); however, the precise mechanism needs to 
be explored in the future. The present study was consistent 
with the ATX-promoted lymphocyte and tumor cell migra-
tion shown by other researchers [15, 24]. Vascular ICAM-1 
is regulated by NSun2 in both rats [8] and mice. ICAM-1 
expression was upregulated in the local vessel wall in AAA, 
which was downregulated in  NSun2+/− mice (Fig. S5). This 
result suggested that ICAM-1 may be one of the alternative 
explanations for changed lymphocyte accumulation in vas-
cular lesions of  NSun2+/− mice, in addition to ATX.

HHcy is an independent risk factor for various cardiovas-
cular diseases. Our series of studies have investigated several 
cellular and molecular mechanisms involved in HHcy-aggra-
vated AAA formation, including the following: (a) HHcy 
aggravates AAA by promoting adventitial fibroblast trans-
formation into myofibroblast by activating NADPH oxidase 
4 [10]. (b) Hcy directly interacts with and activates the angi-
otensin II type I receptor to aggravate vascular injury and 
AAA formation [12]. (c) HHcy accelerates AAA develop-
ment accompanied by recruitment of many more monocytes/

Fig. 8  Schematic representation of the proposed mechanisms. RNA 
methyltransferase NSun2 mediates the Hcy-promoted ATX protein 
expression and secretion from endothelial cells, which plays a driv-
ing role in T cell migration and adhesion to the vascular endothelium 

by direct binding to integrin α4 and activating FAK/Src/RhoA signal-
ing pathway in T cells and then accelerates the AAA formation and 
development
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macrophages and T cells into the vascular adventitia and 
activation of macrophage NLRP3 inflammasome [10, 11]. 
(d) Recently, B cell-derived pathogenic anti-β2GPI IgG and 
aPL antibodies were shown to contribute to HHcy-aggra-
vated chronic vascular inflammation and AAA formation 
[9]. Therefore, complex effects can be induced by HHcy 
during AAA development. Here, RNA-seq data provided a 
series of new potential targets, including ATX regulated by 
Hcy in inflammatory endothelial cells. In vitro experiments 
showed that Hcy-induced ATX secretion could activate T 
cell chemokinesis and adhesion to endothelial cells, which 
deepened our understanding of Hcy-mediated vascular 
inflammation. Hcy induces the expression and secretion of 
MCP-1 and CCL5, which are chemotactic for T cells by 
activating CCR2 and CCR5, respectively, in human aortic 
endothelial cells and monocytes [32–34]. HHcy promotes 
the recruitment of  CXCR6+ lymphocytes by upregulating 
CXCL16 and contributes to the formation and progression 
of atherosclerotic lesions [35]. In fact, the upregulation of 
several chemokines related to T cell migration, including 
MCP-1, CCL5, CX3CL1 and CXCL12, in elastase-treated 
abdominal aortas of WT mice, all of which showed a signifi-
cant downregulation in elastase-treated  NSun2+/− mice (Fig. 
S6). This may also partly account for the reduction in T cell 
migration in  NSun2+/− mice. Regarding the secreted ATX 
to induce initiative T cell migration in circulation, ATX may 
likely exert earlier effects to enhance lymphocyte motility 
compared with other chemokines expressed by the inflam-
matory vessels.

A number of studies have indicated that AAA is an immu-
nological disease accompanied by clonally expanded T cells 
in response to unidentified self or nonself antigens in human 
AAA lesions [36–38]. In the present study, we also inves-
tigated the T cell proliferation in the vascular lesions by 
BrdU staining in a murine AAA model. In WT AAA mice, 
the proliferative marker BrdU showed partial colocalization 
with CD3, a T cell marker, indicating the possible exist-
ence of clonally expanded T cells in the vascular lesions 
(Fig. S7 upper panel). HHcy dramatically increased T cell 
proliferation. However, this colocalization was invisible in 
the  NSun2+/− mice of the AAA group, likely because of the 
significant decrease in T cell number (Fig. S7 lower pan-
els). These data suggested that NSun2 may decrease T cell 
recruitment and migration into the vascular lesions rather 
than affecting T-cell clonal expansion in situ. As reported, 
the identification of the T cell antigen receptor (TCR) tran-
scripts employed by the clonally expanded T cells in AAA 
lesions indicates the specific antigens that elicit these T cell 
responses. These antigens may be responsible for the patho-
genesis of AAA [39]. Therefore, it is necessary in the future 
to further explore whether the T cell proliferation observed 
in murine AAA lesions is associated with clonal expansion 
in situ and whether molecular mimicry plays an important 

role in this process. Additionally, we found that NSun2 
mediates HHcy-induced upregulation of IL-17A expression 
by methylating IL-17A mRNA and promoting its transla-
tion in T lymphocyte previously [40], indicating Th17 as 
another NSun2-regulated target. As reported, Th17 and IL-
17A promoted macrophage recruitment to the vessels and 
contributed to AAA formation [41, 42]. Therefore, NSun2-
mediated IL-17A production might also participate in AAA 
development. The potential effects of NSun2 on T cells per 
se during AAA development will be explored in the future.

T cell assistance is required for autoantibody production. 
Autoantibodies to aortic molecules, including anti-aortic-
aneurysm-associated protein-40 (AAAP-40) IgG and anti-
high density lipoprotein (HDL) IgG, have been identified 
in human AAA [43, 44]. In addition, we investigated the 
effects of elastase-induced AAA per se and AAA plus 
HHcy stimulation on autoantibody production in vivo and 
found that the level of anti-oxidized low density lipoprotein 
(anti-ox-LDL) antibody was increased and even higher in 
the HHcy group of WT mice, which was partly reversed in 
 NSun2+/− mice (Fig. S8a). With regard to anti-β2GPI secre-
tion, there was only a trend of upregulation in the elastase-
induced AAA of the WT mice and a significant increase 
in the elastase + HHcy group. There was almost no influ-
ence on the HHcy-increased anti-β2GPI secretion by NSun2 
knockdown (Fig. S8b). The HHcy-related experimental data 
was consistent with our recent study in which B cell-derived 
pathogenic anti-β2GPI IgG and aPL antibodies might con-
tribute to HHcy-aggravated chronic vascular inflammation 
and murine AAA formation [9]. Actually, aPL antibody is 
associated with elevated levels of inflammatory markers and 
is an independent predictor of progressive disease in AAA 
patients [45, 46]. All the evidence indicates autoantibody 
production in AAA models; however, whether it needs T cell 
assistance should be determined in the future.

Endothelial cells trigger vascular remodeling by express-
ing adhesion molecules, which induce recruitment, migra-
tion and infiltration of inflammatory cells. The recruitment 
process of lymphocytes from blood circulation to the vessel 
wall includes cell tethering and rolling along endothelial lay-
ers, chemokine-induced cell activation, integrin-dependent 
cell adhesion and cell transmigration [3]. The initial tether-
ing and rolling of lymphocytes are dependent on the interac-
tion between selectins and their ligands. After chemokine-
induced activation of lymphocytes on the endothelial layer, 
integrins α4β1, α4β7, and αLβ2 are activated to mediate 
firm cell arrest via binding to their ligands on endothelial 
cells, including vascular cell adhesion molecule 1 (VCAM-
1), mucosal vascular address in cell adhesion molecule 1 
(MAdCAM-1), and ICAMs [47]. The recognition and bind-
ing of active integrins and their ligands can induce inte-
grin clustering and trigger F-actin reorganization, which 
further supports T cell adhesion and spreading across the 
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endothelium. Ren et  al. [48] demonstrated that andro-
grapholide suppressed integrin α4 expression and attenu-
ated the adhesion of monocytes/macrophages to activated 
endothelial cells. Thus, integrin-dependent cell activation 
may be essential for inflammatory cell recruitment. Our 
results supported this fact because the integrin α4 neutral-
izing antibody anti-CD49d mAb inhibited the adhesion of 
T cells to HUVECs induced by ATX or Hcy (Fig. 5f). The 
integrin inhibitor RGDS effectively decreased the ATX-
induced integrin-activated intracellular downstream FAK 
and Src signaling pathways (Fig. 6c), which mediated the 
process of cell migration as reported [49].

ATX was initially discovered as a secreted protein from 
A2058 melanoma cells and could enhance cell motility [50]. 
It obviously exists in the brain, ovary, lung, intestine, kidney 
and lymph nodes [24, 29]. Regarding to endothelial cells, 
ATX expresses in high endothelial cells of lymph nodes 
and in endothelial cells of zebrafish embryos [24, 51]. ATX 
expressed in vascular endothelial cells is known to induce 
tube regression [52]. In a murine AAA model, we confirmed 
for the first time the abundant endothelial ATX expression. 
The solvent-exposed surface of the N-terminal tandem 
SMB-like domains of ATX could bind to integrin αIIbβ3 in 
platelet and CHO cells [53]. It has also been reported that 
lymphocyte integrin α4 and β1 are involved in ATX-induced 
adhesion by using a function-blocking antibody [24]. In line 
with these previous reports, our results showed that integrin 
α4 did mediate the effects of ATX. More importantly, we 
showed the direct binding of ATX to integrin α4 followed 
by outside-in signal activation via phosphorylation of FAK 
and Src (Figs. 5, 6). ATX harbors various potential integrin-
binding motifs, including a Leu-Asp-Val sequence for bind-
ing to α4β1 and an Arg-Gly-Asp sequence for binding to β1 
integrins (α5β1, αVβ1, α8β1), αV integrins (αVβ3, αVβ5, 
αVβ6, αVβ8) and αIIbβ3 [24, 54, 55]. The exact site of ATX 
that binds to integrin α4 still requires further investigation.

Phospholipid catabolism is closely relevant to numerous 
vascular-associated diseases. PLD is a mediator during high 
phosphate-induced vascular calcification associated with 
chronic kidney disease [56]. HA130, an ATX lysoPLD activ-
ity inhibitor, decreases superoxide generation in pulmonary 
microvascular endothelial cells [57]. Our RNA-seq analysis 
data showed that Hcy triggered robust upregulation of PLA2 
and ATX, which are phospholipases, and downregulation of 
lysophosphatidylcholine acyltransferase (LPCAT), a series 
of phospholipid synthases in the endothelium (Fig. 3a). This 
finding is consistent with our previous study on differenti-
ated human adipocytes and epididymal white adipose tissue 
[58]. These data indicate that Hcy exerts its pro-inflamma-
tory effects in the endothelium by affecting cellular lipid 
metabolism from two perspectives, including intracellular 
phospholipid catabolism and secreted regulatory proteins, 
such as ATX.

In summary, our study provides an important insight into 
the progress of HHcy-aggravated AAA. NSun2 mediates 
Hcy-induced endothelial ATX expression and secretion, thus 
accelerating T cell migration and adhesion to endothelium, 
which is a novel mechanism for aggravating vascular inflam-
mation, matrix degradation and AAA development. NSun2 
deficiency attenuates T cell recruitment and rescues HHcy-
accelerated AAA development in vivo, indicating that the 
NSun2-ATX axis might be a potential intervention target for 
HHcy-accelerated vascular inflammation and AAA.
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