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LncRNA CARMN inhibits abdominal aortic aneurysm formation
and vascular smooth muscle cell phenotypic transformation
by interacting with SRF
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Abstract

Phenotypic transformation of vascular smooth muscle cells (VSMCs) plays a crucial role in abdominal aortic aneurysm
(AAA) formation. CARMN, a highly conserved, VSMC-enriched long noncoding RNA (IncRNA), is integral in orchestrating
various vascular pathologies by modulating the phenotypic dynamics of VSMCs. The influence of CARMN on AAA forma-
tion, particularly its mechanisms, remains enigmatic. Our research, employing single-cell and bulk RNA sequencing, has
uncovered a significant suppression of CARMN in AAA specimens, which correlates strongly with the contractile function
of VSMC:s. This reduced expression of CARMN was consistent in both 7- and 14-day porcine pancreatic elastase (PPE)-
induced mouse models of AAA and in human clinical cases. Functional analyses disclosed that the diminution of CARMN
exacerbated PPE-precipitated AAA formation, whereas its augmentation conferred protection against such formation. Mecha-
nistically, we found CARMN's capacity to bind with SRF, thereby amplifying its role in driving the transcription of VSMC
marker genes. In addition, our findings indicate an enhancement in CAMRN transcription, facilitated by the binding of NRF2
to its promoter region. Our study indicated that CARMN plays a protective role in preventing AAA formation and restrains
the phenotypic transformation of VSMC through its interaction with SRF. Additionally, we observed that the expression of
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CARMN is augmented by NRF2 binding to its promoter region. These findings suggest the potential of CARMN as a viable

therapeutic target in the treatment of AAA.
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Introduction

Abdominal aortic aneurysm (AAA) represents a critical
health risk, characterized by the gradual expansion and
potential rupture of the abdominal aorta’s vascular wall [1].
Despite significant advancements in open and endovascular
repair surgeries, there remains a substantial gap in effective
pharmacological treatments for AAA patients not suitable
for surgical intervention [2]. Consequently, deciphering the
underlying molecular mechanisms and pinpointing thera-
peutic targets are of paramount importance in the quest for
effective AAA treatment.

Smooth muscle cells (SMCs) exhibit remarkable diver-
sity across different organs. SMC differ morphologically
and functionally at vascular, gastrointestinal, respiratory,
and urogenital tracts [3, 4]. Lee et al. reveals significant dif-
ferences in cellular expression between human and mouse
SMCs, including vascular SMCs and non-vascular SMCs
[5]. These differences manifest across various organs and
are dependent on cell type, with notable heterogeneity seen
in specific regions like the aorta and non-vascular SMCs of
the esophagus, bladder, and stomach [5]. Vascular smooth
muscle cells (VSMCs), residing in the aortic media, exhibit
the ability to oscillate between a contractile (or differenti-
ated) phenotype and a synthetic (or dedifferentiated) phe-
notype [6]. In their contractile state, VSMCs are pivotal for
maintaining blood vessel functionality, regulating vascular
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tone, blood pressure, and diameter [7]. When stimulated
by pathological factors, VSMCs transition to the synthetic
phenotype with augmented proliferative and migratory capa-
bilities, excessive extracellular matrix component secretion,
and diminished contractile marker expression [8]. This trans-
formation from the contractile state to the synthetic state,
also termed phenotypic transformation, is observed in many
vascular diseases, including AAA [9]. Consequently, modu-
lating VSMC phenotypic transformation presents a novel
therapeutic approach for AAA, though the mechanisms driv-
ing this transformation during AAA developments are still
largely unexplored.

Long noncoding RNAs (IncRNAs), characterized as RNA
molecules exceeding 200 nucleotides without protein-coding
potential, exhibit a high degree of tissue-specific expression
[10]. LncRNAs appear to be highly tissue specific in expres-
sion and can regulate gene transcription, RNA and protein
stability, and translation and posttranslational modifications
[10]. Consequently, IncRNAs are increasingly recognized
as both biomarkers and regulatory agents in a variety of
diseases and pathophysiological conditions [11-13]. Recent
evidence has highlighted the significant role of IncRNAs in
modulation of VSMC functionality, contributing to various
cardiovascular diseases, including atherogenesis [14, 15],
hypertension [16], pulmonary arterial hypertension [17] and
vascular remodeling [18]. LncRNAs are increasingly impli-
cated in the formation and progression of AAA. Previous
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researches have identified specific IncRNAs, such as H19
[19], PVT1 [20] and LUCAT1 [21], as key contributors to
AAA progression by influencing VSMC proliferation and
apoptosis. However, a notable limitation in the clinical appli-
cation of these IncRNAs arises from their partial presence in
SMCs within the human body and their lack of cell specific-
ity. This limitation underscores the need for more targeted
IncRNA-based interventions in AAA treatment.

Cardiac mesoderm enhancer-associated noncoding RNA
(CARMN) stands out as a notably conserved IncRNA
predominantly located in SMCs [22]. Known for hosting
miR143/145, CARMN mirrors their function in sustaining
the contractile phenotype of VSMCs [23]. Growing evidence
has demonstrated that CARMN participates in vascular dis-
eases, including atherosclerosis [24, 25] and neointima for-
mation [22]. Notably, reduced levels of CARMN were linked
to advanced atherosclerotic lesions, with its knockdown in
mice promoting a shift to a proliferative VSMC phenotype,
thereby accelerating atherosclerotic [24]. CARMN exhibits
the ability to bind to Myocardin (MYOCD), thereby enhanc-
ing the MYOCD-SREF (serum response factor) interaction
and amplifying the transcriptional activity of contractile
markers [22]. Additionally, CARMN’s interaction with
SRF further facilitates SRF’s binding to target gene pro-
moters, crucial for maintaining VSMC homeostasis [25].
Despite these insights, the role of CARMN in AAA forma-
tion remains an unexplored territory.

In our study, we hypothesized that CARMN might exert
regulatory control over the VSMC phenotype, thereby influ-
encing the development of AAA. We performed single-cell
RNA sequencing to delineate the expression profile of
CARMN in human AAA tissues. We furthered our inves-
tigation by manipulating CARMN levels—both its knock-
down and overexpressing—in a porcine pancreatic elastase
(PPE)-induced AAA model. This approach allowed us to
gain deeper functional insights into CARMN’s role in AAA
formation. Moreover, we investigated the downstream and
upstream mechanisms of CARMN during AAA formation.
These findings may provide new therapeutic methods for
AAA treatment.

Materials and methods

Single-cell RNA sequencing using 10 X genomics
chromium

To capture single cells, we used the 10 X Genomics Single
Cell 3’ v3 kit. Subsequently, cDNA libraries were created
from both normal abdominal aortic and AAA tissues, fol-
lowing the instructions provided by the manufacturer. The
resulting libraries were then pooled and sequenced using the
Illumina NovaSeq 6000 platform.

Raw data preprocessing

The sequenced reads obtained from the platform underwent
demultiplexing and were aligned with the GRCh38 human
reference genome using CellRanger (7.0.1). Unique mol-
ecule identifiers (UMIs) were utilized to count and gener-
ate digital expression matrices for each gene. Cell barcodes
were filtered by CellRanger. In summary, an expression for
each sample was generated, detailing the UMI count per
cell for each gene, which was imported as 10 X data object.

Quality control (QC) and normalization

Data analysis was carried out using Seurat (4.0.2), an R
package used for analysis of single-cell RNA sequenc-
ing data. During quality control, low-quality cells were
excluded based on criteria such as the UMI counts, the num-
ber of expressed genes and the fraction of mitochondrial
transcripts. Then, the count matrix of the remaining cells
was subjected to scaling and normalization using Seurat's
ScaleData and NormalizeData function, respectively. The
top 2000 highly variable features were identified using the
FindVariableFeatures function. Furthermore, the normalized
data were scaled using the ScaleData function.

Dataset integration, unsupervised clustering,
marker identification, and cell type annotation

The identified highly variable genes were utilized to con-
duct principal component analysis (PCA). To mitigate
batch effects and integrate single-cell RNA-seq data from
both normal abdominal aortic and AAA samples, we uti-
lized the harmony R package. Leveraging the top 20 prin-
cipal components, an unsupervised cell clustering analysis
was performed using Seurat's FindNeighbors and Find-
Clusters functions. To visualize the data, we employed
t-distributed stochastic neighbor embedding (t-SNE) to
project cells onto a 2D space based on aligned canonical
correlation analysis. To identify cluster-specific genes, we
utilized Seurat's FindAllMarkers function and employed
a Wilcoxon rank sum test. The marker genes were deter-
mined by setting the parameters as follows: min.pct=0.1,
adjusted p values <0.05, and an average log2-fold change
(log,fc)>0.25 [26, 27]. Cell types were manually annotated
based on their markers. Additionally, the activity of specific
gene sets in each cell was quantified using the AddModule-
Score function in Seurat.

Bulk RNA sequencing data processing and analysis
The transcriptome sequencing datasets (GSE197748 and

GSE226736) were downloaded from the GEO database
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=
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GSE197748, https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE226736). The raw data were read by the oligo
package and standardized and reannotated using the rma
method. Differentially expressed genes (DEGs) were iden-
tified using the limma package with the standards adjusted
p values < 0.05 and llog2FCI> 1.5. KEGG and GO function
enrichment analyses were conducted using the R package
"clusterProfiler". The genomic information of Carmn and
mRNA was obtained through the Metascape database. The
interaction networks between proteins were acquired by the
GeneMANIA database and the String database.

Experimental animals

Healthy male C57BL/6 J mice, aged 8 to 12 weeks, were
sourced from Guangzhou Medical University. All mice
were housed under pathogen-free conditions featuring a
12-h dark/light cycle with fluorescent lighting, at a humidity
level around 55%, and a temperature range of 18-22 °C. The
mice had unrestricted access to food and purified water. The
experiments conducted on animals were approved by the
Chinese Academy of Basic Medical Sciences and the Ani-
mal Care and Use Committee of Guangzhou Medical Uni-
versity and abided by the guidelines of the Animal Research
Advisory Committee of the National Institutes of Health.

PPE-induced AAA models

The PPE-induced AAA model was established according
to previous methods [28]. Briefly, each mouse was anes-
thetized through intraperitoneal injection of a mixture of
xylazine (5 mg/kg) and ketamine (100 mg/kg). Adequate
anesthesia was confirmed through the disappearance of the
pedal withdrawal reflex. A midline abdominal incision was
made to fully expose the infrarenal abdominal aorta up to
the bifurcation. The sponge soaked with PPE (0.2 U) was
covered onto the abdominal aorta for 5 min. The control
group mice received saline in sham operations. The residual
PPE in the abdominal cavity was washed with physiological
saline, the incision was sutured. The mice were euthanized
after 7 days or 14 days of feeding with normal chow for the
next experiment.

Adeno-associated virus (AAV) infection in mice

Murine Carmn-overexpressing adeno-associated virus sero-
type 9 (AAV9) and Carmn-knockdown AAV9 were manu-
factured by GeneChem (China). The transfection process
was carried out by injecting AAV9 into the mouse tail vein
according to previous methods [29]. The amount of virus
used for transfection was 1x 10!! vector genomes. The trans-
fection effect was verified 30 days after injection.
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Quantification of aneurysm formation

Initially, the mice were perfused with 10% formaldehyde
at physiological pressure via a pinhole on the left ventricle.
Subsequently, the aorta was extracted and photographed
using a digital camera to record changes in its diameter. The
maximum diameter of the dilated segment of the infrarenal
vessel was measured with Image-Pro Plus software (Media
Cybernetics, USA). Based on the definition of human aneu-
rysm established in previous studies [30], aneurysm forma-
tion was defined by at least a 50% increase in infrarenal
aortic diameter in the PPE-treated mice compared with
the saline-treated mice. In cases where mice died during
the experiment, necropsies were conducted. AAAs were
assessed by two investigators blinded to the experimental
treatment, with at least thrice for accuracy.

Verhoeff's van Gieson (VVG) staining

Tissue sections were prepared in accordance with previously
established methods [30]. Five-micron-thick serial sections
were stained using the Verhoeff Elastic Fiber Staining Kit
(Servicebio, China). We graded the degree of elastin deg-
radation according to the scoring standards of previous
studies [31]: Grade I, elastic fibers are arranged regularly
without breakage or degradation; Grade 11, elastic fibers are
slightly broken; Grade III, denotes severe damaged to elastic
fibers, though not completely broken; and Grade IV repre-
sents aortic rupture.

RNA extraction and qPCR

Total RNA from cells or tissues was extracted using TRIzol
reagent (Invitrogen, Thermo Fisher Scientific, USA) and its
concentration was determined using a NanoDrop Lite spec-
trophotometer (Thermo Fisher Scientific, USA). With the
SYBR Premix Ex Taq Kit (TaKaRa Biotechnology, China),
quantitative polymerase chain reaction (qQPCR) was carried
out on a QuantStudio 5 real-time fluorescent qPCR system
(Applied Biosystems, Thermo Fisher Scientific, USA). The
relative mRNA expression was measured by normalizing
the internal reference (GAPDH in this study). The primer
sequences are listed in Supplemental Table 1.

Western blotting assay

The pretreated mouse aortic tissue was placed on ice, and
then, the protein was extracted using RIPA buffer [consist-
ing of Tris—HCI (25 mM, pH 7.6), NaCl (150 mM), NP-40
(1%), sodium deoxycholate (1%), and SDS (0.1%)]. The
protein extracts were segregated on SDS—PAGE gels and
transferred to polyvinylidene fluoride (PVDF) blotting
membranes. Initially, the membranes were incubated with
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primary antibodies overnight at 4 °C and secondary anti-
bodies for 2 h at room temperature. Enhanced chemilumi-
nescence reagent (RPN2235; GE-Healthcare Life Sciences,
UK) was used for exposure imaging, which was repeated
at least 5 times. Total protein was quantified using ImageJ
software (National Institutes of Health, USA), with EIF5 or
GAPDH serving as the endogenous normalization controls.
The antibody information is shown in Supplemental Table 2.

Immunofluorescence staining

After fixation in 4% paraformaldehyde, mouse aortic sam-
ples were prepared into five micrometer thick paraffin sec-
tions at intervals of approximately 500 um, followed by
dewaxing in water. For immunofluorescence staining, the
sections were then subjected to antigen retrieval by soaking
in 10 mmol/L sodium citrate buffer (pH 6.0) and boiling
in a microwave oven. Next, we blocked the sections with
1% bovine serum and incubated them with primary anti-
bodies. After secondary antibody incubation, the sections
were incubated with DAPI (Beyotime, China). The slides
were visualized with a Leica (TCS Sp8, Germany) confocal
microscope. Supplemental Table 3 displays the information
on the antibodies used in this study.

RNA fluorescence in situ hybridization

Hybridization was carried out on the sections using hybridi-
zation buffer (RiboBio, China) and incubated them with a
labeled CARMN probe overnight. Post-hybridization, the
sections were purified using SSC and subsequently incu-
bated with both primary antibody and secondary antibodies.
The final step involved incubation in DAPI. The sequences
of the human and mouse CARMN probes are detailed in
Supplemental Table 4.

Cell isolation and transfection

Primary aortic VSMCs were extracted using the enzy-
matic digestion method from the experimental mouse [32].
Briefly, the aorta was separated from the mouse, and the
surrounding adipose tissue was removed. After isolation
from the mouse, the aorta was longitudinally incised to
expose the intima layer. The tissue was cut into 1 X 1 mm
pieces and disintegrated in Hank's balanced salt solution
(HBSS; Gibco, USA) with 0.744 U/ml elastase (Sigma,
USA), 1 mg per ml collagenase type II (Sigma, USA) and
1 mg per ml trypsin inhibitor (Sigma, USA) for two hours
at 37 °C. Following digestion, an equal volume of Dulbec-
co’s Modified Eagle’s Medium (DMEM) with 20% fetal
bovine serum (FBS) was added to halt the reaction. The
cells were harvested by centrifugation, then cultured in

DMEM with 20% FBS. After 48 h to allow for adherence
and initial growth, the medium was replaced with DMEM
containing 10% FBS.

Before transfection, adherent VSMCs were inoculated
into 6-well plates, cultured to 70-80% confluence, trans-
fected with siRNA-Carmn, control siRNA, oe-Carmn, or
control plasmid, and further cultured in a constant tempera-
ture incubator at 37 °C for subsequent experiments.

RNA pulldown

Carmn probes were generated by Gzscbio (Guangzhou,
China). The VSMCs were washed with PBS 2-3 times, and
the cells were subsequently lysed with RIPA cell lysis buffer
(Solarbio, China). Streptavidin magnetic beads (Invitrogen,
SA10004) were incubated with Carmn probes for 2 h at
room temperature. Total RNA was extracted, the expression
of the target gene was assessed by qPCR, and the protein was
quantified by SDS—PAGE.

Luciferase reporter assays

The potential binding sites of Carmn and its target genes
were predicted using Freiburg RNA Tools. Carmn was
subsequently cloned and inserted into the luciferase vec-
tor psiCHECK-2 (Gzscbio, China). To create a mutant
sequence, Carmn-sv-mut, specific bases corresponding to
the binding site between Carmn and the target gene were
altered. Following this, 293 T cells were transfected with
both the luciferase reporter vector and the mutant gene car-
rier. The luciferase activity for each group was then evalu-
ated using a dual-luciferase reporter assay system (Promega,
USA).

Human aortic samples

The human aortic samples utilized in this study received
approval from the Research Ethics Committee of Guang-
dong Provincial People’s Hospital (Ethics Approval Number,
NFEC-2019-086) in accordance with the principles outlined
in the Declaration of Helsinki. Each participant provided
informed consent form. All AAA samples were randomly
selected from patients undergoing open AAA repair. The
nonaneurysmal portion of the blood vessel excised from the
same patient served as the control group. Exclusion criteria
for participants were aortic dissection or other inflammatory
aortic diseases. After the samples were obtained, they were
immediately rinsed with saline and frozen in liquid nitrogen
before being stored in a — 80 °C freezer. The basic informa-
tion of the patients is shown in Supplemental Table 5.
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«Fig. 1 Single-cell RNA sequencing analysis reveals that CARMN is
enriched in VSMCs and participates in regulating VSMC contrac-
tile activity. A A total of 43,208 cells in 3 normal abdominal aortic
samples and 26,075 cells in 3 AAA samples were integrated and
projected onto a t-SNE plot. B A t-SNE plot shows all cells colored
according to the 12 major cell types. C Heatmap shows the expres-
sion of marker genes of 12 cell types. D Bar plots show cluster dis-
tribution within the 12 cell types in each group. E Dot plots show
the expression of CARMN in each group (left); relative expres-
sion of CARMN in each group. Cells were projected onto a t-SNE
plot (right). F Dot plots show the expression of CARMN in differ-
ent cell types. G A total of 8700 VSMCs in the normal abdominal
aorta group and 1,319 VSMCs in the AAA group were divided into
21 clusters and projected onto a t-SNE plot. H A t-SNE plot shows all
VSMC:s colored according to the 5 major cell types. I Heatmap shows
the expression of marker genes of 5 VSMC types. J Dot plots show
the expression of contraction markers (ACTA2, CNNI1, MYHI1I,
TAGLN) in 5 VSMC types. K Violin plots show the score of VSMC
contraction in 5 VSMC types by AddModuleScore (left); relative
score of VSMC contraction in VSMCs. The cells were projected onto
a t-SNE plot (right). L Bar plots show cluster distribution within the
5 VSMC types in each group. M Dot plots show the expression of
CARMN in VSMC:s of different groups (left); relative expression of
CARMN in VSMCs of different groups. Cells were projected onto a
t-SNE plot (right). N Dot plots show the expression of CARMN in 5
VSMC types

Statistical analysis

Quantitative results are presented as mean + standard devia-
tion, while the fraction of elastin degradation is expressed as
the median and quartile range. All experimental data were
derived from independently repeated experiments. The sta-
tistical analysis and image visualization were conducted
using ImagelJ software (National Institutes of Health, USA)
and GraphPad Prism 8.0 software (USA), respectively. Nor-
mality was tested using the Shapiro—Wilk test. The inci-
dence of AAA was compared using Fisher's exact test, and
the survival rate was analyzed by the log-rank (Mantel—Cox)
test. A p-value of less than 0.05 was considered statistically
significant.

Results

Single-cell RNA (scRNA) sequencing analysis reveals
that CARMN is enriched in VSMCs and participates
in regulating VSMC contractile activity

To clarify the biological functions of CARMN in the aorta,
we first performed scRNA sequencing of 3 human AAA
samples and 3 normal control (Con) aorta samples. The data
are available in the Gene Expression Omnibus (GEO) data-
base (GSE226492; https://www.ncbi.nlm.nih.gov/geo/query/
acc.cgi). We manually annotated the 18 clusters as 12 dis-
tinct cell populations (fibroblasts, endothelial cells, mono-
cytes, macrophages, VSMCs, neurons, T cells, mast cells,

neutrophils, erythrocytes, adipocytes, and B cells) based on
the appropriate marker genes and visualized these annota-
tions with a t-SNE plot (Fig. 1A, B). The specific cell marker
expression characteristics are visualized in Fig. 1C. Com-
pared with that in the control group, the proportion of HVS-
MCs was dramatically lower in the AAA group (Fig. 1D),
indicating that the alteration in HVSMC content is a major
cause of AAA formation. Moreover, we found that CARMN
was enriched mainly in HVSMC:s in the control group, while
in the AAA group, CARMN expression was significantly
downregulated (Fig. 1E, F).

The HVSMCs were subsequently subjected to dimension
reduction and clustering (Fig. 1G), and five subpopulations
(SMC1 ~5) were identified and visualized via t-SNE analy-
sis (Fig. 1H). Among the 15 types of nonimmune cells, we
identified five SMC or SMC-related clusters. The SMC1
cluster highly expressed extracellular-matrix-related genes
such as PTN, DCN and CFD. SMC?2 cluster highly expressed
contraction-related genes such as MYHI1, ACTA2. SMC3
cluster highly expressed extracellular-matrix-related and
immune-related genes such as POSTN, HLA-DRA, FNI and
IGLLS5. SMC4 cluster highly expressed fatty acid metabo-
lism related and immune-related genes such as CCL21,
CCLI19 and FABP4. SMC4 cluster highly expressed fatty
acid metabolism related and immune-related genes such as
CCL21, CCL19 and FABP4. SMCS5 highly expressed genes
related to hemoglobin such as HBAI, HBA2 (Fig. 11, J). The
VSMC contractile gene set was obtained from the GSEA
database to evaluate the contractile activity of the five sub-
populations using the Addmodule method, and we found that
the SMC2 subpopulation possessed the highest contractile
activity (Fig. 1K). The AAA group had a lower proportion
of SMC2 (Fig. 1L), indicating that the decrease in the con-
tractile SMC2 subpopulation was related to AAA formation.
Interestingly, CARMN was highly abundant in SMC2 cells
in the control group, and its expression was downregulated
in parallel with the reduction in SMC2 expression in the
AAA group (Fig. IM, N), suggesting that CARMN may
participate in regulating HVSMC contractile activity during
the progression of AAA.

In mice, we obtained similar results through analysis
of the scRNA sequencing dataset (GSE152583), which
includes AAA samples from mice treated with PPE for
7 days (AAA_7d) and 14 days (AAA_14d) and normal
samples from sham-operated mice (Sham). Based on the
known marker genes, ten cell clusters (VSMCs, fibroblasts,
macrophages, T cells, monocytes, erythrocytes, endothe-
lial cells, B cells, adipocytes, dendritic cells) were identi-
fied (Supplemental Figure IA-B). CARMN was enriched
in MVSMCs and downregulated in AAA samples (Sup-
plemental Figure IC). Five VSMC subpopulations were
defined, and SMC1 was recognized as contractile VSMCs
with the highest VSMC marker expression and contraction
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«Fig.2 Bulk RNA sequencing analysis reveals that CARMN expres-
sion is downregulated in mouse AAA tissue and associated with
VSMC function. A Volcano plot shows the differential expression of
ncRNAs between PPE-induced AAA samples and control samples. B
Heatmap shows the differential expression of ncRNAs in each group.
C The differential expression of Carmn between AAA samples and
control samples (***p=0.00091). D Venn diagram shows the inter-
section of Carmn-related mRNAs, upregulated mRNAs and down-
regulated mRNAs in AAA samples. E Heatmap shows the differen-
tial expression of mRNAs coexpressed with Carmn in each group.
F-H GO analysis of mRNAs coexpressed with Carmn. I KEGG
analysis of mRNAs coexpressed with Carmn. J Metascape analysis
of mRNAs coexpressed with Carmn. K String analysis shows the PPI
network of mRNAs coexpressed with Carmn

score (Supplemental Figure ID-G). CARMN was highly
expressed in the subpopulation SMC1 (Supplemental Figure
IH), which also indicated that CARMN might maintain the
contractile function of VSMCs.

Taken together, these results revealed the role of CARMN
in regulating VSMC contractile activity in the progression
of AAA.

Bulk RNA sequencing analysis reveals that CARMN
expression is downregulated in mouse AAA tissue
and associated with VSMC function

To further investigate the expression and functional char-
acteristics of CARMN during AAA formation, we ana-
lyzed the transcriptional profiling dataset (GSE226736) of
7-day PPE-induced mouse AAA samples (PPE, n=6) and
untreated normal control aortic samples (CON, n=35). The
raw data were standardized and reannotated using the rma
method. The expression levels of ncRNAs and mRNAs were
basically consistent across all the samples (Supplemental
Figure IIA and IIC), suggesting that there is no dimensional
difference or batch effect that may disrupt the downstream
analysis. The PCA results revealed the characteristic dis-
tinctions of ncRNA and mRNA expression data between
PPE-induced aortas and the controls (Supplemental Figure
IIB and IID). According to the standard of adjusted p val-
ues <0.05 and llog2FCI> 1.5, the DEGs were explored, and
the dysregulated ncRNAs and mRNAs that may be asso-
ciated with AAA formation were visualized by volcano
plots and heatmaps. A total of 14 downregulated and 10
upregulated ncRNAs were identified, and CARMN exhib-
ited the highest fold change among the downregulated ncR-
NAs (Fig. 2A-C). We also identified 351 upregulated and
78 downregulated mRNAs (Supplemental Figure IIIA-B).
GO and KEGG analyses of these differentially expressed
mRNAs showed they were mainly associated with immunity,
inflammation, cytokine and chemokine biological functions
and pathways (Supplemental Figure IIIC-F). The changes in
these functions and pathways induced by the dysregulation
of genes were closely related to the formation of AAA.

As IncRNAs often function by regulating mRNAs, we
then performed Pearson coexpression analysis to iden-
tify the significantly positively coexpressed mRNAs with
CARMN. We identified 55 downregulated mRNAs that
might be regulated by CARMN in PPE samples (Fig. 2D,
E) and further performed GO and KEGG analyses. The
terms were mainly related to cell differentiation, cell adhe-
sion biological functions and VSMC pathways (VSMC
muscle contraction) (Fig. 2F-I). The above findings sug-
gest that CARMN is a major regulator involved in VSMC
pathways during AAA formation. We further explored
the association between CARMN-regulated mRNAs and
VSMC pathways. The functionally enriched pathway of
CARMN-regulated mRNAs provided by the Metascape
database (http://metascape.org/), a tool for gene func-
tion annotation, is vascular smooth muscle contraction
(Fig. 2J). The String database provided the protein—pro-
tein interaction (PPI) relationship of the proteins expressed
by the upregulated and downregulated mRNAs. Consist-
ently, these proteins are closely connected and affect mus-
cle fibers and the cytoplasmic matrix (contractile fiber,
sarcomere, contractile actin filament bundle, and cell-
substrate junction) (Fig. 2H). These findings suggest that
CARMN is closely related to VSMC function.

We also analyzed another published profiling data-
set (GSE197748) of infrarenal aortas from both male
and female mice treated with PPE (aneurysm group) or
saline (control group) for 7 days to investigate CARMN
expression in AAA in both sexes and obtained consistent
results. After standardization as described above, we found
a significant difference in gene expression between the
two groups (Supplemental Figure IVA-D). Upregulated
and downregulated ncRNAs were identified, and CARMN
was also obviously decreased in AAA (Supplemental Fig-
ure IVE-G). GO and KEGG analyses of the differentially
expressed mRNAs showed they were related to immunity,
inflammation, cytokines, and chemokines (Supplemental
Figure V). We then obtained 30 downregulated mRNAs
that were coexpressed with CARMN by performing Pear-
son coexpression analysis (Supplemental Figure VIA).
Similarly, GO and KEGG analyses of the 30 mRNAs
mainly identified molecular functions related to cell dif-
ferentiation, metabolism and chemokines and VSMC
pathways (vascular smooth muscle contraction) (Supple-
mental Figure VIB-E). Functional enrichment analysis
conducted by the Metascape database also showed that
the top enriched functional pathway of the 30 mRNAs was
the VSMC pathway (Supplemental Figure VIF). The PPI
network applied by the GeneMANIA database suggested
that the functions of the 30 proteins were related to mus-
cle fibers and cytoplasmic matrix (such as contract fiber,
sarcomere, contract action filling bundle, cell substrate
junction, etc.) (Supplemental Figure VIG).
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These findings from bulk RNA sequencing analysis dem-
onstrate that CARMN expression was substantially reduced
in mouse AAA and associated with VSMC function.

CARMN expression is decreased in mouse
and human AAA tissues

To determine the expression characteristics of CARMN,
we first tested its expression in different tissues, including
aortas, hearts, lungs, livers, brains and skeletal muscles.

gPCR revealed that CARMN was highly expressed in the
aorta (Supplemental Figure VII). To confirm the abnormal
expression of CARMN, we established mouse AAA mod-
els by external stimulation with PPE, and the controls were
treated with saline. We observed significant arterial dilation
in the infrarenal abdominal aorta 7 days after PPE stimula-
tion (Fig. 3A). qPCR showed that CARMN expression was
decreased in PPE-induced AAA tissues, consistent with the
downregulation of known VSMC contractile marker genes,
including a-smooth muscle actin (a-SMA), calponin 1
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Fig.3 CARMN is decreased in mouse and human AAA tissues. A
Representative photographs show mouse abdominal aortas treated
with PPE (AAA) or saline (NA) for 7 days. B Relative CARMN
levels detected by qPCR in NA or AAA (**p<0.01, n=5 in each
group). C Relative mRNA levels of a-SMA, CNN1 and SM22a
detected by qPCR in NA or AAA (**p<0.01, n=5 in each group).
D Representative photographs show mouse abdominal aortas treated
with PPE (AAA) or saline (NA) for 14 days. E Relative CARMN
levels detected by qPCR in NA or AAA (**p<0.01, n=5 in each
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group). F Relative mRNA levels of a-SMA, CNNI1 and SM22a
detected by gPCR in NA or AAA (**p <0.01, n=5 in each group). G
FISH of CARMN (red) and immunofluorescence staining of a-SMA
(green) and DAPI (green) in mouse abdominal aortas treated with
either PPE (AAA) or saline (NA) for 14 days. H Relative CARMN
levels detected by qPCR in human NA or AAA (**p<0.01, n=5 in
each group). I Relative mRNA levels of a-SMA, CNN1 and SM22a
detected by qPCR in human NA or AAA (¥**p<0.01, n=35 in each
group)
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(CNN1) and smooth muscle 22« (SM22a) (Fig. 3B, C). Sim-
ilarly, 14 days after PPE stimulation, CARMN and VSMC
contractile marker genes showed a more significant decrease
in AAA tissues (Fig. 3E, F). To obtain more information
on the localization of CARMN in the aorta, we performed
in situ hybridization (ISH) staining on AAA tissue 14 days
after PPE stimulation and on the control tissue. CARMN
was found to be expressed mainly in the medial VSMC layer
through colocalization of CARMN and a-SMA and was
downregulated in AAA aortic walls (Fig. 3G).

To establish the clinical relevance of CARMN and AAA
formation, we further collected AAA samples from patients
who underwent open AAA repair surgery. The nonaneu-
rysmal portion of the blood vessel excised from the same
patient served as the control group. The downregulation of
CARMN and VSMC contractile marker genes was also con-
firmed in clinical human AAA samples by qPCR (Fig. 3H).
CARMN was also found to be localized in the medial VSMC
layer of the aorta (Fig. 3J).

These results also showed that CARMN expression is
downregulated in mouse and human AAA tissues.

CARMN knockdown exacerbates abdominal aortic
aneurysm formation in mice

To investigate the function of CARMN in AAA, we used an
adeno-associated virus serotype 9 (AAV9) carrier against
CARMN (Sh-CARMN) to inhibit CARMN expression
in vivo. Scrambled RNAs were used as relevant controls
(Scr-RNA). The temporal process of viral transfection
and model establishment is shown in Supplemental Fig-
ure VIIIA. Viral infection was performed 30 days before
mouse model establishment. Immunofluorescence stain-
ing for green fluorescent protein (GFP) indicated effective
transfection of VSMCs (stained with SM22a) into the aortic
wall after 30 days of infection (Supplemental Figure VIIIB).
The knockdown effect was then confirmed by qPCR analysis
(Supplemental Figure VIIIC). Then, AAA was induced in
CARMN knockdown or control mice through PPE stimu-
lation. Wild-type mice that underwent open surgeries and
were stimulated with saline under similar conditions were
regarded as the sham group. Arteries were harvested 14 days
after surgery, and varying degrees of aneurysm formation
were observed in the PPE-stimulated Scr-RNA group and
Sh-CAMRN group, while no aortic expansion was found
in the sham group. Upon PPE stimulation, knockdown of
CARMN significantly exacerbated AAA development, as
shown by the expanded diameters (Fig. 4A and B). Elas-
tic fiber staining showed that knockdown of CARMN also
deteriorated the degradation of elastic fibers (Fig. 4C and
D). Moreover, PPE stimulation decreased the mRNA and
protein expression of VSMC contractile markers, includ-
ing a-SMA, CNN1 and SM22a, and CARMN knockdown

significantly inhibited the expression of VSMC contractile
markers (Supplemental Figure VIIID, Fig. 4E and F), sug-
gesting that CARMN knockdown induces VSMC pheno-
typic transformation to the secretory phenotype.

These results indicate that CARMN knockdown exacer-
bates mouse AAA and induces VSMC phenotypic transfor-
mation to the secretory phenotype.

CARMN overexpression attenuates AAA formation
in mice

To further determine whether CARMN influences AAA
formation in vivo, mice were infected with either CARMN-
overexpressing AAV9 (AAV-CARMN) or control AAV9
(AAV-GFP) to investigate the effect of CARMN overexpres-
sion on AAA formation. After 30 days of infection, mouse
aortas were isolated, and immunofluorescence staining and
gPCR confirmed that the viruses were successfully trans-
fected into VSMCs and increased the expression of CARMN
(Supplemental Figure IXA-B). PPE stimulation induced
AAA formation in the AAV-GFP and AAV-CARMN
groups. However, we observed that PPE-induced AAA was
significantly restored by CARMN overexpression (Fig. SA
and B). CARMN overexpression also prominently allevi-
ated the elastic fiber degradation caused by PPE (Fig. 5C
and D). The results of qPCR and western blotting demon-
strated that PPE stimulation induced the downregulation of
VSMC contractile marker genes, including a-SMA, CNN1
and SM22a, while CARMN overexpression reversed this
effect, suggesting that CARMN contributes to maintaining
the contractile phenotype of VSMCs (Supplemental Figure
IXC, Fig. 5E and F).

These results further verify the role of CARMN in AAA
formation and VSMC phenotypic transformation.

CARMN interacts with SRF to modulate the smooth
muscle cell phenotype

To explore the downstream targets of CARMN during
AAA formation, we performed an RNA pulldown assay
followed by mass spectrometry analysis to identify poten-
tial CARMN-interacting proteins (Fig. 6A). Supplemental
Table 6 shows the proteins that may bind to CARMN identi-
fied by mass spectrometry analysis. Among these proteins,
serum response factor (SRF), a transcription factor asso-
ciated with the transcription of VSMC contractile marker
genes [33], has attracted our attention. For determination of
the consequence of the binding of CARMN and SRF, pri-
mary VSMCs from mouse aortas were isolated and treated
with SRF overexpression vectors (oe-SRF) or controls (oe-
NC). SRF overexpression promoted the mRNA and protein
expression of VSMC contractile markers. On this basis,
overexpression of CARMN enhanced the promotional effect
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Fig.4 Knockdown of CARMN aggravates AAA formation in mice.
A Representative photographs show the abdominal aortas from the
sham group mice, PPE-treated Scr-RNA group mice and PPE-treated
Sh-CARMN group mice. B Maximal abdominal aortic diameters of
each group of mice (¥**p<0.01, n=10 in the sham group, n=15 in
the Scr-RNA group and Sh-CARMN group). C and D Representative
staining with elastin and the elastin degradation score of the abdomi-

of SRF (Fig. 6B and C). To further validate this finding, we
overexpressed CARMN in primary VSMCs. As expected,
CARMN overexpression promoted the expression of VSMC
contractile markers. Knocking down SRF with a small inter-
fering RNA against SRF (si-SRF) significantly blocked the
effect of CARMN (Fig. 6D). In contrast, SRF overexpres-
sion reversed the suppressive effect of CARMN knockdown
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nal aortas from Ang Il-infused mice. Photographs were taken at the
location where the most severe elastin degradation occurred (scale
bars=50 pym, **p<0.01; n=8 in sham group, n=15 in Scr-RNA
group and Sh-CARMN group). E and F Protein levels of a-SMA,
CNNI1 and SM22a detected by western blots in each group. EIF5 was
used as a loading control (**p <0.01, n=5 in each group)

on VSMC contractile phenotypic transformation (Fig. 6E).
These results revealed that CARMN may exert its function
by interacting with SRF.

Next, we investigated the detailed effect of CARMN on
SRF. Interestingly, CARMN overexpression or knockdown
did not affect SRF mRNA or protein levels (Fig. 7A and
B). As a transcription factor, SRF has been reported to
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Fig.5 CARMN overexpression attenuates AAA formation in mice.
A Representative photographs show the abdominal aortas from
the sham group mice, PPE-treated AAV-GFP group mice and PPE-
treated AAV-CARMN group mice. B Maximal abdominal aortic
diameters of each group of mice (**p <0.01, n=9 in the sham group,
n=15 in the AAV-GFP group and AAV-CARMN group). C and D
Representative staining with elastin and the elastin degradation score

regulate the VSMC phenotype by binding to CArG ele-
ments and transcriptionally activating VSMC contractile
genes [34]. The wild-type or mutated CArG promoters
(pGL3-CArG-WT or pGL3-CArG-MUT) of a-SMA,
CNN1 and SM22a were constructed. We transfected 293 T
cells with CARMN overexpression plasmids, SRF overex-
pression plasmids, and pGL3-CArG-WT or pGL3-CArG-
MUT and performed luciferase reporter gene assays. We
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of the abdominal aortas from Ang Il-infused mice. Photographs
were taken at the location where the most severe elastin degradation
occurred (scale bars=50 um, **p <0.01, *p <0.05; n=9 in the sham
group, n=15 in the AAV-GFP group and AAV-CARMN group).
E and F Protein levels of a-SMA, CNN1 and SM22« detected by
western blots in each group. EIF5 was used as a loading control
(**p<0.01, *p<0.05, n=5 in each group)

observed that overexpression of CARMN alone did not
alter the expression of VSMC markers, while SRF over-
expression increased the expression of these markers. On
the basis of the SRF overexpression data, CARMN could
significantly enhance the expression of VSMC contrac-
tile markers. However, SRF and CARMN overexpression
did not alter the expression of VSMC markers when the
CArG gene was mutated (Fig. 7C-E), which suggested

@ Springer



175 Page 14 of 21 S.Liuetal.
A " B
M A\(\QO\ & ot ve'aé
@ oe-NC B oe-SRF A oe-SRF/oe-CARMN
75kDa 6 *% - 8-
65 g A 8 % dk
S R
g 6 A 64
g 4 & sk
, $% :
25kDa *%
é & a 4 a4 =
L B
[} 24 2
g |
5 & A d
m 0 T T T 0 T T T G T T T
a-SMA CNNT1 SM22a
75kDa
C 0e-SRF/ @ oe-NC [l oe-SRF A o0e-SRF/oe-CARMN
oe-NC oe-SRF oe-CARMN _— *
3.01 2.0- i 2.0-
a-SMA l” ————— | 15kD 5 » - A
@ X¥ % 1.5 1.5 ;E
CNN1]-- el B R g, 20 T %
' oy 3 <L %
= x 101 o 1o
SMzza‘: S o § 10
o 0.5 0.5
& X
E‘F5""" WD S . - ""“ E5kD o 0.0+ 0.04—
a-SMA CNN1 SM22a
D o \é\,s?g
& RN I © oe-NC A 0e-CARMNIsi-NC
& @Y L & W 0e-CARMN  V 0e-CARMN/si-SRF
o —————— 0 & L L g e ow e
8 . s .
o  sp 207 g4 A Y e 151 Wz
cd 19138 1.0 101
SMZZGl:— - 4 :g == — | 22kD % 1.0 % ' '
E|F5|-- —— e — — — -—l 55D 0.0+——— 0. 0+4———+—" 0.0+——
a-SMA CNN1 SM22a
N N O si-NC A si-CARMN/oe-NC
NS ,Q??‘\“ ‘ b B si-CARMN V si-CARMN/oe-SRF
oV o\ g g
a-SMAI—- T ———— —‘ 45kD s 204 = i 159 = akal 1.5 fakd *k
2 o
; ! : 8 15 <+
CNN1’ﬁﬁ_z—""’-Q~‘ 34kD s 10 ,?$ 1-0'§ 1-0% %
7 " L, >
e~ | o
s e o0 § 0 5] XE 0o
o
0.0t———+— 00lr—r——— 00l—v+—

EIFS"“" T — —— — — —‘ 55kD

@ Springer




LncRNA CARMN inhibits abdominal aortic aneurysm formation and vascular smooth muscle cell...

Page150f21 175

«Fig.6 CARMN binds to SRF to modulate the smooth muscle cell
phenotype. A Protein immunoprecipitated by the probe against
CARMN and the control. Bottom, SRF protein was detected by
western blotting. B Relative mRNA levels of a-SMA, CNNI1 and
SM22a detected by qPCR in mouse primary VSMCs treated with
empty vector (0e-NC), SRF overexpression plasmids (oe-SRF), or
SRF overexpression plasmids and CARMN overexpression plasmids
(0oe-SRF/oe-CARMN) (¥*p<0.01, *p<0.05, n=5 in each group).
C Protein levels of a-SMA, CNN1 and SM22a detected by western
blots in each group indicated in (B). EIF5 was used as a loading con-
trol (**p<0.01, *p<0.05, n=5 in each group). D Protein levels of
a-SMA, CNN1 and SM22a detected by western blots in mouse pri-
mary VSMCs treated with empty vector (oe-NC), CARMN overex-
pression plasmids (oe-CARMN), CARMN overexpression plasmids
and control siRNAs (oe-CARMN/si-NC), or CARMN overexpression
plasmids and SRF siRNAs (oe-CARMN/si-SRF) (*%p <0.01, n=5 in
each group). E Protein levels of a-SMA, CNN1 and SM22a detected
by western blots in mouse primary VSMCs treated with control siR-
NAs (si-NC), CARMN siRNAs (si-CARMN), CARMN siRNAs and
empty vector (si-CARMN/oe-NC), or CARMN siRNAs and SRF
overexpression plasmids (si-CARMN/oe-SRF) (¥**p<0.01, n=5 in
each group)

that CARMN promoted the transcriptional effect of SRF
on VSMC contractile marker genes.

Together, these results suggest that CARMN could inter-
act with SRF and enhance its promotional effect on VSMC
marker gene transcription.

The transcription of Carmn is enhanced by NRF2
binding to its promoter region

We then aimed to identify the transcription factor responsi-
ble for Carmn expression. To predict the probable binding
sites on Carmn, we utilized the Jaspar database (http://jas-
par.binf.ku.dk/) with default settings, and interestingly, we
found that NRF2 may bind to the promoter region of Carmn
(Fig. 8A). Genome-wide gene expression analysis revealed
that CARMN was downregulated after VSMC-specific
knockout of NRF2 (Fig. 8B). NRF2 increased CARMN lev-
els, as well as downstream VSMC marker genes, as shown
by qPCR and western blot assays (Fig. 8C and D). To con-
firm the binding between NRF2 and the Carmn gene, we
predicted two binding sites that might be bound by NRF2.
Mutant Carmn promoter templates were constructed accord-
ing to the predicted binding sites 1 and 2 and both 1 and
2 (pGL3-Carmn-MUT1, pGL3-Carmn-MUT?2 and pGL3-
Carmn-MUT12). The wild-type Carmn promoter tem-
plates (pGL3-Carmn-WT) were regarded as the control
group. The NRF2 templates (pcDNA3.1-NRF2) and the
corresponding normal control templates (pcDNA3.1-NC)
were connected to pcDNA3.1(+) vectors. We transfected
pcDNA3.1-NRF2/pcDNA3.1-NC or pGL3-Carmn-MUT1/
pGL3-Carmn-MUT2/pGL3-Carmn-MUT12 into 293 T cells
and performed luciferase reporter gene assays to detect the
regulatory effect of NRF2 on Carmn. The expression of
luciferase was restricted when binding site 2 or both sites

1 and 2 were mutated (Fig. 8E), suggesting that NRF2 can
bind to site 2 in the Carmn promoter region. Furthermore,
western blot analyses revealed that the decrease in VSMC
markers induced by CARMN inhibition in VSMCs could
be reversed by NRF2 overexpression, while the increase in
VSMC markers induced by CARMN overexpression could
be restricted by NRF2 knockdown (Fig. 8F and G).

These findings demonstrated that the transcription of
Carmn is enhanced by NRF2 binding to its promoter region.

Discussion

In our study, we identified a VSMC-enriched IncRNA
CARMN that was significantly downregulated in human and
mouse AAA specimens, correlating with VSMC contractile
function. Through gain- and loss-of-function experiments,
we established CARMN’s protective influence in AAA
development. On a mechanistic level, CARMN was found
to interact with SRF’s role in boosting the transcription of
VSMC contractile marker genes, thus preserving the con-
tractile phenotype of VSMC:s. In addition, the transcription
of CARMN can be positively regulated by binding of NRF2
to its promoter region, thus promoting VSMC phenotypic
transformation to the contractile phenotype.

LncRNAs, a relatively recent discovery in the realm of
RNA, have been recognized for their regulatory roles across
various physiological and pathological processes, including
disease progression. Numerous studies have indicated the
capability of IncRNAs to modulate the phenotypic trans-
formation of VSMC [35-37] and their impact on cardiovas-
cular diseases, including AAA [19-21]. However, the lack
of VSMC-specific expression in many of these IncRNAs
may hinder their therapeutic potential in AAA management.
Cardiovascular diseases are main killer of people all over
the world [38—41]. Therefore, to enhance the prospects of
clinical application, our focus shifted to investigating an
IncRNA predominantly expressed in VSMCs as a poten-
tial therapeutic target for AAA. CARMN, a predominant
and conserved IncRNA in SMCs, was initially identified
as crucial in cardiac development, maintaining differenti-
ated cardiac states in pathological heart remodeling [42].
Its expression, notably diminished in atherosclerosis and
diseases involving VSMC phenotypic modulation [22, 24],
also decreases upon stimulation by factors like PDGF-BB
or TGF-f1 [24, 25]. CARMN works by physically binding
to Myocardin, a key transcriptional cofactor, thus promot-
ing its activity to preserve the VSMC contractile state [22].
Additionally, CARMN interacts with serum response factor
(SRF) to regulate VSMC plasticity, significantly impacting
the progression of atherosclerosis [25]. It is also crucial
for gastrointestinal (GI) tract SMC:s, as its absence leads to
phenotypic shifts and impacts contractile gene expression,
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Fig.7 CARMN enhances the promotional effect of SRF on VSMC
marker gene transcription. A Relative mRNA levels of SRF in
mouse VSMCs after treatment with oe-NC, oe-CARMN, si-NC or
si-CARMN (n=5 in each group). B SRF protein levels in mouse
VSMCs after treatment with oe-NC, oe-CARMN, si-NC or si-

vital for GI motility [43]. Furthermore, CARMN’s down-
regulation in AAA, possibly mediated by inflammatory
macrophages, correlates with a loss of the SMC contrac-
tile state [44]. CCL21 and CCL19, chemokines involved in
vascular inflammation and atherosclerosis, might be modu-
lated by CARMN to regulate immune cell behavior affecting
VSMCs. Similarly, CARMN might influence SMC functions
by regulating metabolic pathways or inflammatory responses
associated with FABP4, a protein active in lipid metabolism
and inflammation, particularly in atherosclerosis and AAA.

Single-cell sequencing technology has been instru-
mental in our research for elucidating the phenotypic
transitions of SMCs in AAA development. This study
distinguished various cell types through gene expression
patterns in single-cell data, highlighting significant shifts
in SMC subtypes within AAA. Notably, a marked decrease
in contractile SMCs was observed. Our experiments, both
in vivo and in vitro, indicated that CARMN plays a role
in inhibiting AAA development by preserving the con-
tractile homeostasis of SMCs. This aligns with previous
findings that VSMCs’, reduced contractility and transition
to a synthetic phenotype, involving extracellular matrix
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CARMN (n=>5 in each group). C-E Relative luciferase activity of
wild-type (WT) or mutated (MUT) CArG box VSMC marker genes
after treatment with or without oe-CARMN and oe-SRF (**p <0.01,
n=3 in each group)

remodeling and inflammation, which promoting the pro-
gression of AAA [45]. Meanwhile, our result of single-cell
sequencing analysis indicated that VSMCs might regulate
vascular homeostasis through its own functional homeo-
stasis and phenotypic transitions. In addition, relevant
study revealed that the loss of Bestrophin3 inhibited the
phenotypic regulation of contractile SMCs towards fibro-
blastic cells through single-cell sequencing, resulting in a
reduction of vascular wall scaffold proteins and extracellu-
lar matrix, ultimately leading to the imbalance of vascular
homeostasis [46]. Lineage tracing combined with single-
cell sequencing has further demonstrated the significant
impact of SMCs on atherosclerosis progression [47]. The
development of single-cell multi-omics technologies and
single-cell spatial transcriptomics further explored the
composition, interactions, and functions of cells in com-
plex tissues and organs [48]. In the future, it is imperative
to integrate the latest single-cell sequencing technologies
to find out the connection between vascular functional
homeostasis and VSMC phenotypes, which represents an
effective research strategy that can contribute to the iden-
tification of promising therapeutic targets. In this study,
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Fig.8 The transcription of Carmn is enhanced by NRF2 binding to
its promoter region. A The predicted NRF2 binding motif. B Volcano
plot of IncRNAs identified by genome-wide gene expression analy-
sis of aortas from VSMC-specific NRF2 knockout mice and control
mice (n=3 in each group). C Relative CARMN levels in mouse pri-
mary VSMCs treated with vector or NRF2 overexpression plasmids
(0e-NRF2) (*¥p<0.01, n=5 in each group). D Protein levels of Nrf2,
a-SMA, CNNI1 and SM22a detected by western blots in mouse pri-
mary VSMCs treated with vector or NRF2 overexpression plasmids
(0e-NRF2) (**p<0.01, n=5 in each group). E Relative luciferase

CNN1 SM22a

activity of wild-type (WT) or promoter-mutated (MUT1, MUT2 and
MUTI12) Carmn after treatment with or without NRF overexpression
(**p<0.01, n=3 in each group). F Protein levels of a-SMA, CNN1
and SM22a detected by western blots in mouse primary VSMCs
treated with si-NC or si-CARMN and then treated with empty vec-
tor or oe-NRF2 (*#p <0.01, n=3 in each group). G Protein levels of
a-SMA, CNNI1 and SM22a detected by western blots in mouse pri-
mary VSMCs treated with oe-NC or oe-CARMN and then treated
with si-NC or si-NRF2 (¥%p <0.01, *p <0.05, n=3 in each group)
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we further verified a reduction of CARMN in human and
mouse AAA tissues, suggesting its potential role in AAA
formation.

VSMCs, the major component of the aortic wall, main-
tain the normal structure and physiological function of the
vasculature [7]. The highly plastic character allows VSMCs
to transition between contractile and secretory phenotypes
in response to environmental stimuli and extracellular sig-
nals [49]. A previous study revealed that the phenotypic
transformation of VSMC:s to the secretory phenotype likely
occurred before AAA formation according to the elastase
perfusion model [50]. Regulating VSMC phenotypic trans-
formation may be a potential method for preventing and
treating AAA. MiR-23b was found to be downregulated
in AAA and can stabilize the VSMC contractile pheno-
type and protect against AAA formation by inhibiting the
expression of the transcription factor forkhead box O4
(FoxO4) [51]. BAF60c has been reported to maintain the
VSMC contractile phenotype by serving as a coactivator
of serum response factor (SRF), and its loss exacerbates
AAA development [52]. To understand the specific role of
CARMN in AAA and VSMC phenotypic transformation, we
chose a classical murine model established by the external
application of PPE to imitate the pathological characteris-
tics of human AAA. Functional experiments indicated that
knockdown of CARMN aggravated AAA formation, while
overexpression of CARMN had the opposite effect. Previous
studies have identified a-SMA, CNN1 and SM22«x as con-
tractile VSMC marker genes that maintain VSMC function
and prevent vascular diseases, including AAA. Herein, we
observed significant changes in the expression of VSMC
marker genes in PPE-induced AAA tissues after CARMN
knockdown or overexpression. These findings suggested that
CARMN affects AAA formation by regulating VSMC phe-
notypic transition.

To explore the potential pathological mechanisms of
CARMN during AAA formation, we performed RNA pull-
down followed by mass spectrometry. These results indi-
cated that CARMN may interact with SRF. SRF is a widely
expressed transcription factor involved in muscle differen-
tiation, cellular growth and motility [33]. Developmental
analysis demonstrated that the highest levels of SRF gene
expression occur in differentiating cardiac, skeletal, and
smooth muscle cell lineages [53]. As a transcription fac-
tor, SRF binds to the CArG (CC[A/T]6GG) box of VSMC
contractile marker gene promoters, together with its cofactor
Myocardin, to activate the transcription of a-SMA, CNNI1,
SM22, MYHI11, etc., and maintain the contractile phenotype
of VSMCs. Our results showed that the SRF-induced upreg-
ulation of VSMC contractile marker genes can be enhanced
by the overexpression of CARMN. In addition, interfering
with SRF reversed the modulatory effect of CARMN on the
VSMC phenotype. Moreover, we confirmed that the effect
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of CARMN on SRF occurs not by increasing the expres-
sion of SRF but by enhancing its own role as a transcription
factor to promote downstream VSMC contractile marker
gene transcription. Our data echo those of previous studies
showing that CARMN plays a crucial role in regulating SRF
binding to promoter regions of target VSMC genes [25].
LncRNAs engage in epigenetic regulation by modulating
chromatin structure and dynamics, often interacting with
chromatin-modifying enzymes to influence gene accessibil-
ity [54-56]. Additionally, IncRNAs play a significant role in
post-transcriptional processes, including alternative splic-
ing and mRNA stability, acting as scaffolds or decoys for
RNA-binding proteins and other RNAs [57]. These diverse
mechanisms highlight IncRNAs' multifaceted role in cel-
lular regulation, are versatile regulators of gene expression,
extending far beyond mere transcriptional control. The lucif-
erase assay results showed that the transcriptional activity
of SRF enhanced by CARMN is dependent on CArG box
in promoter regions of target VSMC contractile genes. It
is also worth noting that CARMN alone did not promote
the transcription of VSMC contractile marker genes, but
the presence of SRF is necessary for CARMN to exert its
function. In future studies, we aim to further unravel the
specific pathways and molecular interactions through which
CARMN orchestrates the expression of VSMC contractile
genes, potentially uncovering novel therapeutic targets for
vascular diseases.

To determine the critical role CARMN plays in AAA
formation, we further analyzed the upstream mechanism
that modulates the expression of CARMN. Interestingly,
we predicted that NRF2, a master transcription factor in
the antioxidant defense system, may interact with CARMN.
NRF?2 has been extensively studied in the context of inflam-
matory responses and oxidative stress through its regulation
of the expression of genes encoding phase II detoxification
enzymes and antioxidants [58, 59]. NRF2 has also been
reported to regulate PDGF-stimulated VSMC migration. In
this work, we found that NRF2 promoted the expression
of CARMN, accompanied by an increase in VSMC con-
tractile markers. Further luciferase assays also confirmed
the binding of NRF2 to the promoter region of CARMN.
Interference with NRF2 expression affects the regulatory
effect of CARMN on the VSMC phenotype, which also
provides evidence for the regulatory effect of NRF2 on
CARMN. These results suggested that NRF2 can promote
the transcription of CARMN through binding to its promoter
region. A previous study reported that although the expres-
sion of NRF2 increases in human and mouse AAA tissues,
overexpression of NRF2 can prevent Ang II-induced AAA
development in mice [31]. Considering the protective role of
NRF2, we propose that upregulated NRF2 serves as a self-
protective mechanism for the body to maintain the expres-
sion of CARMN under pathological conditions.
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Notably, there are some limitations in this study. First,
although CARMN is enriched in VSMCs, we cannot com-
pletely ignore the small amount of expression in other types
of cells. The use of AAV9 might intervene in the expression
of CARMN in other cells, which would have an impact on
VSMC function and AAA progression. Similarly, the pres-
ence of CARMN in SMCs of other organs or tissues, such
as coronary artery SMCs and gastrointestinal SMCs, may
also affect the experimental results. CARMN conditional
knockout mice will provide evidence for its role in AAA for-
mation in future studies. In exploring the functional role of
CARMN in VSMC phenotypes transition, we didn’t perform
a single-cell sequencing technology to further investigate the
changes in the quantity and functionality of VSMCs induced
by CARMN, as well as the potential types of VSMC transi-
tion. In the future, we plan to integrate single-cell sequenc-
ing technology to further explain the function of CARMN
on VSMCs. In addition, CARMN has other downstream
targets, while our study mainly focused on SRF. A complex
mechanistic network by which CARMN regulates VSMC
phenotypic transformation needs further clarification.

In summary, we discovered that CARMN protected
against AAA formation and inhibited VSMC phenotypic
transformation through interaction with SRF and enhanced
its promotional effect on VSMC marker gene transcription.
The expression of Carmn was enhanced by NRF2 binding
to its promoter region. CARMN could serve as a therapeutic
target for AAA treatment.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-024-05193-4.

Author contributions All authors contributed to the study conception
and design. Shenrong Liu, Xin Li and Zheng Huang designed the study
and wrote the manuscript. Shenrong Liu, Haobin Zhou, Yuanqing Li,
Haoyu Song Xingfu Huang, Kai Wang and Yipeng Du performed the
experiments and analyzed the resulting data. Shenrong Liu, Haobin
Zhou and Shangfei He analyzed the scRNA and bulk RNA sequenc-
ing data.

Funding This work was supported by the Guangzhou Science
and Technology Project (No. 202102010177), the Guangzhou
Health Science and Technology General Guidance Project (No.
2021221A011075) and the National Natural Science Foundation of
China (No. 82200516).

Data availability The data for this study are available by contacting the
corresponding authors upon reasonable request.

Declarations

Conflict of interest The authors declare that there are no competing
financial interests or personal relations that might have influenced the
publication of this work.

Ethical approval The experiments conducted on animals were approved
by the Chinese Academy of Basic Medical Sciences and the Animal
Care and Use Committee of Guangzhou Medical University (No.
20230075) and abided by the guidelines of the Animal Research Advi-

sory Committee of the National Institutes of Health. The human aortic
samples used were approved by the Research Ethics Committee of
Guangdong Provincial People’s Hospital (Ethics Approval Number,
NFEC-2019-086) and were used according to the principles of the
Declaration of Helsinki. Each candidate signed the informed consent
form.

Consent to participate Informed consent was obtained from all indi-
vidual participants included in the study.

Consent to publish The authors affirm that human research participants
provided informed consent for publication of the images.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Schanzer A, Oderich GS (2021) Management of abdominal aortic
aneurysms. N Engl J Med 385(18):1690-1698. https://doi.org/10.
1056/NEJMcp2108504

2. GaolJ,CaoH,HuG, WuY, Xu Y, Cui H, Lu HS, Zheng L (2023)
The mechanism and therapy of aortic aneurysms. Signal Transduct
Target Ther 8(1):55. https://doi.org/10.1038/s41392-023-01325-7

3. Lin CJ, Mecham RP (2021) Tissue-specific smooth muscle cell
subtypes identified by transcriptional profiling. Int J Biochem Cell
Biol 139:106055. https://doi.org/10.1016/j.biocel.2021.106055

4. Muhl L, Mocci G, Pietila R, Liu J, He L, Genove G, Leptidis
S, Gustafsson S, Buyandelger B, Raschperger E, Hansson EM,
Bjorkegren JLM, Vanlandewijck M, Lendahl U, Betsholtz C
(2022) A single-cell transcriptomic inventory of murine smooth
muscle cells. Dev Cell 57(20):2426-2443 e6. https://doi.org/10.
1016/j.devcel.2022.09.015

5. Lee SJ, Blanchett-Anderson S, Keep SG, Gasche MB, Wang MM
(2020) Tripartite factors leading to molecular divergence between
human and murine smooth muscle. PLoS ONE 15(1):e0227672.
https://doi.org/10.1371/journal.pone.0227672

6. Dobnikar L, Taylor AL, Chappell J, Oldach P, Harman JL, Oerton
E, Dzierzak E, Bennett MR, Spivakov M, Jorgensen HF (2018)
Disease-relevant transcriptional signatures identified in individual
smooth muscle cells from healthy mouse vessels. Nat Commun
9(1):4567. https://doi.org/10.1038/s41467-018-06891-x

7. Chakraborty R, Chatterjee P, Dave JM, Ostriker AC, Greif DM,
Rzucidlo EM, Martin KA (2021) Targeting smooth muscle cell
phenotypic switching in vascular disease. JVS Vasc Sci 2:79-94.
https://doi.org/10.1016/j.jvssci.2021.04.001

8. Wang Z, Wang DZ, Pipes GC, Olson EN (2003) Myocardin is a
master regulator of smooth muscle gene expression. Proc Natl
Acad Sci U S A 100(12):7129-7134. https://doi.org/10.1073/pnas.
1232341100

9. LuBH, Liu HB, Guo SX, Zhang J, Li DX, Chen ZG, Lin F, Zhao
GA (2022) Long non-coding RNAs: modulators of phenotypic
transformation in vascular smooth muscle cells. Front Cardiovasc
Med 9:959955. https://doi.org/10.3389/fcvm.2022.959955

@ Springer


https://doi.org/10.1007/s00018-024-05193-4
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1056/NEJMcp2108504
https://doi.org/10.1056/NEJMcp2108504
https://doi.org/10.1038/s41392-023-01325-7
https://doi.org/10.1016/j.biocel.2021.106055
https://doi.org/10.1016/j.devcel.2022.09.015
https://doi.org/10.1016/j.devcel.2022.09.015
https://doi.org/10.1371/journal.pone.0227672
https://doi.org/10.1038/s41467-018-06891-x
https://doi.org/10.1016/j.jvssci.2021.04.001
https://doi.org/10.1073/pnas.1232341100
https://doi.org/10.1073/pnas.1232341100
https://doi.org/10.3389/fcvm.2022.959955

175

Page 20 of 21

S.Liuetal.

10.

11.

12.

13.

14.

16.

17.

18.

20.

21.

22.

Wang KC, Chang HY (2011) Molecular mechanisms of long
noncoding RNAs. Mol Cell 43(6):904-914. https://doi.org/10.
1016/j.molcel.2011.08.018

Poller W, Dimmeler S, Heymans S, Zeller T, Haas J, Karakas M,
Leistner DM, Jakob P, Nakagawa S, Blankenberg S, Engelhardt
S, Thum T, Weber C, Meder B, Hajjar R, Landmesser U (2018)
Non-coding RNAs in cardiovascular diseases: diagnostic and
therapeutic perspectives. Eur Heart J 39(29):2704-2716. https://
doi.org/10.1093/eurheartj/ehx 165

Ali SA, Pefters MJ, Ormseth MJ, Jurisica I, Kapoor M (2021)
The non-coding RNA interactome in joint health and disease.
Nat Rev Rheumatol 17(11):692—705. https://doi.org/10.1038/
$41584-021-00687-y

Ren H, Wang Q (2021) Non-coding RNA and diabetic kidney
disease. DNA Cell Biol 40(4):553-567. https://doi.org/10.1089/
dna.2020.5973

Zhang M, He J, Jiang C, Zhang W, Yang Y, Wang Z, Liu J
(2017) Plaque-hyaluronidase-responsive high-density-lipopro-
tein-mimetic nanoparticles for multistage intimal-macrophage-
targeted drug delivery and enhanced anti-atherosclerotic ther-
apy. Int J Nanomed 12:533-558. https://doi.org/10.2147/1JN.
S$124252

. Wang H, He F, Liang B, Jing Y, Zhang P, Liu W, Zhao H (2021)

p53-Dependent LincRNA-p21 protects against proliferation and
anti-apoptosis of vascular smooth muscle cells in atherosclerosis
by upregulating SIRT7 via MicroRNA-17-5p. J Cardiovasc Transl
Res 14(3):426-440. https://doi.org/10.1007/s12265-020-10074-9
Brown IAM, Diederich L, Good ME, DeLalio LJ, Murphy SA,
Cortese-Krott MM, Hall JL, Le TH, Isakson BE (2018) Vascular
smooth muscle remodeling in conductive and resistance arteries
in hypertension. Arterioscler Thromb Vasc Biol 38(9):1969-1985.
https://doi.org/10.1161/ATVBAHA.118.311229

Zhang H, Liu Y, Yan L, Wang S, Zhang M, Ma C, Zheng X, Chen
H, Zhu D (2019) Long noncoding RNA Hoxaas3 contributes to
hypoxia-induced pulmonary artery smooth muscle cell prolifera-
tion. Cardiovasc Res 115(3):647-657. https://doi.org/10.1093/cvr/
cvy250

Ma H, Dong A (2021) Long non-coding RNA cyclin-dependent
kinase inhibitor 2B antisense ribonucleic acid 1 is associated with
in-stent restenosis and promotes human carotid artery smooth
muscle cell proliferation and migration by sponging miR-143-3p.
Exp Ther Med 21(3):234. https://doi.org/10.3892/etm.2021.9665

. Li DY, Busch A, Jin H, Chernogubova E, Pelisek J, Karlsson J,

Sennblad B, Liu S, Lao S, Hofmann P, Backlund A, Eken SM,
Roy J, Eriksson P, Dacken B, Ramanujam D, Dueck A, Engelhardt
S, Boon RA, Eckstein HH, Spin JM, Tsao PS, Maegdefessel L
(2018) H19 Induces abdominal aortic aneurysm development and
progression. Circulation 138(15):1551-1568. https://doi.org/10.
1161/CIRCULATIONAHA.117.032184

Huang Y, Ren L, Li J, Zou H (2021) Long non-coding RNA
PVT1/microRNA miR-3127-5p/NCK-associated protein 1-like
axis participates in the pathogenesis of abdominal aortic aneu-
rysm by regulating vascular smooth muscle cells. Bioengineered
12(2):12583-12596. https://doi.org/10.1080/21655979.2021.
2010384

Xia Q, Zhang L, Yan H, Yu L, Shan W, Jiang H (2020) LUCAT1
contributes to MYRF-dependent smooth muscle cell apoptosis
and may facilitate aneurysm formation via the sequestration of
miR-199a-5p. Cell Biol Int 44(3):755-763. https://doi.org/10.
1002/cbin.11270

Dong K, Shen J, He X, Hu G, Wang L, Osman I, Bunting KM,
Dixon-Melvin R, Zheng Z, Xin H, Xiang M, Vazdarjanova A, Ful-
ton DJR, Zhou J (2021) CARMN is an evolutionarily conserved
smooth muscle cell-specific LncRNA that maintains contractile
phenotype by binding myocardin. Circulation 144(23):1856-1875.
https://doi.org/10.1161/CIRCULATIONAHA.121.055949

Springer

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

Plaisance I, Perruchoud S, Fernandez-Tenorio M, Gonzales C,
Ounzain S, Ruchat P, Nemir M, Niggli E, Pedrazzini T (2016)
Cardiomyocyte lineage specification in adult human cardiac
precursor cells via modulation of enhancer-associated long non-
coding RNA expression. JACC Basic Transl Sci 1(6):472-493.
https://doi.org/10.1016/j.jacbts.2016.06.008

Vacante F, Rodor J, Lalwani MK, Mahmoud AD, Bennett M, De
Pace AL, Miller E, Van Kuijk K, de Bruijn J, Gijbels M, Williams
TC, Clark MB, Scanlon JP, Doran AC, Montgomery R, Newby
DE, Giacca M, O’Carroll D, Hadoke PWF, Denby L, Sluimer JC,
Baker AH (2021) CARMN loss regulates smooth muscle cells and
accelerates atherosclerosis in mice. Circ Res 128(9):1258-1275.
https://doi.org/10.1161/CIRCRESAHA.120.318688

Ni H, Haemmig S, Deng Y, Chen J, Simion V, Yang D, Sukhova
G, Shvartz E, Wara A, Cheng HS, Perez-Cremades D, Assa C,
Sausen G, Zhuang R, Dai Q, Feinberg MW (2021) A smooth
muscle cell-enriched long noncoding RNA regulates cell plastic-
ity and atherosclerosis by interacting with serum response factor.
Arterioscler Thromb Vasc Biol 41(9):2399-2416. https://doi.org/
10.1161/ATVBAHA.120.315911

Tan Z, Chen X, Zuo J, Fu S, Wang H, Wang J (2023) Comprehen-
sive analysis of scRNA-Seq and bulk RNA-Seq reveals dynamic
changes in the tumor immune microenvironment of bladder can-
cer and establishes a prognostic model. J Transl Med 21(1):223.
https://doi.org/10.1186/s12967-023-04056-z

Niu W, Zhang Y, Liu H, Liang N, Xu L, Li Y, Yao W, Shi W,
Liu Z (2023) Single-cell profiling uncovers the roles of endome-
trial fibrosis and microenvironmental changes in adenomyosis. J
Inflamm Res 16:1949-1965. https://doi.org/10.2147/JIR.S402734
Bhamidipati CM, Mehta GS, Lu G, Moehle CW, Barbery C,
DiMusto PD, Laser A, Kron IL, Upchurch GR Jr, Ailawadi G
(2012) Development of a novel murine model of aortic aneurysms
using peri-adventitial elastase. Surgery 152(2):238-246. https://
doi.org/10.1016/j.surg.2012.02.010

Zhong L, He X, Si X, Wang H, Li B, Hu Y, Li M, Chen X, Liao W,
Liao Y, Bin J (2019) SM22alpha (Smooth Muscle 22alpha) pre-
vents aortic aneurysm formation by inhibiting smooth muscle cell
phenotypic switching through suppressing reactive oxygen spe-
cies/NF-kappaB (Nuclear Factor-kappaB). Arterioscler Thromb
Vasc Biol 39(1):e10-e25. https://doi.org/10.1161/ATVBAHA.
118.311917

Chen HZ, Wang F, Gao P, Pei JF, Liu Y, Xu TT, Tang X, Fu WY,
LuJ, Yan YF, Wang XM, Han L, Zhang ZQ, Zhang R, Zou MH,
Liu DP (2016) Age-Associated Sirtuin 1 reduction in vascular
smooth muscle links vascular senescence and inflammation to
abdominal aortic aneurysm. Circ Res 119(10):1076-1088. https://
doi.org/10.1161/CIRCRESAHA.116.308895

Song H, Xu T, Feng X, Lai Y, Yang Y, Zheng H, He X, Wei G,
Liao W, Liao Y, Zhong L, Bin J (2020) Itaconate prevents abdomi-
nal aortic aneurysm formation through inhibiting inflammation via
activation of Nrf2. EBioMedicine 57:102832. https://doi.org/10.
1016/j.ebiom.2020.102832

Metz RP, Patterson JL, Wilson E (2012) Vascular smooth muscle
cells: isolation, culture, and characterization. Methods Mol Biol
843:169-176. https://doi.org/10.1007/978-1-61779-523-7_16
Miano JM (2003) Serum response factor: toggling between dispa-
rate programs of gene expression. ] Mol Cell Cardiol 35(6):577—
593. https://doi.org/10.1016/s0022-2828(03)00110-x

Onuh JO, Qiu H (2021) Serum response factor-cofactor interac-
tions and their implications in disease. FEBS J 288(10):3120—
3134. https://doi.org/10.1111/febs.15544

Zhang C, Ge S, Gong W, Xu J, Guo Z, Liu Z, Gao X, Wei X, Ge
S (2020) LncRNA ANRIL acts as a modular scaffold of WDRS
and HDAC3 complexes and promotes alteration of the vascular
smooth muscle cell phenotype. Cell Death Dis 11(6):435. https://
doi.org/10.1038/s41419-020-2645-3


https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1016/j.molcel.2011.08.018
https://doi.org/10.1093/eurheartj/ehx165
https://doi.org/10.1093/eurheartj/ehx165
https://doi.org/10.1038/s41584-021-00687-y
https://doi.org/10.1038/s41584-021-00687-y
https://doi.org/10.1089/dna.2020.5973
https://doi.org/10.1089/dna.2020.5973
https://doi.org/10.2147/IJN.S124252
https://doi.org/10.2147/IJN.S124252
https://doi.org/10.1007/s12265-020-10074-9
https://doi.org/10.1161/ATVBAHA.118.311229
https://doi.org/10.1093/cvr/cvy250
https://doi.org/10.1093/cvr/cvy250
https://doi.org/10.3892/etm.2021.9665
https://doi.org/10.1161/CIRCULATIONAHA.117.032184
https://doi.org/10.1161/CIRCULATIONAHA.117.032184
https://doi.org/10.1080/21655979.2021.2010384
https://doi.org/10.1080/21655979.2021.2010384
https://doi.org/10.1002/cbin.11270
https://doi.org/10.1002/cbin.11270
https://doi.org/10.1161/CIRCULATIONAHA.121.055949
https://doi.org/10.1016/j.jacbts.2016.06.008
https://doi.org/10.1161/CIRCRESAHA.120.318688
https://doi.org/10.1161/ATVBAHA.120.315911
https://doi.org/10.1161/ATVBAHA.120.315911
https://doi.org/10.1186/s12967-023-04056-z
https://doi.org/10.2147/JIR.S402734
https://doi.org/10.1016/j.surg.2012.02.010
https://doi.org/10.1016/j.surg.2012.02.010
https://doi.org/10.1161/ATVBAHA.118.311917
https://doi.org/10.1161/ATVBAHA.118.311917
https://doi.org/10.1161/CIRCRESAHA.116.308895
https://doi.org/10.1161/CIRCRESAHA.116.308895
https://doi.org/10.1016/j.ebiom.2020.102832
https://doi.org/10.1016/j.ebiom.2020.102832
https://doi.org/10.1007/978-1-61779-523-7_16
https://doi.org/10.1016/s0022-2828(03)00110-x
https://doi.org/10.1111/febs.15544
https://doi.org/10.1038/s41419-020-2645-3
https://doi.org/10.1038/s41419-020-2645-3

LncRNA CARMN inhibits abdominal aortic aneurysm formation and vascular smooth muscle cell...

Page210f21 175

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Wang X, Li D, Chen H, Wei X, Xu X (2019) Expression of long
noncoding RNA LIPCAR promotes cell proliferation, cell migra-
tion, and change in phenotype of vascular smooth muscle cells.
Med Sci Monit 25:7645-7651. https://doi.org/10.12659/MSM.
915681

He X, Lian Z, Yang Y, Wang Z, Fu X, Liu Y, Li M, Tian J, Yu
T, Xin H (2020) Long non-coding RNA PEBP1P2 suppresses
proliferative VSMCs phenotypic switching and proliferation in
atherosclerosis. Mol Ther Nucleic Acids 22:84-98. https://doi.
org/10.1016/j.omtn.2020.08.013

XinZ, Wu X, Ji T, Xu B, Han Y, Sun M, Jiang S, Li T, Hu W,
Deng C, Yang Y (2019) Bakuchiol: a newly discovered warrior
against organ damage. Pharmacol Res 141:208-213. https://doi.
org/10.1016/j.phrs.2019.01.001

Li T, Jiang S, Yang Z, Ma Z, Yi W, Wang D, Yang Y (2017) Tar-
geting the energy guardian AMPK: another avenue for treating
cardiomyopathy? Cell Mol Life Sci 74(8):1413-1429. https://doi.
0rg/10.1007/s00018-016-2407-7

Feng J, Yang Y, Zhou Y, Wang B, Xiong H, Fan C, Jiang S,
Liu J, Ma Z, Hu W, Li T, Feng X, Xu J, Jin Z (2016) Baku-
chiol attenuates myocardial ischemia reperfusion injury by main-
taining mitochondrial function: the role of silent information
regulator 1. Apoptosis 21(5):532-545. https://doi.org/10.1007/
$10495-016-1225-6

Zhang M, Wang S, Cheng Z, Xiong Z, Lv J, Yang Z, Li T, Jiang
S, GuJ, Sun D, Fan Y (2017) Polydatin ameliorates diabetic car-
diomyopathy via Sirt3 activation. Biochem Biophys Res Commun
493(3):1280-1287. https://doi.org/10.1016/j.bbrc.2017.09.151
Ounzain S, Micheletti R, Arnan C, Plaisance I, Cecchi D, Schroen
B, Reverter F, Alexanian M, Gonzales C, Ng SY, Bussotti G, Pez-
zuto I, Notredame C, Heymans S, Guigo R, Johnson R, Pedrazzini
T (2015) CARMEN, a human super enhancer-associated long
noncoding RNA controlling cardiac specification, differentiation
and homeostasis. J Mol Cell Cardiol 89(Pt A):98—112. https://doi.
org/10.1016/j.yjmec.2015.09.016

He X, Dong K, Shen J, Hu G, Mintz JD, Atawia RT, Zhao J, Chen
X, Caldwell RW, Xiang M, Stepp DW, Fulton DJ, Zhou J (2023)
The long noncoding RNA cardiac mesoderm enhancer-associated
noncoding RNA (Carmn) Is a critical regulator of gastrointestinal
smooth muscle contractile function and motility. Gastroenterology
165(1):71-87. https://doi.org/10.1053/j.gastro.2023.03.229
Yang H, Zhou T, Liu B (2023) Macrophage-mediated downregu-
lation of IncRNA Carmn in mouse abdominal aortic aneurysm.
Vascul Pharmacol 154:107264. https://doi.org/10.1016/j.vph.
2023.107264

Ouyang Y, Hong Y, Mai C, Yang H, Wu Z, Gao X, Zeng W,
Deng X, Liu B, Zhang Y, Fu Q, Huang X, Liu J, Li X (2024)
Transcriptome analysis reveals therapeutic potential of NAMPT
in protecting against abdominal aortic aneurysm in human and
mouse. Bioact Mater 34:17-36. https://doi.org/10.1016/j.bioac
tmat.2023.11.020

Zhang TT, Lei QQ, He J, Guan X, Zhang X, Huang Y, Zhou ZY,
Fan RX, Wang T, Li CX, Shang JY, Lin ZM, Peng WL, Xia LK,
He YL, Hong CY, Ou JS, Pang RP, Fan XP, Huang H, Zhou JG
(2023) Bestrophin3 deficiency in vascular smooth muscle cells
activates MEKK?2/3-MAPK signaling to trigger spontaneous
aortic dissection. Circulation 148(7):589-606. https://doi.org/
10.1161/circulationaha.122.063029

Pan H, Xue C, Auerbach BJ, Fan J, Bashore AC, Cui J, Yang DY,
Trignano SB, Liu W, Shi J, Thuegbu CO, Bush EC, Worley J, Vla-
hos L, Laise P, Solomon RA, Connolly ES, Califano A, Sims PA,
Zhang H, Li M, Reilly MP (2020) Single-cell genomics reveals a
novel cell state during smooth muscle cell phenotypic switching
and potential therapeutic targets for atherosclerosis in mouse and
human. Circulation 142(21):2060-2075. https://doi.org/10.1161/
circulationaha.120.048378

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Vandereyken K, Sifrim A, Thienpont B, Voet T (2023) Meth-
ods and applications for single-cell and spatial multi-omics.
Nat Rev Genet 24(8):494-515. https://doi.org/10.1038/
$41576-023-00580-2

Owens GK, Kumar MS, Wamhoff BR (2004) Molecular regula-
tion of vascular smooth muscle cell differentiation in development
and disease. Physiol Rev 84(3):767-801. https://doi.org/10.1152/
physrev.00041.2003

Ailawadi G, Moehle CW, Pei H, Walton SP, Yang Z, Kron IL, Lau
CL, Owens GK (2009) Smooth muscle phenotypic modulation
is an early event in aortic aneurysms. J Thorac Cardiovasc Surg
138(6):1392-1399. https://doi.org/10.1016/j.jtcvs.2009.07.075
Si X, Chen Q, Zhang J, Zhou W, Chen L, Chen J, Deng N, Li
W, Liu D, Wang L, Shi L, Sun W, Song H, Zhong L (2022)
MicroRNA-23b prevents aortic aneurysm formation by inhibiting
smooth muscle cell phenotypic switching via FoxO4 suppression.
Life Sci 288:119092. https://doi.org/10.1016/j.1fs.2021.119092
Zhao G, Zhao Y, Lu H, Chang Z, Liu H, Wang H, Liang W, Liu
Y, Zhu T, Rom O, Guo Y, Chang L, Yang B, Garcia-Barrio MT,
Lin JD, Chen YE, Zhang J (2022) BAF60c prevents abdominal
aortic aneurysm formation through epigenetic control of vascular
smooth muscle cell homeostasis. J Clin Invest. https://doi.org/10.
1172/1CI158309

Galmiche G, Labat C, Mericskay M, Aissa KA, Blanc J, Retailleau
K, Bourhim M, Coletti D, Loufrani L, Gao-Li J, Feil R, Challande
P, Henrion D, Decaux JF, Regnault V, Lacolley P, Li Z (2013)
Inactivation of serum response factor contributes to decrease
vascular muscular tone and arterial stiffness in mice. Circ Res
112(7):1035-1045. https://doi.org/10.1161/CIRCRESAHA.113.
301076

Simion V, Haemmig S, Feinberg MW (2019) LncRNAs in vascu-
lar biology and disease. Vascul Pharmacol 114:145-156. https://
doi.org/10.1016/j.vph.2018.01.003

Del Moral-Morales A, Salgado-Albarran M, Sanchez-Perez Y,
Wenke NK, Baumbach J, Soto-Reyes E (2023) CTCF and its
multi-partner network for chromatin regulation. Cells. https://
doi.org/10.3390/cells12101357

Mattick JS, Amaral PP, Carninci P, Carpenter S, Chang HY,
Chen LL, Chen R, Dean C, Dinger ME, Fitzgerald KA, Gin-
geras TR, Guttman M, Hirose T, Huarte M, Johnson R, Kanduri
C, Kapranov P, Lawrence JB, Lee JT, Mendell JT, Mercer TR,
Moore KJ, Nakagawa S, Rinn JL, Spector DL, Ulitsky I, Wan Y,
Wilusz JE, Wu M (2023) Long non-coding RNAs: definitions,
functions, challenges and recommendations. Nat Rev Mol Cell
Biol 24(6):430-447. https://doi.org/10.1038/s41580-022-00566-8
Nadhan R, Isidoro C, Song YS, Dhanasekaran DN (2022) Sign-
aling by LncRNAs: structure, cellular homeostasis, and disease
pathology. Cells. https://doi.org/10.3390/cells11162517

Ishii T, Itoh K, Takahashi S, Sato H, Yanagawa T, Katoh Y, Ban-
nai S, Yamamoto M (2000) Transcription factor Nrf2 coordi-
nately regulates a group of oxidative stress-inducible genes in
macrophages. J] Biol Chem 275(21):16023-16029. https://doi.org/
10.1074/jbc.275.21.16023

Kobayashi M, Yamamoto M (2005) Molecular mechanisms acti-
vating the Nrf2-Keapl pathway of antioxidant gene regulation.
Antioxid Redox Signal 7(3—4):385-394. https://doi.org/10.1089/
ars.2005.7.385

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.12659/MSM.915681
https://doi.org/10.12659/MSM.915681
https://doi.org/10.1016/j.omtn.2020.08.013
https://doi.org/10.1016/j.omtn.2020.08.013
https://doi.org/10.1016/j.phrs.2019.01.001
https://doi.org/10.1016/j.phrs.2019.01.001
https://doi.org/10.1007/s00018-016-2407-7
https://doi.org/10.1007/s00018-016-2407-7
https://doi.org/10.1007/s10495-016-1225-6
https://doi.org/10.1007/s10495-016-1225-6
https://doi.org/10.1016/j.bbrc.2017.09.151
https://doi.org/10.1016/j.yjmcc.2015.09.016
https://doi.org/10.1016/j.yjmcc.2015.09.016
https://doi.org/10.1053/j.gastro.2023.03.229
https://doi.org/10.1016/j.vph.2023.107264
https://doi.org/10.1016/j.vph.2023.107264
https://doi.org/10.1016/j.bioactmat.2023.11.020
https://doi.org/10.1016/j.bioactmat.2023.11.020
https://doi.org/10.1161/circulationaha.122.063029
https://doi.org/10.1161/circulationaha.122.063029
https://doi.org/10.1161/circulationaha.120.048378
https://doi.org/10.1161/circulationaha.120.048378
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1038/s41576-023-00580-2
https://doi.org/10.1152/physrev.00041.2003
https://doi.org/10.1152/physrev.00041.2003
https://doi.org/10.1016/j.jtcvs.2009.07.075
https://doi.org/10.1016/j.lfs.2021.119092
https://doi.org/10.1172/JCI158309
https://doi.org/10.1172/JCI158309
https://doi.org/10.1161/CIRCRESAHA.113.301076
https://doi.org/10.1161/CIRCRESAHA.113.301076
https://doi.org/10.1016/j.vph.2018.01.003
https://doi.org/10.1016/j.vph.2018.01.003
https://doi.org/10.3390/cells12101357
https://doi.org/10.3390/cells12101357
https://doi.org/10.1038/s41580-022-00566-8
https://doi.org/10.3390/cells11162517
https://doi.org/10.1074/jbc.275.21.16023
https://doi.org/10.1074/jbc.275.21.16023
https://doi.org/10.1089/ars.2005.7.385
https://doi.org/10.1089/ars.2005.7.385

	LncRNA CARMN inhibits abdominal aortic aneurysm formation and vascular smooth muscle cell phenotypic transformation by interacting with SRF
	Abstract
	Graphical abstract

	Introduction
	Materials and methods
	Single-cell RNA sequencing using 10 × genomics chromium
	Raw data preprocessing
	Quality control (QC) and normalization
	Dataset integration, unsupervised clustering, marker identification, and cell type annotation
	Bulk RNA sequencing data processing and analysis
	Experimental animals
	PPE-induced AAA models
	Adeno-associated virus (AAV) infection in mice
	Quantification of aneurysm formation
	Verhoeff's van Gieson (VVG) staining
	RNA extraction and qPCR
	Western blotting assay
	Immunofluorescence staining
	RNA fluorescence in situ hybridization
	Cell isolation and transfection
	RNA pulldown
	Luciferase reporter assays
	Human aortic samples

	Statistical analysis
	Results
	Single-cell RNA (scRNA) sequencing analysis reveals that CARMN is enriched in VSMCs and participates in regulating VSMC contractile activity
	Bulk RNA sequencing analysis reveals that CARMN expression is downregulated in mouse AAA tissue and associated with VSMC function
	CARMN expression is decreased in mouse and human AAA tissues
	CARMN knockdown exacerbates abdominal aortic aneurysm formation in mice
	CARMN overexpression attenuates AAA formation in mice
	CARMN interacts with SRF to modulate the smooth muscle cell phenotype
	The transcription of Carmn is enhanced by NRF2 binding to its promoter region

	Discussion
	References


