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The circular RNA Ataxia Telangiectasia Mutated
regulates oxidative stress in smooth muscle
cells in expanding abdominal aortic aneurysms
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An abdominal aortic aneurysm (AAA) is a pathological
widening of the aortic wall characterized by loss of smooth
muscle cells (SMCs), extracellular matrix degradation, and
local inflammation. This condition is often asymptomatic until
rupture occurs, leading to high morbidity and mortality rates.
Diagnosis is mostly accidental and the only currently available
treatment option remains surgical intervention. Circular RNAs
(circRNAs) represent a novel class of regulatory non-coding
RNAs that originate from backsplicing. Their highly stable
loop structure, combined with a remarkable enrichment in
body fluids, make circRNAs promising disease biomarkers.
We investigated the contribution of circRNAs to AAA patho-
genesis and their potential application to improve AAA diag-
nostics. Gene expression analysis revealed the presence of de-
regulated circular transcripts stemming from AAA-relevant
gene loci. Among these, the circRNA to the Ataxia Telangiecta-
sia Mutated gene (cATM) was upregulated in human AAA
specimens, in AAA-derived SMCs, and serum samples collected
from aneurysm patients. In primary aortic SMCs, cATM
increased upon angiotensin II and doxorubicin stimulation,
while its silencing triggered apoptosis. Higher cATM levels
made AAA-derived SMCs less vulnerable to oxidative stress,
compared with control SMCs. These data suggest that cATM
contributes to elicit an adaptive oxidative-stress response in
SMCs and provides a reliable AAA disease signature.

INTRODUCTION
Abdominal aortic aneurysms (AAAs) are defined as localized patho-
logical widening of the aortic diameter to more than 1.5 times its
normal size.1 Aortic aneurysms primarily affect the infrarenal aorta
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and are more prevalent among men over 65 years. Besides gender
and age, risk factors include tobacco use and positive family history,
suggesting a genetic association. On themolecular level, extensive loss
of smooth muscle cells (SMCs) has been shown to be accompanied by
metalloproteinase-mediated extracellular matrix degradation and
local inflammation.2 By further triggering metalloproteinase activity
and SMC apoptosis, oxidative stress exacerbates the pathophysiology
of inflammation, which may ultimately lead to thrombus formation.3

Vessel dilation is often progressive, and AAAs remain mostly asymp-
tomatic unless an acute rupture of the aortic wall occurs, accompa-
nied by highmortality rates.4 To date, established AAA prognostic in-
dicators are still missing, making repeat imaging to monitor AAA
expansion necessary. Furthermore, due to the lack of effective phar-
macological treatments, the only available therapy is surgical inter-
vention, either via an endovascular stenting approach or open repair
(OR). The critical threshold for intervention is reached when the
aortic diameter is found to be greater than 5.5 cm.5 Identifying alter-
native, less-invasive therapeutic strategies relies on a deeper compre-
hension of the molecular mechanisms underlying AAA development
and progression.

In the past decade, circRNAs have received increasing attention
as a novel class of functional RNA molecules regulating biological
processes’ physiological and pathological aspects. CircRNAs are
The Authors.
://creativecommons.org/licenses/by-nc-nd/4.0/).
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covalently closed RNA loops generated from backsplicing events in
which a downstream 5ʹ splice site (ss) is joined and ligated with an up-
stream 30 ss.6 They can be transcribed from either strand of exons
(exonic circRNAs—the most abundant class) or introns (intronic
circRNAs) of host genes. Circularization is often triggered by the
presence of repetitive elements in backsplicing junction-flanking in-
trons.7 Although poorly expressed, their class-specific structural fea-
tures confer higher stability than messenger RNAs (mRNAs), as the
lack of a free -OH end makes them highly resistant to RNAseR degra-
dation.8,9 According to their subcellular localization, circRNAs
contribute to the regulation of gene expression through multiple
mechanisms. They participate in splicing, may act as miRNA or pro-
tein “sponges,” and can interfere with the pre-mRNA processing ma-
chinery.10 CircRNAs can be secreted in body fluids, including saliva
and serum, making them ideal candidate biomarkers in clinical
practice.11

In the context of cardiovascular disease (CVD), circular ANRIL
(circANRIL) was the first circRNA to be associated to the molecular
regulatory mechanisms at the basis of CVD risk phenotype at the cy-
clin-dependent kinase inhibitor 2A/B (CDKN2A/B) locus.12,13 As of
now, many circRNAs have been shown to significantly contribute
to CVD pathophysiology.14,15 The SMC-enriched circRNA
circChordc1, for example, protects from AAA pathology by promot-
ing SMC contractility and improving their survival.16 cZNF292 con-
tributes to the maintenance of the structural integrity of the aortic
endothelium by regulating flow responses in endothelial cells (ECs).17

For this current study, we profiled differentially expressed circRNAs
in AAAs vs. non-AAA human tissue specimens. Next, we investigated
the role of the most promising candidates in AAA pathogenesis and
progression and finally explored their potential application as a diag-
nostic AAA biomarker.

RESULTS
CircRNA profiling in human AAA disease

To evaluate the role of circRNAs in human AAA disease pathogenesis
and disease progression, we performed a microarray analysis on a
cohort of 17 human tissue specimens, including 6 non-AAA controls
(CTRL, obtained from organ transplant surgery) and 11 AAA aortas
collected from elective (e) OR surgery. The employed array chips (Ar-
raystar, no. AS-S-CR-H-V2.0) cover all known annotated human
circRNAs (13.617 in total), with array probes targeting circRNA-spe-
cific junctions. We discovered that a considerable amount of circRNA
transcripts were significantly up- (40) or downregulated (51) in
diseased tissue (Figure 1A; Table S1). Most deregulated targets in
our dataset originated from circularization of one or multiple
mRNA exons (exonic circRNA, Figures 1B and S1A). Exonic circR-
NAs have previously been shown to affect host gene expression by
contributing to regulate most steps of RNA life, both in the nuclear
(splicing and transcription) and in the cytosolic compartment (trans-
lation, stability, and degradation).18 Among deregulated circRNA-
cognate mRNAs, gene ontologies (GO) such as regulation of tran-
scription and SMCs proliferation, which are well known established
mechanistic drivers in AAA development, were found to be signifi-
cantly enriched (Figure S1B). In light of this, in combination with
p value and fold enrichment of differentially expressed circRNAs,
as a main criterion to shortlist candidates for validation experiments,
we prioritized targets transcribed from genes contributing to cellular
processes of established relevance in AAA pathophysiology.
circRNAs chosen for a first round of validation (12) are highlighted
in yellow in Table S1.

To prove circularity of selected circRNAs, PCR with divergent
primers was carried out in RNAseR-treated samples, and specificity
of the resulting amplicons was checked by Sanger sequencing.
Six out of 12 backsplicing junctions were successfully amplified
and submitted for downstream analysis (Figure S2A). These corre-
sponded to hsa_circ_0005660 (cNFIX), hsa_circ_0003641 (cATM),
hsa_circ0042103 (cMYOCD), hsa_circ003218 (cBMPR2), hsa_
circ0004771 (cNRIP1), and hsa_circ0005615 (cNFATC3). Resistance
to RNAseR digestion was assessed via comparison with a linear
mRNA (ACTA2) in both eAAA tissue (Figure S2B) and human aortic
SMCs (hAoSMCs) (Figure S2C), where all six circRNAs were success-
fully detected. Furthermore, subcellular localization of both circular
and linear variants was profiled in hAoSMCs (Figure S2D). Circular
variants were predominantly detected in the cytosolic compartment,
even though considerable amounts were also present in the nucleus
(except for cNRIP, for which this trend was reverted). Of note,
most of the host genes of validated circular junctions encode for tran-
scription factors (kinases) (Figure S3). Validation by qPCR of array
results with respective primers was carried out, with a statistically sig-
nificant result being observed for 3/6 circRNA targets (Figures 1C,
S4A, and S4B). Deregulation trends of cognate mRNAs mirrored
the ones detected for circRNAs (except for NFIX, Figure S4C).

cATM is increased in human eAAAs, and its inhibition triggers

ATM mRNA expression and apoptosis in AoSMCs

Inflammatory mediators and radical oxygen species (ROS), released
by infiltrating immune cells, contribute to oxidative stress by inducing
DNA damage, which in turn triggers apoptotic cell death within the
AAA micromilieu. Among the top upregulated circRNAs, a four-
exon circRNA spliced from the ATM locus caught our attention. Cir-
cular ATM (cATM) deregulation trend was further confirmed in a
separate AAA patient cohort (Figure S5A). Its expression was not
restricted to the abdominal aorta, but could be also detected in human
thoracic aorta specimens, in the carotid artery, as well as in the pe-
ripheral vasculature (Figure S5B). Besides multiple circular isoforms,
all lacking coding potential (http://reprod.njmu.edu.cn/cgi-bin/
circrnadb/circRNADb, with cATM alias being hsa_circ_12999),
ATM harbors 67 exons and 30 protein-coding transcript variants
(https://www.ncbi.nlm.nih.gov), encoding for a ubiquitously ex-
pressed nuclear protein sensing double-strand break (DSB), while
coordinating DNA damage response (DDR). Activated by autophos-
phorylation, ATM phosphorylates downstream p53, responsible for
the initiation of the apoptotic cascade. According to the extent of
the damage, apoptotic or survival gene programs are induced. How-
ever, the exact molecular dynamics responsible for cell fate decision
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Figure 1. Circular RNAs are deregulated in human abdominal aortic aneurysm

(A) Volcano plot depicting downregulated (51, blue) and upregulated (40, red). Circular RNAs (circRNAs) in human elective human abdominal aortic aneurysm (eAAA, n = 11)

vs. control (CTRL, n = 6) aorta specimens, as resulted by array experiments. Log2 fold change and -log10 p value are plotted on the x and y axes, respectively. IDs of circRNAs

meant for a first round of validation are highlighted. Statistics: unpaired t test; p values <0.05 are considered significant. (B) Pie chart illustrating the proportion of exonic

(89.8%), intronic (5.7%), sense overlapping (3.4%), and antisense (1.1%) array-identified differentially expressed circRNAs. Absolute numbers are further indicated for each

group. (C) Real-time quantitative PCR (qPCR) validation of hsa_circ_0005660 (cNFIX), hsa_circ_0003641 (cATM), hsa_circ0042103 (cMYOCD), hsa_circ003218 (cBMPR2),

hsa_circ0004771 (cNRIP1), and hsa_circ0005615 (cNFATC3) differential expression in human eAAA (N = 8) andCTRL (N = 4) aortas. 2–ddCT was calculated by normalizing on

RPLPO. Data are represented as mean ± SEM. Statistics: unpaired t test; p values <0.05 are considered significant. NS, not significant; eAAA, elective AAA.
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have yet to be elucidated. Comparison of CTRL vs. eAAA tissue
revealed a trend towards increased cATM and ATM levels
(Figures 1A, 1C, and S4C), accompanied by downregulated ATM
protein (Figure S6). We hypothesized that a regulatory loop involving
cATM/ATMmRNA/ATM protein could be crucial in stress response-
related molecular dynamics in aneurysmal cells. cATM profiling re-
vealed similar expression levels in cultured structural vascular cells
(ECs, AoSMCs, and fibroblasts), as well as THP1-derived monocytes
and macrophages (Figure 2A). We chose to focus on AoSMCs as their
loss is a main hallmark during AAA expansion.19 Expression of
cATM was visualized in AAA sections by in situ hybridization
(ISH) (Figure 2B). Smooth muscle cell a-actin (a-SMA) staining on
consecutive slides corroborated cATM presence in AoSMCs
(Figures S7C and S7D), which was further indicated by ISH in
cultured primary AoSMCs (Figure S7E). The circRNA is predomi-
nantly localized in the cytoplasm, even though a considerable amount
appears in the nuclear compartment (Figures 2B and S2D). Immuno-
histochemistry (IHC) on human aneurysmal sections revealed ATM
protein signal mostly in the adventitia, and to a lesser extent in the
media (Figure S7A). Co-staining of ATM and a-SMA ensured
ATM expression by AoSMCs (Figures 2C and S7B). Single-cell
RNA sequencing (scRNA-seq) analysis carried out from four human
AAA specimens confirmed ATM expression in aneurysmal vascular
mural structural cells (Figures 2D, 2E, and S8).

We performed in vitro studies to further characterize cATM expres-
sion patterns in aortic disease. In line with results obtained from tis-
sue analysis, in vitro AAA-mimicking angiotensin II (AngII) stimula-
tion caused a remarkable cATM increase (Figure 3A) in commercially
available primary AoSMCs, derived from non-aneurysmal aortic do-
nors. We then isolated primary AoSMCs from AAA patient biopsies
and profiled cATM in both AAA and non-AAA AoSMCs, which we
refer to as CTRL AoSMCs. Interestingly, patient-derived cells dis-
played higher cATM but lower ATM mRNA levels compared with
CTRL ones (Figure 3B). To better elucidate the impact of cATM in
regulating host gene expression in AoSMCs, we conducted silencing
experiments. We designed two alternative siRNAs targeting cATM
(Figure S9A), and observed that only sicATM2 (and not sicATM1)
selectively targeted circular (Figure S9B, left and S9C) and not
ATM mRNA (Figure S9B, right and S9C). Upon sicATM2, in both
AAA-derived and CTRL AoSMCs, ATM mRNA was significantly
increased after 72 h (Figures 3C and 3D), although this did not affect
ATM protein levels (Figure S9D). On the other hand, silencing of
ATM affected exclusively the linear transcript and related protein
Figure 2. ATM and circular ATM are expressed in human AAA smooth muscle

(A) Expression of circular ATM (cATM) in macrophages, mural vascular cells (endothelial

2–ddCT was calculated by normalizing on RPLPO. (B) In situ hybridization (ISH) of cATM

junction. Scale bar, 100 mM. (C) Immunofluorescence on human AAA section showing c

confocal microscopy. The zoomed area includes double-positive cells (white arrows). S

shows the cell clusters identified by single-cell RNA sequencing (scRNA-seq) of n = 4 h

(fibroblasts and SMCs). (E) Dot plot showing relative ATM expression in mural structu

representative cluster’s marker (CNN1 and PDGFRA). Dot color represents the average

expressing the gene in a given cluster. L, lumen.
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(Figures S9B, right, S9C, and S9E). In CTRL AoSMCs, cATM knock-
down (KD) resulted in increased apoptosis, as measured by caspase-
3/7 live-cell imaging (Figure 3E) and caspase-3/active caspase-3 west-
ern blotting (WB) signal (Figure 3F). This was further accompanied
by an increase in p53 phosphorylation. Conversely, decreased expres-
sion of the survival protein BCL-2 could be observed (Figure 3F).
cATM silencing further affected proliferation rates of CTRL
AoSMCs, which was significantly decreased at 72 h post-transfection
(Figure S10).

In summary, increased cATM expression detected in AAA tissue
specimens was confirmed in AAA patient-derived cells. Opposing
trends could be observed for ATM mRNA, which was upregulated
in AAA tissue, but downregulated in patient cells. Moreover, in
CTRL AoSMCS, cATM depletion induced apoptosis and impaired
their proliferation.

Higher cATM-expressing AAA patient-derived AoSMCs are

more resistant to oxidative stress

Once demonstrated that modulation of cATM expression affected
ATM mRNA levels and survival of AoSMCs, we hypothesized that
its upregulation in patient-derived cells could be part of early
stress-induced remodeling processes observed during AAA progres-
sion. Higher cATM expression characterizing patient-derived cells
seemed indeed beneficial rather than detrimental.

Delivery of exogenous cATM via a plasmidic vector to CTRL
AoSMCs (Figures S12A and S12B), almost counterintuitively, trig-
gered AoSMCs death and negatively impacted proliferation (Fig-
ure S12C), with no effects observed in terms of ATM mRNA expres-
sion or p53 phosphorylation levels (Figures S12D and S12E). These
results corroborated the hypothesis that higher levels of cATM in dis-
ease might be an adaptive response rather than a causal event in
AAAs. To further asses this, we compared the gene expression land-
scape of CTRL AoSMCs (coming from three different commercially
available non-aneurysmal aortic donors) and five distinct AAA pa-
tient-derived AoSMCs. First, we confirmed that CTRL aorta- and
aneurysm-derived cells presented significantly different gene expres-
sion profiles, giving rise to clearly separate clusters (Figure S13A).
Next, we proved that the typical SMC gene signature was present in
both AAA-derived and CTRL AoSMCs (Figure S13B). No substantial
differences were detected in terms of expression of contractility
markers, although CCN1 and MRTFA were increased in CTRL cells.
Conversely, AAA-derived cells displayed higher levels of synthetic
cells

cells [ECs]; aortic smooth muscle cells [AoSMCs]; and fibroblasts), and monocytes.

(purple signal, black arrows). The cATM probe was designed on the backsplicing

o-localization of ATM (purple) and SMA (green) signal. Imaging was carried out with

cale bars, 20 mM. (D) Uniform Manifold Approximation and Projection (UMAP) plot

uman AAA tissue specimens. Dotted red line highlights mural structural cell clusters

ral cell clusters (fibroblasts and SMCs) with respective expression profiles of one

expression level (blue, low; red, high) and dot size depicts the percentage of cells
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markers, such as collagen, FBN1, VIM, FN1, VCAN, and SERPINE1
(Figure S13B), highlighting active remodeling occurring. Significantly
enriched Reactome pathways related to cell structure (extracellular
matrix organization, degradation of the extracellular matrix) and
signaling (GPCR ligand binding, signaling by GPCR, Table S2)
were observed. Similar results were present in the GO term enrich-
ment analysis: GO terms related to cell periphery and extracellular
matrix were enriched in DEGs. Several GO terms associated with im-
mune response and cellular motility were also enriched (including in-
flammatory response and cell migration, Table S3). Aiming at further
corroborating a link between differential expression of cATM (Fig-
ure 3B) and apoptosis (Figures 3E and 3F), we monitored gene
expression of some of the main apoptosis (Figure 4A), proliferation,
and cell-cycle markers (Figure 4B). Coherent with previous results,
pro-apoptotic genes such as CAS3 and BOK were downregulated in
AAA-derived AoSMCs, while anti-apoptotic BCL-2 was significantly
upregulated (Figure 4A). Furthermore, a more vital proliferative sta-
tus was supported by increased expression of proliferation and cell-
cycle markers (Figure 4A). Targeted GO and pathway analysis further
corroborated significant differences in the activation of apoptosis,
DNA repair, and cell-cycle-related pathways (Figure 4D). Supporting
a link between apoptosis/survival and ATM pathway, downstream
ATM pathway genes BID and BAX were downregulated (Figure 4C)
and, in line with this, default levels of phosphorylated ATM and p53
were lower in AAA-derived compared with CTRL cells, as revealed by
WB (Figure 4E).

To explore the dynamics of cATM regulation and its functional impli-
cations in a more endogenous-resembling setting, we mimicked the
aneurysmal micromilieu by stimulating CTRL and AAA patient-
derived AoSMCs with doxorubicin, which triggers oxidative stress
(Figures 5 and S11). While cATM levels in AAA-derived AoSMCs re-
mained unaltered (Figure 5A, upper left), CTRL cells showed an
augmented expression of the circRNA (Figure 4A, upper right),
similar to that observed in AAA tissue specimens. Conversely,
ATM mRNA was downregulated (Figure 5A, down) in both AAA-
derived and CTRL cells. ATM and p53 phosphorylation was moni-
tored as treatment control (Figure 5A, right). Of note, combined
live-cell apoptotic assessment and WB pointed out lower apoptotic
rates upon stress induction in AAA patient-derived AoSMCs
compared with CTRL (Figure 5B). Taken together, these data suggest
that higher cATM-expressing AAA patient-derived AoSMCs are
Figure 3. Modulation of gene expression at ATM locus in AoSMCs

(A) Control (CTRL, n = 6) hAoSMCs were treated with 0.2 mM angiotensin II (AngII) for 24

2–ddCT was calculated by normalizing on RPLPO. Statistics: unpaired t test; p values <0.0

of cATM (left) and ATM mRNA (right) expression in control donor (CTRL, n = 3) vs. AA

normalizing on RPLPO. Unpaired t test; p values <0.05 are considered significant. Data

hAoSMCs were transfected with 100 nM sicATM2 and cATM and ATM mRNA expr

normalizing on RPLPO. Statistics: unpaired t test; p values <0.05 are considered sig

measured by live-cell imaging and quantification of fluorescent Cas3/7 (data are rep

considered significant). (F) Cas3/Active Cas3, p53/p-p53, and BCL-2 protein express

Quantification of immunoblots is reported in blots-flanking charts. Statistics: paired rati

SEM.
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characterized by a greater resistance to oxidative stress, a more effi-
cient DDR, and diminished apoptosis.
cATM can be detected in serum of AAA patients and is elevated

with disease

A crucial aspect for the application of circRNAs in clinical practice is
their suitability to be employed as biomarkers, given their presence in
body fluids (e.g., blood and saliva), as a results of sustained structural
resistance to degradation. By taking advantage of serum samples
collected from AAA patients undergoing elective surgery (eAAA)
and age/sex-matched controls (CTRL) with peripheral artery disease
(PAD), we compared cATM expression between both groups. Circu-
lating cATM was significantly higher in AAA patients (Figure 6A),
supporting that a certain range of cATM expression might reflect
the disease status. To further investigate the potential use of cATM
in AAA diagnostics, we compared its serum levels in elective vs.
ruptured AAA patients. Although no statistically significant differ-
ences were found, a trend towards upregulation of cATM was
observed in the ruptured AAA group, suggesting that cATM may
be a negative prognostic indicator (Figure S14). Finally, we aimed
at detecting ATM protein in blood. Interestingly, ATM levels were
not significantly different between AAA and control (PAD) patients
(Figure 6B), implying that only the circular isoform is potentially
suited to diagnose patients with aortic aneurysms.
DISCUSSION
Abdominal aortic aneurysm is an asymptomatic condition accompa-
nied by a high mortality rate related to its acute rupture risk. In West-
ern countries, the annual incidence of new AAA diagnoses, which,
despite screening programs, in some countries are mostly accidental,
is approximately 0.4%–0.67%.20–23 A clear disease etiology has yet to
be established. However, the mechanisms at the basis of the develop-
ment, dilation, and rupture of AAA have long been the object of sci-
entific investigations. The anatomical characteristics and diameter of
AAAs remain the only parameters to estimate individual risk of
rupture and the timing of surgical intervention. As the natural history
of AAA varies among patients, an accurate diagnosis would strongly
benefit from specific molecular predictors, which, in combination
with other known risk factors (e.g., age, male sex, smoking status,
blood pressure, and dyslipidemia), could improve diagnosis and pa-
tient management.
h and cATM expression measured by qRT-PCR. Water served as control treatment.

5 are considered significant. Data are represented as mean ± SEM. (B) Comparison

A patient-derived hAoSMCs (AAA, n = 3) by qRT-PCR. 2–ddCT was calculated by

are represented as mean ± SEM. Statistics: (C) AAA (N = 3) and (D) CTRL (N = 3)

ession measured by qRT-PCR at different time points. 2–ddCT was calculated by

nificant. Data are represented as mean ± SEM. (E) KD effects on apoptosis were

resented as mean ± SEM; statistics: multiple unpaired t test; p values <0.05 are

ion was further monitored as markers of cell apoptosis and survival, respectively.

o t test; p values <0.05 are considered significant. Data are represented as mean ±
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In the search for unexplored AAA gene expression signatures, we
focused our attention on circRNAs. These are covalently closed
RNA loops already described in the late 1970s in plant viroids.24

Only more recently it was proven that they can exert critical regula-
tory functions in development and disease.25,26 In addition to the
regulation of gene expression at multiple levels and through multiple
mechanisms, circRNAs are tissue specific and can be secreted into
blood and saliva. Their circular structure, ensuring stability, makes
them particularly suitable as biomarkers.27 One criterion a candidate
diagnostic biomarker has to meet is biological plausibility, establish-
ing a cause-and-effect relationship between a natural factor and a
particular disease.28 Taking all of this into consideration, our study
aimed at (1) profiling circRNAs expression in AAA vs. control human
specimens, (2) selecting disease-relevant targets associated with func-
tional phenotypes, and (3) addressing their clinical application as
biomarkers.

To detect AAA-characterizing circRNAs, we took advantage of mi-
croarrays with backsplicing junction-mapping probes specific for all
annotated circRNAs. Enzymatic (RNAseR) linear RNA removal
was applied prior to hybridization to enrich, capture, and quantify
circRNA targets with high sensitivity and specificity. Array-based
quantification has the advantage of being less affected by the number
of transcripts in individual samples, compared with RNA sequencing.
However, a relevant drawback of RNAseR treatment is the potential
loss of an undefined portion of circRNAs species, which may undergo
degradation more efficiently.29

CircRNAs can be transcribed from different genomic regions and are
accordingly distinguished into intergenic, intronic, or exonic. Exonic
circRNAs share their exons with mRNAs and constitute the prevalent
subgroup. In line with this, most differentially expressed circRNAs in
our dataset had a linear mRNA counterpart. A growing body of evi-
dence supports that non-coding circular transcripts affect gene
expression at the locus of origin. Regulation may be achieved through
the process of circularization itself13 or, alternatively, circRNAs can
be provided with specific functional features (reviewed in Yu
et al.30). We prioritized validation of circRNA targets having a linear
mRNA counterpart, whose deregulation affected cell proliferation,
stress response, and apoptosis, which have a central role in AAA path-
ogenesis. mRNA expression of Ataxia Telangiectasia Mutated (ATM,
a key regulator of the p53-mediated DDR) is increased in the tricuspid
aortic valve and in the bicuspid aortic valve-associated thoracic aortic
aneurysm (TAA) specimens and accompanied by a pro-proliferative
state.31 Different Malan syndrome-characterizing nuclear factor IX
(NFIX) mutations have been previously associated with early-onset
TAA development.32 Myocardin (MYOCD) has been extensively
Figure 4. Expression profile of apoptosis-, cell-cycle-, and ATM pathway-relat

Differential expression of apoptosis-related (A), cell-cycle-related (B) and ATM pathway-r

seq. Log2 expression levels are plotted. Statistics: unpaired multiple t test; p values <0

Reactome-based (top, https://reactome.org/) or gene ontology (GO)-based (bottom, h

determine whether sets of genes involved in pathways/GO-terms of interest (i.e., apop

sented. (E) Western immunoblot comparing phosphorylation status of ATM pathway pro

856 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
acknowledged as an essential transcription factor for maintenance
of the SMCs’ contractility.33 Bone morphogenetic protein (BMP)
signaling is known to be tightly involved in pulmonary artery dilata-
tion following pulmonary arterial hypertension.34 Macrophage nu-
clear factor of activated T cell C3 (NFATC3) limits inflammation
and foam cell formation.35 The nuclear receptor interacting protein
1 (NRIP1) is a transcription factor modulating the transcriptional ac-
tivity of the estrogen receptor.

Validation of array data in aortic tissue specimens confirmed differ-
ential expression of cATM, cMYOCD, and cNFATC3. In line with pre-
vious reports,36 the identified deregulation trends of circRNAs and
their respective linear counterparts were concordant. This would sup-
port the "microRNA sponge" functional model, where the upregula-
tion of a given circRNA generates in turn, an increase of its cognate
mRNA by sequestering and preventing specific microRNAs from
silencing their targets. Interrogation of AAA scRNA-seq suggested
that immune cells constitute the most represented clusters in our da-
taset. We reasoned that the identified deregulation trends in tissue
would mostly mirror gene expression in these cell types. At aneu-
rysmal sites, immune cells are indeed massively recruited and
contribute to generate a stress-rich environment. ATM is one of the
main PI3 kinases involved in sensing DSB and regulating the DDR.
It is encoded by a multi-exonic mRNA (canonical form: 67 exons;
3,056 residues; 350 kDa) transcribed from the ATM locus at chr11,
presenting about 30 annotated coding splicing variants.37 ATM
expression is particularly sustained in immune cells, ensuring an effi-
cient coordination of the DDR. These are indeed particularly exposed
to continuous genomic insults, due to abundant ROS production.2 In
the specific case of cATM/ATM, both upregulated in diseased speci-
mens, we propose that cATM transcription could be induced by
ATM protein depletion, as observed in AAA tissue, and that sponging
of ATM-targeting miRNAs by cATM would augment ATM mRNA
available for translation. This represents a mechanism to promptly
provide the cell with plenty of ready-to-translate mRNAs to sustain
the synthesis of essential proteins, degraded as a result of metallopro-
tease activity, immune cell infiltration, and inflammation-induced
oxidative stress. Supporting this mechanistic model, cATM contains
binding sites for ATM-targeting miR-567, miR-4677 5p, and miR-
4778 5p. However, this remains to be further investigated with
more immune cell-focused experiments. Instead, we chose to specif-
ically focus our attention on AoSMCs, as the most affected cell pop-
ulation in AAA, with oxidative stress representing a major threat to
their integrity during disease progression. We aimed at dissecting
the effects of cATM-mediated regulation of ATM expression and
how this affects networks controlling cell fate. ATM, indeed, directs
cells towards survival or programmed cell death, although the
ed gene-related genes in AAA patient-derived vs. CTRL AoSMCs

elated (C) genes in AAA patient-derived (gray) vs. CTRL (black) AoSMCs, as of RNA-

.05 are considered significant. Data are represented as mean ± SEM. (D) Targeted

ttps://geneontology.org/) gene set enrichment analysis (GSEA) was performed to

tosis, cell-cycle and DNA damage) tended to be significantly (p < 0.05) over-repre-

teins (ATM and p53) in AAA patient- (left) and CTRL donor-derived AoSMCs (right).
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Figure 6. Circulating cATM as AAA biomarker

(A) cATM expression was monitored in serum samples

collected from AAA (N = 9) and peripheral artery disease

(PAD) (N = 8) patients. The latter were used as control

group. 100 ng of an in-vitro-transcribed GFP RNA were

spiked in into each sample and used as a reference to

calculate 2–ddCT. (B) Sandwich ELISA was performed to

monitor the expression of ATM protein in patients’

serum (7 PAD vs. 7 AAA). ATM concentration was

calculated based on the standard curve. Statistics:

unpaired t test; p values <0.05 are considered

significant. Data are represented as mean ± SEM. (C)

Proposed mechanism of cATM-mediated regulation of

ATM expression and its effects on survival/apoptosis in

human AoSMCs.
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molecular mechanism underlying this decision-making is not clear.
In the case of induced apoptosis, ATM, activated by autophosphory-
lation, can in turn phosphorylate downstream p53, responsible for the
initiation of the apoptotic cascade. We discovered that cATMwas up-
regulated in angiotensin II-treated CTRL AoSMCs (derived from
non-aneurysmal aortas), and its expression levels in AAA patient-
derived AoSMCs were significantly higher compared with CTRL
ones. Contrary to what was observed in bulk tissue, linear ATM
expression was depleted in AAA cells in comparison to CTRL cells.
Figure 5. Effects of doxorubicin-induced oxidative stress in AAA patient-derived vs. CTRL AoSMCs

(A) AAA patient- (left, n = 8) and control donor-derived AoSMCs (right, n = 6) were treated with 10 mMdoxorubicin

mRNA (bottom) expression measured by qRT-PCR (left). 2–ddCT was calculated by normalizing on RPLPO. ATM,

also compared byWB (right). Statistics for qPCR: unpaired t test; statistics for WB: paired ratio t test. In both: p val

as mean ± SEM. (B) Treatment effects on apoptosis were measured by live quantification of fluorescent Cas3/7

parison between treated/untreated CTRL or AAA-patient derived AoSMCs, (#) refers to comparison between treat

test; p values <0.05 are considered significant. Data are represented as mean ± SEM.
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In line with this, cATM silencing resulted in
higher levels of ATM in both CTRL and AAA
patient-derived AoSMCs. This adds a further
layer of complexity to data interpretation,
implying that the grammar of cATM regulation
in AoSMCs differs from the “miRNA sponge”
model. Interestingly, cATM deprivation in
CTRL AoSMCs was associated with higher
apoptosis and decreased proliferation rates.
Even if disease-related, higher expression levels
of cATM in AAA seemed to thus be protective,
rather than detrimental. This was further
corroborated by (1) sequencing of CTRL and
AAA-derived cells, which pointed out increased
expression of survival genes and a more vital
proliferation state of AAA-derived AoSMCs
and (2) a higher tolerance of the latter to doxo-
rubicin-induced oxidative stress.

Furthermore, we also recorded a global increase
in default levels of phosphorylated p53 in CTRL
cells, which could be further increased by
knocking down cATM. We propose that a negative endogenous
cATM/ATM loop contributes to regulate ATM pathway in
AoSMCs, by tuning phosphorylation of p53 and, eventually, cell
fate, similar to what was reported in a previous study.38 Themolecular
dynamics at the basis of this phenotype unfortunately remain unde-
fined, as our attempts to demonstrate a physical interaction between
cATM and p53 by RNA immunoprecipitation, and to link this to dif-
ferential phosphorylation of the latter failed (data not shown). We
cannot exclude that low cATM expression and qPCR detection limits
(doxo) or 0.001% DMSO for 24 h and cATM (top) and ATM

phospho-ATM, p53, and phospho-p53 protein levels were

ues <0.05 are considered significant. Data are represented

and WB on Cas3/Active Cas3 protein. (*) Refers to com-

ed CTRL vs. AAA patient derived SMCs. Multiple unpaired t
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could have contributed to the observed experimental output.
However, in line with our findings, in their study on DDR in an
inducible human neural stem cell line, Carlessi et al. showed that
ATM protein depletion attenuates the ionizing radiation-induced
DDR, as shown by reduced phosphorylation of the ATM target p53
and, in turn, the p53-dependent apoptotic response.39

When assessing the effects of cATM overexpression, we were sur-
prised to see that, similar to KD, forced induction resulted in
increased apoptosis and limited proliferative rates. We are convinced
that this attempt to model AAA via overexpression has its limitations,
such as (1) the delivery through plasmidic vectors of a high number of
target copies might not replicate increased endogenous expression
and/or interfere with the proper subcellular localization, (2) the pres-
ence of inverted repeats could trigger double-stranded RNA-activated
pathways mediating stress-induced apoptosis,40,41 and (3) regulation
of transcription at ATM locus can be unaffected by cATM transient
transfection. This is supported by the lack of effects on endogenous
ATM mRNA expression following cATM overexpression. We
strongly believe that the administration of disease-mimicking stimuli,
such as angiotensin II or doxorubicin, are more likely to resemble
endogenous cATM expression and regulation. Furthermore, primary
AoSMCs directly isolated from AAA patient biopsy are, in our
opinion, the most suitable disease in vitromodel to study endogenous
regulatory mechanisms. The different AoSMCs utilized in our study
(AAA patient-derived vs. non-dilated aorta donor [CTRL]) expressed
different levels of cATM and, accordingly, presented different pheno-
typic states of the diseased and non-diseased aorta. Even though
sequencing was performed on CTRL and AAA-derived cells from
different individuals, we found that the two groups form well-sepa-
rated clusters, differing in the expression of stress response and
apoptosis-related genes. Together with our functional experiments,
this profiling further corroborated our hypothesis of having selected
a population of “AAA-adapted” cells, with augmented resistance to
stress. It is widely acknowledged that inflammatory mediators
contribute to phenotypic remodeling and functional alterations in
AoSMCs during AAA development (reviewed in Qian et al.42). We
postulated that stress-triggered cATM transcription could work as a
signal for activating survival pathways (like BCL-2) by fine-tuning
ATM expression levels. Although the molecular dynamics at the basis
of cATM transcription and the specific mechanism through which
this circRNA inhibits the expression of its linear counterpart remain
to be elucidated, our work shows that circRNA expression is crucial in
determining and maintaining phenotypic variability among SMCs
(Figure 6C).

The reasonwhywe chose to evaluatemore thoroughly cATM (and not
cMYOC or cNFATC3) was based on three main assessments. Firstly,
its expression levels in the analyzed tissue cohort and in hAoSMCs
were high enough to permit reliable and reproducible detection by
qRT-PCR. Secondly, we valued the extreme importance of its linear
counterpart ATM in the dynamics underlying cellular responses to
oxidative stress, which represents a major cause of SMC death in
AAA. Finally, based on our translational experience, a therapeutic
manipulation of disease upregulated (rather than downregulated) tar-
gets, relying on silencing strategies (siRNAs or Gapmers), has less
technical challenges and is more likely to be successful in vitro and
in vivo, compared to overexpression, which requires the use of viral
vectors. However, a noteworthy limitation of this study is the lack of
in vivo experiments supporting our in vitro findings. In the perspective
of predicting AAA prognosis, for example, in vivo cATM KD
would be a key experiment. Indeed, given the observed augmented
SMC apoptosis upon silencing, this would allow monitoring
whether cATM depletion makes aneurysms more prone to rupture.
The absence of annotated cATM murine homologs prevented us
from reproducing the disease-related patterns detected in human tis-
sue, SMCs and serum in experimental AAA mouse models.

We eventually showed that cATM expression profiles could be ex-
ploited as a diagnostic tool accessible in circulating blood. Coherent
with our previous findings, cATM was indeed upregulated in serum
samples collected from AAA patients. We presently lack diagnostic
tools capable of predicting the rapidness of AAA growth, and the defi-
nition of further reliable criteria for stratification of patients, based on
AAA rupture risk, would be highly desirable. It would be challenging
to claim that a circRNA could be per se used as a biomarker in AAA
screening, but we are confident in stating that, given their high stabil-
ity and relatively low detection costs, circRNA could play an essential
role in molecular AAA diagnostics in the near future. Although
further research is still needed to assess its suitability in AAA diag-
nosis and prognosis, we propose assessing circRNA profiles as a valu-
able compliment to the current diagnostic gold standard of B-mode
ultrasound imaging.

Conclusions

In summary, our work emphasizes the importance of investigating
non-coding RNA-mediated gene expression regulation as a tool to
improve our comprehension of AAA molecular dynamics. In partic-
ular, we were able to provide an example of a circRNA disease signa-
ture and propose cATM transcription as part of an early stress
response triggered by AAA-characteristic microenvironmental
changes. By regulating gene expression at the ATM locus and contrib-
uting to the activation of survival pathways, cATM upregulation func-
tions as an “early warning signal” that promotes a switch towards
stress-resistant SMC phenotypes.

MATERIALS AND METHODS
Human sample collection and storage

Human samples employed in this study were provided by the Munich
Vascular Biobank and the Stockholm Aortic Aneurysm Biobank.
AAA tissue specimens or blood were collected from patients who un-
derwent elective surgical repair in both hospitals. Aortic fragments
harvested in organ explant procedures or serum from patients with
PAD were used as respective controls. Tissue specimens were put
in RNA later for 24 h, and then snap frozen and stored at �80�C.
All patients provided their written informed consent and in accor-
dance with the Declaration of Helsinki. The studies were approved
by the local ethics committees. All patient samples were matched
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for age (average: 65.26 years) and sex (90% males). A detailed list of
human samples used in this study is reported on Table S4.

CircRNA array experimental pipeline and analysis

For circRNA array experiments (Arraystar, Rockville, MD), AAA tis-
sue specimens were collected from patients who underwent elective
surgical repair (n = 11), while healthy aortic fragments were harvested
from kidney transplant donors and used as controls (n = 6). Upon
RNA extraction and quality control (QC), samples were treated
with RNAseR (Epicentre, Teddington, UK), and reverse transcribed
by using fluorescently labeled random primers. The resulting labeled
cDNA was then purified and 1 mg was fragmented, heated, and sub-
sequently hybridized with an 8 � 15k commercially available array
chip displaying 13,617 human circRNAs (Arraystar, no. AS-S-CR-
H-V2.0) for 17 h at 65�C in an Agilent Hybridization Oven. Array
probes were designed on the backsplicing junction. After washing
of slides, the arrays were scanned by using the Agilent Scanner
G2505C. Agilent Feature Extraction software (v.11.0.1.1) was used
to analyze acquired array images. Quantile normalization and subse-
quent data processing were performed using the R software limma
package. The analysis did not return any differentially regulated
circRNA after false discovery rate (FDR) correction. Therefore, signif-
icantly differentially expressed circRNAs between two groups were
defined as having an absolute fold change >1.5 and p < 0.05. Based
on these conditions, gene overexpression analysis of GO terms was
performed, based on the categorization of their linear RNA counter-
parts by utilizing “Cluster Profiler” R function.

Primary cell culture of human aortic aneurysm SMCs

Written and informed consent was obtained from all patients, and
protocols were approved by the local ethics committee. Human
AAA specimens were harvested during surgical repair and stored in
complete DMEM/F12 medium containing 5% FBS and 1% PBS
(Millipore, Darmstadt, Germany). The tissue was placed in a sterile
Petri dish and washed with PBS. Adventitia, neo-intima, and exces-
sive calcification were removed, and the remaining tissue was cut
into small pieces by using a sterile scalpel. Enzymatic digestion was
carried out in complete DMEM/F12 medium implemented with
1.4 mg/mL collagenase A (Roche, Penzberg, Germany), for 4–6 h in
a humidified incubator at 37�C and 5% CO2. Cells were strained by
using a 100 mm cell strainer to remove debris. After two washes, cells
were resuspended in 7 mL complete DMEM/F12 medium and placed
in culture in a small cell culture flask in a humidified incubator
at 37�C and 5% CO2. Medium was changed every other day. After
7 days, the medium was replaced with SMC Growth Medium
(PeloBiotech, Planegg, Germany). Cells were used between passages
3 and 11. Primary AoSMCs from healthy donors (control AoSMCs,
CTRL) were purchased from Cell Applications (no. 354-05a) and
cultured in SMC growth medium, following the manufacturer’s in-
structions. Cells were used between passages 5 and 7.

Validation of circular junctions

For circRNA analysis, RNAseR (Lucigen) was applied to extracted
RNA at a concentration of 2 U/mg RNA for 15 min at 37�C, followed
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by enzyme inactivation for 20 min at 65�C and column-based purifi-
cation (QIAGEN, no. 74204). First-strand cDNA synthesis was
performed with the High-Capacity-RNA-to-cDNA Kit (Applied Bio-
systems, Waltham, MA) according to the manufacturer’s instruc-
tions, starting from equal amounts of purified RNA. Divergent
primers were designed to amplify the circular junction by taking
advantage of the circInteractome tool (https://circinteractome.nia.
nih.gov/). Oligonucleotide sequences and provider details are re-
ported in Table S5. PCR products were visualized by using a
FastGene UV Transilluminator (Nippon Genetics, Düren, Germany)
and individual bands were gel-extracted (QIAGEN) and subsequently
cloned into a TOPO TA Cloning Kit (Invitrogen) for Sanger
sequencing (Eurofins Genomics, Ebersberg, Germany). Sequencing
results are reported on Figure S15.

cATM overexpression vector design and subcloning

cATM overexpression vector design was carried out according to
https://doi.org/10.1007/978-1-4939-7562-4_8. In particular, cATM
mature sequence (526 nts, https://circinteractome.nia.nih.gov/api/
v2/circmature?circular_rna_query=hsa_circ_0003641) together with
the adjacent �200 bp upstream and �200 bp downstream intronic
fragments were flanked by inverted repeat-containing MLLT3/AF9
intron 4 (chr9:20,414,651-20,415,428, hg38), with the aim of trig-
gering circularization. Gene synthesis (Eurofins) was carried out in
pMS-RQ (SpcR/StrR) vector, and XhoI and EcoRV restriction sites
were exploited for subcloning into pcDNA3.1-HisC. Positive clones
were screened by colony PCR, re-amplified for MINI prep, and even-
tually Sanger sequenced. Details of cATM overexpression vector
sequence construction and sequence are reported in Figures S16–S18.

Silencing, transfection, and doxorubicin treatment of human

aortic SMCs

CircRNA/mRNA silencing was performed by using Lipofectamine
RNAiMAX (Thermo Fisher Scientific, Waltham, MA) reagent,
according to the manufacturer’s instructions. siRNAs targeting
the backsplicing junction were designed with the help of the
CircInteractome tool (https://circinteractome.nia.nih.gov/) and used
at a final concentration of 100 nM for 48 or 72 h. A scrambled siRNA
(Ambion) was employed as negative control. A complete list of siRNA
sequences is reported in Table S7. For overexpression experiments in
a 48-well format, 62.5 ng of cATM/pcDNA3.1-HisC or empty vector
were utilized, in combination with 0.125 mL of Lipofectamine 3000.
Harvesting was performed at 48 h post-transfection. For doxorubicin
treatment, 10 mM doxorubicin (Sigma, D1515) or 0.001% DMSO
(Sigma, D8418) in cell medium was administered to cells for 24 h.
Phosphorylation of p53 was used as treatment readout.

RNA isolation and gene expression analysis

Total RNA was isolated with a QIAzol-based (QIAGEN) RNA isola-
tion protocol, by taking advantage of miRNeasy Mini (for tissue) or
Micro (for cells) Kit (QIAGEN). RNA was quantified by NanoDrop
(Wilmington, DE) and RNA quality was verified with Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). DNAse
(QIAGEN) was applied to avoid artifacts deriving from DNA

https://circinteractome.nia.nih.gov/
https://circinteractome.nia.nih.gov/
https://doi.org/10.1007/978-1-4939-7562-4_8
https://circinteractome.nia.nih.gov/api/v2/circmature?circular_rna_query=hsa_circ_0003641
https://circinteractome.nia.nih.gov/api/v2/circmature?circular_rna_query=hsa_circ_0003641
https://circinteractome.nia.nih.gov/
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contamination. First-strand cDNA synthesis was performed with the
High-Capacity-RNA-to-cDNA Kit (Applied Biosystems) according
to the manufacturer’s instructions, starting from equal amounts of
purified RNA. Real-time quantitative PCR (qPCR) was performed
on a QuantStudio3 Real-Time PCR System (Applied Biosystems) us-
ing Sybr-Green PCR Master Mix (Roche, Planegg, Germany) or
TaqMan Fast Advanced Master Mix (Applied Biosystems). Oligonu-
cleotide sequences/TaqMan assays used in this paper are listed in
Table S5. Amplified transcripts were quantified by using the compar-
ative Ct method and relative gene expression calculated by the
method of DDCt.43

Digital PCR

cATM copy number was assessed by exploiting an absolute Q Digital-
PCR (dPCR)-System (Applied Biosystems) in tissue from AAA pa-
tients undergoing OR surgeries. In particular, the cohort included
specimens in which both the non-aneurysmal aortic neck (non-
dilated control, n = 3) and the adjacent aneurysmal segment (dilated
AAA, n = 3) were collected. RNA/cDNA (12.5 ng) was used as input
for each dPCR reaction. Reactions were set up according to the man-
ufacturer’s instructions and performed in duplicate for cATM.
RPLPO copy number was also quantified in separate reactions and
used as a reference in data analysis, which was carried out following
Coulter’s template.44 In brief, based on the theoretical amount of
RNA/cDNA used as input (12.5 ng) and the obtained number of
RPLPO copies/reaction, the number of cATM copies per ng input
RNA was finally inferred. An Excel spreadsheet with calculations is
provided as Table S6.

RNA isolation from serum

RNA was isolated from nine AAA and eight PAD patients’ serum
by using the miRNeasy Serum/Plasma Advanced Kit (QIAGEN),
following the manufacturer’s instructions, with some modifications.
In brief, 1.25 mL of MS2 RNA (Roche) and 100 ng of IVT GFP RNA
(as spike-in control) were combined with 500 mL of serum. After
adding 240 mL of buffer RPL, samples were incubated at room tem-
perature for 3 min. Buffer RPP (80 mL) was further added and incu-
bated for 3 min. After centrifugation, the supernatant was mixed
with 1 volume isopropanol and transferred to an RNeasy UCP
MinElute column. RWT and RPE washings were eventually fol-
lowed by RNA precipitation in 80% ethanol. Elution was carried
out in 20 mL RNase-free water.

scRNA-seq

Human aneurysmal abdominal arteries were harvested during OR
in the Department of Vascular and Endovascular Surgery at the
Klinikum rechts der Isar of the Technical University Munich.
After enzymatic digestion, tissue dissociation was performed using
the Multi Tissue Dissociation Kit 2 (Miltenyi Biotech, 130-110-
203), GentleMACS Dissociator (Miltenyi Biotech, 130-093-235),
GentleMACS C tubes (Miltenyi Biotech, 130-096-334), and the
37C_Mulit_G program, all according to the manufacturer’s instruc-
tions. The cell suspension was strained (70 and 40 mm) and Dead
Cell Removal (Miltenyi Biotech, 130-090-101) using MS Columns
(Miltenyi Biotech, 130-042-201) was performed. Cells were resus-
pended in PBS + 0.04% BSA. Cells were loaded into a 10x Genomics
microfluidics Chip G and encapsulated with barcoded oligo-dT-
containing gel beads by utilizing the 10x Genomics Chromium
Controller. Gel beads-in-emulsion (GEM) clean-up, cDNA Amplifi-
cation, and 30 Gene Expression Dual Index Library Construction
was performed according to the manufacturer’s instructions
(CG000315 Rev C). Sequencing was performed by taking advantage
of an Illumina NovaSeq 6000 Sequencing system. Data relative to n
= 4 AAA patient specimens (duplicates) were used to perform the
downstream analysis. Raw data obtained from sequencing were de-
multiplexed according to the 10x Genomics pipeline by using Cell
Ranger (v.3.1.0, v.5.0.0, and v.6.0.0) software (10x Genomics). A
gene-barcode matrix was generated for each library, and cell barco-
des and UMIs were corrected and filtered. Single-Cell Data Analysis
R package Seurat (v.4.1.1)45,46 was used for the analysis in RStudio
(v.1.4.1717). The CellCycleScoring function47 in Seurat was applied
to calculate the scores of cell-cycle phases. For this, the following fil-
ter conditions were applied: nFeature_RNA = more than 4,000 and
less than 100; nCount = more than 20,000, and percent_mt = more
than 15%. nFeature_RNA represents the number of all genes de-
tected in each cell; nCount_RNA represents the sum of the expres-
sion level of all genes in each cell; and percent.it represents the pro-
portion of mitochondrial genes detected in each cell. A total of 4,377
cells were used for the downstream analysis. The transform normal-
ization workflow48 was adopted to mitigate possible technically
driven or other variations, in which mitochondrial genes and cell-
cycle phase were regressed out. Uniform Manifold Approximation
and Projection was used for converting cells into two-dimensional
maps. The FindAllMarkers function was performed to detect the
main features of each cluster with default parameters. The top ex-
pressed genes were used for cell type identification.

Bulk sequencing of AAA patient- and CTRL donor-derived

AoSMCs

Commercially available AoSMCs coming from three different non-
aneurysmal aorta donors (CTRL, cat. 354-05a, lot 1596 and lot
2991; cat. PB-CH-280-2011, lotQC-19B14F08) vs. AoSMCs isolated
from five AAA patients (Table S4) were submitted to sequencing
analysis (Illumina NovaSeq platform). Three technical replicates
were included for each patient/CTRL donor. Cells were collected in
QIAzol (QIAGEN) and RNA isolated by taking advantage of the
miRNeasy Mini Kit (QIAGEN). RNA was quantified by NanoDrop,
and QC was performed using an Agilent 2100 Bioanalyzer (Agilent
Technologies). Raw FASTQ files were analyzed using FastQC to
assess sequencing quality, GC content, sequence length distribution,
and adapter content. Between 48 and 64 million RNA-seq 150 bp
pair-end reads were generated for each sample. QC was performed
on both raw sequencing files and reads were aligned to human
genome GRCh38 using the STAR aligner. A total of 42,513 features
with low read counts were filtered using filterbyExpr. Any gene
with less than 15 counts in total across all samples or with less than
0.28 CPM in more than 20 samples was filtered out from the edgeR
package, resulting in 18,974 features remaining for normalization
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and downstream analysis. Raw and normalized expression data were
evaluated by several automated outlier detection tests. Exploratory
data analysis was performed on the samples pre- and post-normaliza-
tion. Two samples, AAASMC_86_1 and AoSMC_C_20_1 failed two
out of four automated outlier detection tests and were subsequently
excluded from the dataset.

Thresholds of fold change in expression >2 and FDR-adjusted
p < 0.001 produced a set of 661 differentially expressed genes
(DEGs). Differential expression and functional enrichment anal-
ysis were defined based on expression fold changes between the
patient-derived and control cell lines at > 2 and FDR-adjusted
p < 0.001. Gene set enrichment analysis of Reactome pathways
(https://reactome.org) and GO (geneontology.org) terms were
eventually performed based on the identified DEGs. In particular,
significantly up- and downregulated input genes were mapped to
Entrez gene identifiers (n = 633) and assessed via Reactome
pathway/GO term over-representation analysis. p values were
determined using a hypergeometric test performed using the clus-
terProfiler package and adjusted for multiple comparisons using
the Benjamini-Hochberg method (p(adj.)). Significance was
considered as possessing an adjusted p < 0.05. An odds ratio
was calculated as the number of significant genes observed over
that which could be expected by chance. A pathway/term activity
Z score was calculated as Z = (Su � Sd)/N � �O, where N is the
total number of genes in the pathway/term, and Su and Sd are
the number of significant upregulated and downregulated genes
in the pathway/term, respectively. Based on this analysis, statisti-
cally significant GO terms and pathways related to apoptosis, pro-
liferation, and cell circle were identified for targeted pathway/GO
analysis using R packages “org.Hs.eg.db” and “clusterProfiler.”
Full outputs of pathway analysis are reported in Tables S2 and S3.

Double immunofluorescence staining

Human AAA/control tissue samples were mounted on poly-L-
lysine-pre-coated SuperFrost Plus slides (Thermo Fisher Scientific).
Human OCT-embedded frozen tissue was cut into 8 mm thick
slides, dried, and stored at �80�C. Fixation was performed in ice-
cold acetone for 10 min. For paraffin-embedded samples, fixation
was performed for 48 h in 4% paraformaldehyde at room tempera-
ture and sections of 3 mm were cut. Only for these samples, depar-
affination and antigen retrieval were performed. After blocking of
peroxidase activity (0.3% hydrogen peroxide for 15 min), additional
blocking with 5% horse serum was performed for 1 h. Primary and
secondary antibodies were diluted in 5% horse serum as follows:
anti-ATM ab32420 1:100, anti-SMA ab78171:200. Both primary an-
tibodies were incubated after one another overnight at 4�C, followed
by secondary antibodies for 1 h each at the respective day. For
negative controls, only the secondary antibody was applied for
1 h at room temperature. TrueBlack Lipofuscin Autofluorescence
Quencher (Biotium, Fremont, CA) was applied to reduce back-
ground fluorescence. Sections were counterstained with DAPI
(Thermo Fisher Scientific), and images were taken under a confocal
microscope (Olympus FV3000).
862 Molecular Therapy: Nucleic Acids Vol. 33 September 2023
IHC

Two micrometer sections of paraffin-embedded tissue were mounted
on SuperFrost slides (Thermo Fisher Scientific) and standard hema-
toxylin and eosin and Elastica van Gieson (EVG) stainings were per-
formed. For IHC, sections were mounted on 0.1% poly-L-lysine
(Sigma-Aldrich, St. Louis, MO) pre-coated SuperFrost Plus slides
(Thermo Fisher Scientific). For antigen retrieval, slides were boiled
in a pressure cooker with 10 nM citrate buffer (distilled water with cit-
ric acid monohydrate [pH 6.0]), and endogenous peroxidase activity
was blocked with 3% hydrogen peroxide. Consecutive slides were
incubated with anti-ATM (1:100) or anti-SMA (1:200) diluted in
Dako REAL Antibody Diluent (Dako, Glostrup, Denmark). Slides
were then treated with biotinylated secondary antibodies and target
staining was performed with peroxidase-conjugated streptavidin
and DAB chromogen (Dako REAL Detection System Peroxidase/
DAB+, Rabbit/Mouse Kit; Dako). Mayer’s hematoxylin (Carl Roth,
Karlsruhe, Germany) was used for counterstaining and appropriate
positive and negative controls were performed for each antibody.
All slides were scanned with an Aperio AT2 (Leica, Wetzlar,
Germany), and images were taken with the Aperio ImageScope soft-
ware (Leica).

ISH

QIAGEN miRCURY locked nucleic acid DIG (digoxigenin)-labeled
probes (sense cATM-DIG: 50 DIG-AGTGGTTAGACAGTGATG
TGT-DIG 30) (QIAGEN) were used for ISH, performed according
to the manufacturer’s instructions. A complete list of ISH probes
sequences is reported in Table S7. In brief, tissue sections were
either de-paraffinized (formalin-fixed paraffin-embedded) or thawed
(frozen) and rehydrated. After proteinase K permeabilization, cATM
probe hybridization was carried out at 54�C for 2 h in a hybridization
oven. A negative control (no probe) was performed in parallel. Slides
were washed in pre-wormed saline sodium citrate buffers at hybrid-
ization temperature, with subsequent DIG detection methods as
described previously.49 Nuclear counterstaining was performed
with Nuclear Fast Red (Sigma-Aldrich).

Protein isolation and western blotting

Cells were homogenized in RIPA buffer (Thermo Fisher Scientific)
including protease and phosphatase inhibitor cocktails (Sigma-
Aldrich). Protein concentrations were determined using the Bicin-
choninic Acid assay (Thermo Fisher Scientific), following the manu-
facturer’s protocol. Protein samples (10–40 mg/well) were mixed with
LDS 4� Sample Buffer (Novex) and sample reducing agent (Novex),
denatured at 95�C for 5 min and loaded on NuPage 3%–8% or 4%–
12% gels. Following electrophoresis and electrotransfer, blots were
blocked with 5% milk in Tris-buffered saline + 0.1% Tween 20 and
probed with specific antibodies diluted in blocking solution. Signals
were revealed after incubation with horseradish peroxidase (HRP)-
conjugated secondary antibodies (Abcam) 1:10,000, in combination
with ECL (GE Healthcare). Image detection was performed with
C600 Azure Biosystems Imager (Biozym)/ChemiDoc XRS System
(Bio-Rad, Hercules, CA) and image quantification was carried out
with ImageJ software.

https://reactome.org
http://geneontology.org


www.moleculartherapy.org
Employed antibodies were all diluted in 5% milk in TBS-T as follows:
b-actin no. A1978 (Sigma), 1:10,000; ATMno. ab32420 1:500; p53 no.
ab131442 1:1,000; phospho-p53 no. ab1431 1:500; phospho-ATM no.
ab81292 1:500; MY11C no. ab53219 1:500; b-tubulin no. ab6046;
caspase-3 no. ab13837 1:250; active caspase-3 no. 5A1E (Cell
Signaling; BCL-2 no. ab32124 1:1,000).
Cell fractionation

Nucleocytoplasmic fractionation was performed as described previ-
ously.50 Fractions were extracted from confluent hAoSMCs cultured
in T75cm2-flasks (Corning) and RNA isolated using QIAzol reagent,
as explained above. The purity of the nuclear and cytoplasmic frac-
tions was confirmed by real-time quantitative PCR on GAPDH/
RPLPO/ß Actin and NEAT1, respectively.
Kinetic assessment of proliferation and apoptosis in human

AoSMCs

Real-time assessment of hAoSMCs status was carried out with an
IncuCyte Zoom System (Sartorius, Goettingen, Germany), as
described previously by our group.51,52 Live-cell imaging was per-
formed upon target silencing or doxorubicin treatment. To evaluate
the death rate, a caspase-3/7 apoptosis reagent (Sartorius) was added
at a final concentration of 5 mMprior to imaging with phase contrast/
fluorescence (4 h/imaging pattern). Images were auto-collected and
analyzed by using the IncuCyte software package.
ATM enzyme-linked immunoassay

ATM enzyme-linked immunoassay was performed on 7 PAD vs. 7
AAA patient serum samples according to the manufacturer’s instruc-
tions (NBP2_69891, Novus Biologicas). In brief, 80 mL of standard or
serum were aliquoted into anti-ATM-coated wells in duplicate and
incubated. After application of biotinylated antibody, wells were
washed and provided with HRP conjugate. After further washings,
the signal was revealed via substrate addition and stopped after
15 min. Absorbance was read at 450 nm with a plate reader (Molec-
ular Devices, Germany).
Statistical analysis

All data are expressed as means ± SD or ± SEM for n R 3 replicas.
Statistical analysis was performed by using GraphPad Prism software.
Statistically significant differences were assessed by Student’s t test.
Values of p < 0.05 were considered significant.
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