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Long non-coding RNAs (lncRNAs) orchestrate various biolog-
ical processes and regulate thedevelopmentof cardiovasculardis-
eases. Their potential therapeutic benefit to tackle disease pro-
gression has recently been extensively explored. Our study
investigates the role of lncRNA Nudix Hydrolase 6 (NUDT6)
and its antisense target fibroblast growth factor 2 (FGF2) in
two vascular pathologies: abdominal aortic aneurysms (AAA)
and carotid artery disease. Using tissue samples from both dis-
eases, we detected a substantial increase of NUDT6, whereas
FGF2wasdownregulated. TargetingNudt6 in vivowith antisense
oligonucleotides in three murine and one porcine animal model
of carotid artery disease and AAA limited disease progression.
Restoration of FGF2 upon Nudt6 knockdown improved vessel
wall morphology and fibrous cap stability. Overexpression of
NUDT6 in vitro impaired smooth muscle cell (SMC) migration,
while limiting their proliferation and augmenting apoptosis.
By employing RNA pulldown followed by mass spectrometry
as well as RNA immunoprecipitation, we identified Cysteine
and Glycine Rich Protein 1 (CSRP1) as another direct NUDT6
interaction partner, regulating cell motility and SMC differenti-
ation. Overall, the present study identifies NUDT6 as a well-
conserved antisense transcript of FGF2. NUDT6 silencing trig-
gers SMC survival and migration and could serve as a novel
RNA-based therapeutic strategy in vascular diseases.

INTRODUCTION
Atherosclerosis, the underlying pathology of most cardiovascular dis-
eases, remains the most prominent cause of death worldwide.1
Mol
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Advanced atherosclerosis in carotid artery plaques is the most
common reason for ischemic forms of large artery stroke while pro-
gressing abdominal aortic aneurysms (AAAs) are closely associated
with the atherosclerotic burden and vascular inflammation within
the infrarenal section of the aorta. Both diseases share similar molec-
ular characteristics, including endothelial dysfunction,2,3 enhanced
monocyte infiltration and macrophage activity,4,5 increased smooth
muscle cell (SMC) apoptosis,6,7 as well as impaired extracellular ma-
trix (ECM) remodeling.8,9 In AAAs, these mechanisms can culminate
in an acute rupture with mortality rates above 80%.10,11 Vulnerable
atherosclerotic lesions in the carotid artery can become unstable
and rupture. This in consequence, leads to transient ischemic attacks,
amaurosis fugax, and ultimately ischemic stroke, causing physical
impairments and death.12

Apart from sharing similar pathophysiological features, both diseases
also have similar risk factors, including dyslipidemia, arterial hyperten-
sion, family history/genetic association, advanced age, male sex, and
smoking.13 Of further importance, about 60% of all AAA patients die
from other cardiovascular diseases, such as stroke ormyocardial infarc-
tion, again emphasizing the overlap in risk factor profiles andpotentially
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shared underlying mechanistic drivers of both diseases.8,14 While
several medications were discovered to slow down the atherosclerotic
process in the carotid artery limiting the risk of plaque rupture, no treat-
ment (apart from surgical intervention) is currently available for AAA
patients to slow down expansion and reduce their risk of an acute
rupture.15 Clinical handling of AAA patients is further hampered by
the fact that currently, no tools (e.g., biomarkers) exist that allow fore-
seeing growth rates and rupture risk for any given individual.

SMC dynamics and fate in both pathologies play crucial roles during
disease exacerbation. Under physiological conditions, vascular SMCs
regulate the tone and contraction of arteries, thus maintaining the
morphological integrity of the vasculature.16 When SMC survival is
impaired, the vessel wall and plaque fibrous cap weaken, leading to
lesion instability and aortic dilatation.6,9 When SMCs become
hypo-migratory, fibrous cap thickness is decreased, and the aneurysm
diameter expands.6,17 Furthermore, augmented matrix production
and states of limited proliferation in SMCs accelerate the progression
of both diseases.18,19

Natural antisense transcripts (NATs) are a subclass of long non-coding
RNAs representing the largest group of RNAs in mammalian
genomes.20 NATs are generally transcribed from the opposing strand
to protein-coding genes. For most NATs, a repressive function on
the expression of their partner sense transcript has been described in
cis.21 This becomes interesting in diseases where the upregulation of
classically considered “undruggable” targets, such as transcription or
growth factors, is desirable.22,23 However, targeting the NAT that
blocks transcription increases their expression levels, thus imposing
potential benefits as future therapeutic approaches. Further, NATs
were shown to exert their action faster than transcription factors due
to their spatial proximity, which allows for immediate adaptation.24,25

In this current study, we have investigated the lncRNA Nucleoside
diphosphate-linked moiety X motif 6 (NUDT6), an NAT to the fibro-
blast growth factor 2 (FGF2). NUDT6 and FGF2 deregulation were
discovered using laser capture microdissection of human stable and
unstable fibrous caps as previously described.26,27 NUDT6 overex-
pression limits survival, proliferation, and migration in arterial
SMCs. Conversely, its silencing by using site-specific antisense oligo-
nucleotides (GapmeRs), limits plaque rupture rates and experimental
AAA growth in four preclinical disease models, thus providing an
avenue for developing new therapeutic strategies to limit the burden
of both vascular pathologies.

RESULTS
NUDT6 and FGF2 are deregulated in fibrous caps of advanced

human atherosclerotic plaques

To identify relevant mediators and effectors of fibrous cap stability,
we performed laser capture microdissection of fibrous caps in athero-
sclerotic plaques (10 stable vs. 10 unstable plaques) from patients
undergoing carotid endarterectomy (CEA) in our Department for
Vascular and Endovascular Surgery at the Klinikum rechts der Isar
of the Technical University Munich, Germany. Here, NUDT6 was
1776 Molecular Therapy Vol. 31 No 6 June 2023
enriched while FGF2 expression was downregulated in unstable/
ruptured compared with stable fibrous caps. Plaque stability was
assessed based on fibrous cap thickness (>/< 200 mm) as previously
described (Figures 1A–1C).17,26,28 NUDT6 and FGF2 form a proto-
typical mRNA-NAT sense/antisense (S/AS) pair with overlapping
exons (Figure S1A) previously described in the cancer field.29 In
situ hybridization (ISH) on advanced atherosclerotic carotid plaques
confirmed the increase in NUDT6 signal predominantly associated
with the fibrous cap while showing higher expression in ruptured le-
sions (Figure 1D). In the same lesions, deregulation of FGF2 levels
(high in stable, low in ruptured plaques) assessed by immunohisto-
chemistry (IHC) could be detected (Figure 1E). SMC a-actin
(aSMA), an indicator of SMC content and fibrous cap stability, was
positively correlated with FGF2 levels and appeared as expected
higher in stable and lower in unstable/ruptured lesions (Figure S1B).
Quantitative reverse-transcriptase PCR (qRT-PCR)-based expression
analysis for NUDT6 and FGF2 on bulk lesions comparing stable vs.
plaque phenotypes showed an increase of both NUDT6 and FGF2
(Figures 1F and 1G) in ruptured lesions. Thus, the deregulation of
both transcripts seemed to appear exclusively in the culprit fibrous
cap area and not in other regions of plaques, such as the necrotic
core or the remaining media of the carotid arteries (Figure 1A).

NUDT6 and FGF2 deregulation is also present in human tissue

specimens from patients with AAAs

Based on the findings in the fibrous cap from stable and unstable pla-
ques, we wanted to assess whether the deregulation of the NUDT6/
FGF2 axis is only present in carotid artery disease or potentially
also of relevance in other vascular diseases, in which SMC survival ap-
pears of great importance. As this is the case in AAAs, we monitored
the expression of both transcripts by qRT-PCR and ISH in human
specimens from patients undergoing elective open aneurysm repair.
NUDT6 expression patterns reflected those observed in fibrous
caps, with significantly higher AAA levels than non-dilated control
aortas (Figures 1H and 1I). In line with the fibrous cap results,
FGF2 levels were substantially decreased in human AAA on both
the protein and RNA levels (Figures 1J and K). Also, aSMA, being
mainly expressed by contractile SMCs in AAA tissue, was less
prominent in AAA vs. controls (Figure S1C).

NUDT6 is increased, and FGF2 downregulated in experimental

murine models of inducible plaque rupture and AAA

development

As both NUDT6 and FGF2 are conserved in vertebrates,30 we ad-
dressed whether similar disease-associated expression patterns
could be observed in mouse models of vascular disease development.
Atherosclerotic ApoE-deficient mice were utilized for the combined
incomplete ligation/cuff injurymodel we established previously17,26,28

to induce plaque rupture in carotid arteries (Figure 2A), or the Angio-
tensin II (AngII) model31 to create suprarenal aortic aneurysms (Fig-
ure 2B). Nudt6 transcript and Fgf2 protein distribution within the
vasculature were visualized via ISH and IHC, respectively. In line
with our observations in human tissue, Nudt6 was increased in
both disease models (Figures 2C and 2D), whereas Fgf2 protein was



Figure 1. NUDT6 expression is upregulated in human ruptured carotid plaques and human abdominal aortic aneurysm

(A) Hematoxylin and eosin stained stable and unstable or ruptured atherosclerotic plaques from the Munich Vascular Biobank. The dotted lines mark the fibrous cap (FC)

shielding the necrotic core (NC) from the lumen. FC > 200 mm defines stable lesions, FC < 200 mL defines unstable lesions. (B and C) NUDT6 (B) and FGF2 (C) expression in

micro-dissected carotid FCs of ruptured vs. stable lesions (n = 10 per group). (D) In situ hybridization (ISH) of stable and ruptured atherosclerotic carotid lesions (n = 5 per

group) indicates a stronger signal in the fibrous caps of ruptured lesions. L = Lumen. (E) Immunohistochemical analysis of FGF2 shows decreased expression in correlation

withNUDT6 in FC ruptured lesions compared with stable lesions (n = 3 per group). Dashed lines mark the FC. FC = fibrous cap; L = lumen; M =media; NC = necrotic core. (F

and G) qRT-PCR analysis detecting NUDT6 (F) and FGF2 (G) in whole fresh-frozen carotid arteries of controls (n = 3–5) or advanced lesions (n = 8). (H) In situ hybridization of

control aorta and abdominal aortic aneurysm (AAA) (n = 3 per group) indicates higher expression ofNUDT6 in the vessel’s smooth muscle cell-rich media layer (dashed lines).

L = lumen. (J) Immunohistochemical staining of FGF2 shows decreased expression of both markers in AAA compared with aortic control (n = 3 per group). L = lumen. (I–K)

qRT-PCR of whole fresh-frozen abdominal aortic aneurysm (n = 16) or control aorta (n = 13) detecting NUDT6 (I) and FGF2 (K). n = 13–16. Quantitative data are presented as

mean +SEM. *p < 0.05; **p < 0.01; ****p < 0.0001. Significance was determined using one-tailed Student’s t test (B), (C), (F), (G), and (I)–(K).
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decreased in AngII-induced aneurysms and ruptured murine plaques
(Figures 2E and 2F). To further mimic our efforts in analyzing
advanced human carotid artery lesions, we performed qRT-PCR
analysis from micro-dissected laser-captured murine fibrous caps.
This confirmed Nudt6 upregulation and Fgf2 mRNA reduction in
the cap (Figures 2G and 2H). Similar expression patterns were ob-
tained from qRT-PCR analysis of Nudt6 and Fgf2 in AngII-AAA tis-
sue vs. saline-infused control specimens (Figures 2I and 2J). Interest-
ingly, in a diet-induced model of early atherosclerotic lesion
development, in which ApoE-deficient mice were either fed with reg-
ular chow or high-fat diet (HFD) for 12 weeks, no significant change
in Nudt6 or Fgf2 expression could be detected (Figure S1D).
Molecular Therapy Vol. 31 No 6 June 2023 1777
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Figure 2. Increased Nudt6 mRNA and decreased Fgf2 mRNA and protein levels in two experimental animal models for vascular disease

(A) Scheme describing the inducible plaque rupture mouse model. A ligation is placed distally to the carotid bifurcation. After 4 weeks, a cone-shaped cuff is placed around

the vessel, leading to disturbed blood flow. (B) Scheme of the Angiotensin II mouse model. After the implantation of an AngII-filled pump, an abdominal aortic aneurysm

develops. (C and D) Stable vs. ruptured carotid plaques derived from ApoE�/� mice undergoing the inducible plaque rupture (n = 7 per group) were stained for Nudt6 (C, in

situ hybridization) and Fgf2 (D, immunohistochemistry), resembling the phenotype observed in human disease with increased Nudt6mRNA expression and decreased Fgf2

protein levels in ruptured compared with stable lesions (n = 3 per group). (E and F) Saline-infused (control) vs. AngII-infused (AAA) ApoE�/� aorta from the Angiotensin II mouse

model (n = 6 per group) was stained for Nudt6 (E) and Fgf2 (F). (G–J) The observed phenotype was confirmed by qRT-PCR in murine stable vs. unstable/ruptured ApoE�/�

lesions (G) and (H) and murine ApoE�/� saline-infused (control) vs. AngII-infused aortas (I) and (J) (n = 4–7 per group). Quantitative statistics are presented as mean + SEM.

*p < 0.05 in one-tailed Student’s t test. Scale bar, 100 mm.
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Nudt6 inhibition in vivo reduces rupture risk and AAA growth

To test the therapeutic feasibility of inhibiting Nudt6 in vivo, locked
nucleic acid (LNA) GapmeRs were delivered to the above-mentioned
experimental mouse models. The designed GapmeR targeted Nudt6
at exon 2, which does not overlap with Fgf2 (see Figure S1A). Inhibit-
ing Nudt6 in the inducible plaque rupture model led to decreased
rupture rates (Figure 3A). ISH and IHC further confirmed reduced
Nudt6 expression while rescuing Fgf2 and aSma expression in
GapmeR-treated murine carotid arteries (Figures 3B and S1E).
Next, local inhibition of Nudt6 via ultrasound-targeted microbubble
destruction (UTMD) was carried out in the aorta of AngII-treated
mice with AAA. As shown in a previous study,28 local delivery of anti-
sense oligonucleotides (ASOs) can limit potential off-target effects
while potentiating the inhibitory action of the site-specific
GapmeRs applied in our experiments. Local penetration of the aortic
1778 Molecular Therapy Vol. 31 No 6 June 2023
tissue was confirmed by sectioning and imaging of the abdominal
aorta treated with a fluorescent FAM-labeled probe (Figure S1F).
Nudt6-Antisense Oligonucleotide (ASO, GapmeR) treatment re-
sulted in decreased abdominal aortic diameters upon weekly treat-
ments until day 28 (Figure 3C). Furthermore, an overall improved
vessel wall morphology (intactness of elastic laminae, increased
SMC content) was accompanied by decreased Nudt6, as well as
enhanced Fgf2 and aSma expression levels (Figures 3D, S1E–S1G).

To further confirm the observed findings of the AngII-AAA model,
we performed a confirmatory study in a second mouse model of
AAA development using porcine pancreatic elastase (PPE) in
C57BL/6 mice. Utilization of this model allowed us to discriminate
potential model-specific effects of AngII-induced aneurysms on
Nudt6 and Fgf2 deregulation. A one-time systemic intraperitoneal



Figure 3. Modulating Nudt6 in vivo leads to reduced rupture risk and reduced AAA growth

(A) Nudt6-ASO treatment (n = 20) of ApoE�/� mice significantly reduced the rupture rate in the inducible plaque rupture model compared with scramble-control-treated

animals (n = 20). (B) Fgf2 and aSma immunohistochemistry display restored expression afterNudt6-ASO treatment (n = 5 per group). (C) In the AngII model, localNudt6-ASO

treatment (n = 8) of ApoE�/� mice via ultrasound-targeted microbubble destruction (UTMD) led to significantly lower abdominal aortic diameter and reduced growth

compared with scramble control treatment (n = 13). (D) Fgf2 and aSma protein levels are restored in Nudt6-ASO-treated animals (n = 3 per group). (E) Systemic Nudt6-ASO

treatment (n = 4) in the porcine pancreatic elastase (PPE) mouse model significantly reduced abdominal aortic diameter of ApoE�/� mice and growth rate compared with

control (n = 5). (F) Immunohistochemistry of Fgf2 and aSma indicates higher expression in the Nudt6-ASO group compared with the control group (n = 3 per group).

Quantitative data are shown as mean ± SEM. *p < 0.05, **p < 0.01. Significance was calculated using c2 test (A), and multiple t tests (C) and (D). Scale bar, 100 mm.
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injection of the Nudt6-ASO was performed on the same day the AAA
was induced. Similar to our observation in AngII-treated mice, down-
regulation of Nudt6 (Figure S1E) resulted in decreased abdominal
aortic diameters (Figure 3E). Notably, Fgf2 and aSma content within
the intima media was increased in the Nudt6-ASO group compared
with scrambled GapmeR control mice with AAAs (Figure 3F). To
conclude, Nudt6 inhibition in three different mouse models led to
alleviated and beneficial effects, such as reduced rupture rate of
fibrous caps and AAAs, as well as smaller aortic diameters compared
with respective control groups.

NUDT6 inhibition derepresses FGF2, resulting in increased

proliferation and reduced apoptosis in SMCs

We next investigated NUDT6-mediated FGF2 regulation by using
different stimuli in vitro relevant to vascular disease development
and progression. Oxidized low-density lipoprotein (oxLDL) triggers
foam cell formation during atherogenesis in macrophages and
SMCs.32 As we identified NUDT6 being enriched in SMCs, we stim-
ulated human carotid SMCs (hCtSMCs) with oxLDL and/or serum
starvation. NUDT6 RNA levels increased upon oxLDL stimulation,
whereas FGF2 was strongly reduced dose-dependently (Figure 4A).
Similarly, human aortic SMCs (hAoSMCs) were treated with AngII,
a factor known to trigger vascular inflammation and AAA forma-
tion.33 AngII stimulation resulted in greatly increasedNUDT6 expres-
sion while reducing FGF2 levels (Figure 4B). Furthermore, primary
aortic SMCs isolated from three different AAA patients, as previously
described,34 showed a significant upregulation of NUDT6 with a
concomitant reduction of FGF2 levels compared with commercially
available hAoSMCs (Figures S2A and S2B). This could be reversed
by knocking down NUDT6 via small interfering RNAs (siRNAs)
(Figures S2C and S2D). AsNUDT6 expression seemed to be triggered
by disease, we subsequently tested the effects of NUDT6 knockdown
Molecular Therapy Vol. 31 No 6 June 2023 1779
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Figure 4. NUDT6 represses FGF2, thereby inducing apoptosis and inhibiting proliferation

(A) Oxidized LDL treatment results in a dose-dependent increase of NUDT6 expression, whereas FGF2 decreases with increased dosage in human carotid smooth muscle

cells (hCtSMCs) (n = 6 per group). (B) Angiotensin II treatment of human aortic smooth muscle cells (hAoSMCs) results in increased NUDT6 and decreased FGF2 expression

(n = 6–9 per group). (C–E) By transfection of hCtSMCs (C) and hAoSMCS (E), siRNA-mediated knockdown ofNUDT6 results in increased FGF2 expression, whereas vector-

mediated overexpression of NUDT6 limits FGF2 mRNA levels. n = 6 per group. (D) NUDT6 silencing restores FGF2 protein, n = 3 per group. Scale bar, 100 mm. (F) NUDT6

overexpression leads to less FGF2 protein expression. (G and H) Dynamic live-cell imaging of both hCtSMCs (G) and hAoSMCs (H) show impaired proliferation capacity in

NUDT6 overexpressing cells while the apoptosis rate is significantly increased. NUDT6-siRNA-treated cells behave as scramble control-treated cells. n R 6. Quantitative

results are presented as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Significance is determined using one-way ANOVAwith Sidak (A) and (B), one-tailed

Student’s t test (C)–(F), or two-way ANOVA with Tukey (G) and (H).
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(KD) and overexpression (OE) in hCtSMCs and hAoSMCs. siRNA-
mediated silencing of NUDT6 (Figure S2E) caused significant FGF2
upregulation on both mRNA (Figures 4C and 4E) and protein levels
(Figure 4D). Conversely, NUDT6 OE (Figure S2E) substantially
decreased FGF2 mRNA (Figure 4C) and protein levels (Figure 4F).

By using a dynamic live-cell imaging system, we further explored the
effects of NUDT6 KD and OE, respectively, in terms of proliferation
and apoptosis rates. Silencing of NUDT6 did not impair proliferation
or apoptosis in either hCtSMCs or hAoSMCs (Figures 4G and 4H).
However, overexpression of NUDT6 in both cell types limited prolif-
1780 Molecular Therapy Vol. 31 No 6 June 2023
eration and increased apoptosis. Migration and motility of SMCs
were also worsened in cells with NUDT6 OE, but not in cells where
NUDT6 was silenced (Supplemental Figures 2F and 2G).

In addition to its regulatory function as an antisense transcript, a mi-
cropeptide coding function forNUDT6was recently described.35,36 To
rule out any functional effect of the NUDT6 micropeptide on SMCs,
we stimulated hCtSMCs with the NUDT6 peptide (Figure S2H).
Importantly, we were not able to detect any functional role for thismi-
cropeptide in SMCs, supporting the fact that NUDT6 RNA seems
solely relevant for vascular disease development and progression.



Figure 5. Identification and validation of NUDT6 interaction partner CSRP1

(A) Identified proteins in biotinylated NUDT6 vs. biotinylated GFP pulldown in hAoSMCs (n = 6 per condition), red dots represent significantly enriched proteins (Student’s t

test) to NUDT6. (B) Confirmed binding of NUDT6 to CSRP1 protein in hAoSMCs. NUDT6 and UBC (unrelated target) enrichment in CSRP1 IP fraction was quantified using

RT-qPCR and CSRP1 availability was verified via western blot. T-distributed stochastic neighbor embedding (t-SNE) plots of single-cell RNA sequencing data from human

(C) human and (D) murine AAA (PPE-induced) with featured expression plots of Transgelin (TAGLN) and CSRP1. (E) Immunohistochemical staining of CSRP1 in human

control aorta and AAA. (L indicates lumen). (F) qRT-PCRof whole fresh-frozen abdominal aortic control (n = 6) and AAA (n = 8) of CSRP1mRNA. (G) CSRP1 protein levels after

NUDT6 overexpression. (H) CSRP1 protein levels after NUDT6 siRNA-mediated knockdown (n = 3 per group). Quantitative data are shown as mean ± SEM. *p < 0.05;

**p < 0.01. Significance was calculated using one-tailed Student’s t test. EC = endothelial cells, VSMCs = vascular smooth muscle cells; Mono/Macro = monocytes/

macrophages; B-Cells (prolif.) = proliferating B cells. Scale bar, 150 mm.
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To determine whereNUDT6 and FGF2 are located in the cell, nuclear-
cytoplasmic fractionationwas performed. This revealed localization of
both NUDT6 and FGF2 primarily in the nucleus and to a lesser extent
in the cytoplasm of hAoSMCs (Figure S3I). In hCtSMCs,NUDT6 was
found to be equally distributed between cytoplasm and nucleus (Fig-
ure S2J). Globally, these results suggest a worsened outcome in terms
of aortic and carotid SMC survival and migration uponNUDT6 upre-
gulation, as induced by pathogenic stimuli, such as oxLDL and AngII,
or by NUDT6 overexpression. The ability of hCtSMCs to shield the
necrotic core is impaired, while hAoSMCs fail to maintain the aortic
wall integrity, leading to rapid expansion and acute rupture.

NUDT6 interacts with CSRP1 and thereby affects SMC

contractility and migration

To further explore the distinct molecular mechanism underlying
NUDT6 regulation, we aimed to identify a potential mediating function
through direct interaction with other proteins. We thus performed a
NUDT6-RNA pulldown experiment followed by liquid chromatog-
raphy-tandemmass spectrometry (LC-MS/MS). Using hAoSMC lysate
and in vitro transcribed biotinylatedNUDT6 or control, 50 targets were
identified as significantly enriched in the NUDT6 pulldown fraction
(Figure 5A). Cysteine and Glycine Rich Protein 1 (CSRP1, 32.6-fold in-
crease, Table S1) appeared most enriched and was thus chosen for
further in-depth analysis based on its previously reported relevance to
SMC function (Figure S3A).37–39 In general, many interaction partners
seemed to be involved in SMC-mediated vascular pathologies
(Figures S3B and S3C). The direct NUDT6-CSRP1 interaction was
further confirmed using RNA immunoprecipitation (RIP), where
NUDT6 could be detected in the eluted CSRP1 fraction (Figure 5B).

Next, we performed single-cell RNA sequencing (scRNA-seq) on hu-
man AAA tissues, as well as murine and porcine PPE-induced AAAs
Molecular Therapy Vol. 31 No 6 June 2023 1781
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Figure 6. Translational aspects of NUDT6 inhibition in a large animal model of AAA

(A) Scheme describing the AAA induction in LDLR�/�Yucatanminipigs, in which the abdominal aorta was clamped and infused with PPE for 1min. Seven days later, a balloon

coated with NUDT6-ASO was introduced via the femoral artery and inflated for 3 min. (B) Representative image of the abdominal aorta of a control LDLR�/� minipig. (C) The

relative diameter of NUDT6-ASO-treated animals (n = 4) shows a decrease compared with DEB control-treated animals (n = 3). (D) Immunohistochemical staining of the

abdominal aorta of control andNUDT6-ASO-receiving pigs using antibodies against FGF2, aSMA, and CSRP1. “L” indicates lumen. (E) Quantification (four high-power fields

per aorta, in total 16 counts) of immunohistochemical staining from (D) for FGF2 and aSMA. (F and G) qRT-PCR of whole porcine aortic tissue shows a significant increase in

MYHC (F) and FGF2 (G) mRNA expression inNUDT6-ASO-treated animals (n = 4) compared with control (n = 3). Quantitative results are presented asmean ±SEM. *p < 0.05,

**p < 0.01, ***p < 0.001; ****p < 0.0001. Significance was determined using two-way ANOVA with Sidak (C) and one-tailed Student’s t tests (E)–(G). Scale bar, 500 mm.
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to gain insight into the specific cellular expression pattern of our tar-
gets. Of importance, CSRP1 expression seemed mainly restricted to
SMCs (Figures 5C, 5D, and S3D) in all three species. This observation
was confirmed by IHC staining of human control aorta and AAA,
where CSRP1 levels were reduced in AAA compared with healthy
aortic tissue (Figure 5E). Further, significantly lower CSRP1 mRNA
levels were found in AAA (Figure 5F). Of note, both NUDT6 and
1782 Molecular Therapy Vol. 31 No 6 June 2023
FGF2 were discovered but lowly expressed in the human and porcine
scRNA-seq datasets. However, the two transcripts were found to be
more highly expressed in murine AAAs (Figure S3E).

We were also able to see a difference in carotid atherosclerotic lesions.
Bulk RNA sequencing data of early and advanced lesions (Figure S3F)
showed lower CSRP1 expression in the more diseased state. Also, IHC



www.moleculartherapy.org
of control, stable, unstable, and ruptured carotid lesions indicated
decreased expression of CSRP1 in the aforementioned order. Interest-
ingly, CSRP1 expression in the stable lesion appeared enriched in the
fibrous cap, while its expression was lost in unstable or ruptured cap
structures (Figure S3G).

To further study the effect of NUDT6 on CSRP1, we modulated its
expression in hAoSMCs using plasmid-based overexpression and
GapmeR-mediated knockdown. Overexpression of NUDT6 substan-
tially downregulated CSRP1 (Figure 5G), while inhibition of NUDT6
increased its protein levels (Figure 5H). This indicates the regulatory
function of NUDT6 on SMC migration, survival, and de-differentia-
tion via targeting of CSRP1.37,39 This effect is independent, but addi-
tive in vascular disease development, to its antisense regulation of the
FGF2 gene.

NUDT6 inhibition limits aortic aneurysm development in LDLR-

deficient Yucatan minipigs

Finally, we attempted a translational therapeutic intervention in a novel
preclinical large animal model of AAA disease, utilizing LDLR-defi-
cient Yucatan minipigs. One-year-old male LDLR�/� minipigs were
fed a high-cholesterol Western diet for 6 months to trigger advanced
atherosclerotic disease (Figure S4A). AAAs for this study were induced
via catheter-directed PPE infusion into the infrarenal section of the
porcine aortas as previously described.33,34 Site-specific GapmeRs tar-
geting porcineNUDT6 were tested in pig fibroblasts before application
(Figure S4B) to ensure sufficient knockdown. To potentiate efficient
NUDT6 inhibition and enhance our study’s translational feasibility, a
local application using drug-eluting balloons (DEBs) coated with
NUDT6-ASOwas chosen. Seven days after AAA induction (mimicking
a small but clinically relevant aneurysm in humans),NUDT6-ASO was
locally applied to target the AAAs via one-time endovascular DEB
treatment. A sham intervention was performed using vehicle-only
coated DEBs and served as the control group.

From the time of intervention, we realized a significant difference in the
relative aortic diameters between the two groups. NUDT6-ASO DEB-
treated animals displayed significantly smaller diameters than the con-
trol group (Figure 6C). Profound changes in FGF2 and ACTA2/aSMA
expression on protein andmRNA levels could be observed in the treat-
ment vs. the control group (Figures 6D and 6E). These results were
further confirmed on the mRNA level by qRT-PCR (Figures 6F, 6G,
and S4C). In addition, expression profiles of the other direct NUDT6
RNA-protein interaction partner, CSRP1, resembled our in vitro re-
sults, with increased expression in the aortas from pigs receiving the
NUDT6-ASO treatment (Figure 6D). The overall aortic morphology,
including elastic layer integrity, SMC shape (not spindle-like), and con-
tent (yellow staining in Elastica van Giesson indicates SMCs), immune
cell infiltrates, and atherosclerotic plaque burden was less altered
compared to internal control tissue specimens (Figure S4D).

DISCUSSION
Increasing evidence shows that several non-coding RNA (ncRNA)
subclasses (e.g., microRNAs, lncRNAs) play an essential role in medi-
ating gene expression in health and disease. LncRNAs regulate gene
expression transcriptionally as well as post-transcriptionally by
affecting the stability and translation of protein-coding mRNAs.
The numbers of ncRNAs (and possibly their functions) have
increased with evolution, perhaps explaining how organisms devel-
oped complexity without a corresponding increase in protein-coding
genes.40 However, it is still being determined howmany of these tran-
scripts, particularly those with low abundance, are functional or tran-
scriptional artifacts. Nonetheless, the number of annotated ncRNAs
in humans continues to grow and has already surpassed the amount
of protein-coding genes by far.

The explosion of new RNA classes has raised the possibility of new
therapeutic strategies that mimic or antagonize their function. At-
tempts to therapeutically target RNA pathways began as soon as
they were discovered, even before their mechanism of action had
been revealed. On the contrary, within the roughly 20,000 expressed
human proteins, only a fraction of 10%–15% are thought to be
involved in disease development and exacerbation.41 Thus, disrupting
their activity is likely to have a therapeutic benefit in patients with car-
diovascular disease. Most potentially disease-related proteins are
termed “undruggable,” implying that they lack distinctive cleft-like
motifs into which small molecules can bind with high affinity and
specificity.42 These “undruggable” proteins contain many transcrip-
tion and growth factors, as well as epigenetic mediators. In this
dilemma, several RNA-based drugs have shown clinical benefits for
treating patients with previously considered intractable diseases.43

Most novel drugs that interfere with RNA expression use nucleic
acid analogs, taking advantage of complementary base pairing to
mimic or antagonize endogenous RNA processes like the GapmeRs
(ASOs) utilized in our in vivo experiments.

In our present study, we report a substantial imbalance of NUDT6
and its sense target FGF2 in the context of two different vascular dis-
eases: advanced atherosclerosis and AAAs. Both diseases share com-
mon key features, such as tissue infiltration of inflammatory cells,
impaired ECM remodeling, and SMC apoptosis. The latter process
is known to further be associated with the thinning of fibrous caps
and larger necrotic cores44 in carotid artery plaques, while in AAA,
SMC apoptosis has been extensively acknowledged as a major process
underlying aneurysm formation and progression. In particular, upre-
gulation of NUDT6 and a concomitant downregulation of FGF2
mRNA and protein were observed within fibrous caps of vulnerable
atherosclerotic human plaques and in aneurysmal aortas from pa-
tients undergoing elective open repair surgery. A significant focus
of our study was to identify molecular circuits and to develop novel
therapies aimed at halting late-stage disease events, such as the desta-
bilization and vulnerability of an advanced plaque and acute rupture
of AAA.

One possibility to prevent these events is stabilizing the vessel wall or
fibrous cap by re-activating proliferation and migration pathways in
de-differentiated/senescent SMCs. We were able to show that de-
repression of FGF2 via inhibiting NUDT6 in both carotid and aortic
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SMCs led to increased proliferation, migration, and decreased
apoptosis. In contrast, the opposite could be observed in gain-of-
function studies using NUDT6 overexpression. Upon NUDT6
targeting, SMCs regained their migratory capacity and contributed
to forming a thicker fibrous cap in carotid atherosclerosis. The
same was true in dilated aortas, where NUDT6 inhibition strength-
ened the weakened vessel wall. The identified protein interaction
partner of NUDT6, CSRP1, further points toward a dynamic regula-
tory role of NUDT6 in SMCs in health and disease states apart
from acting as an antisense to FGF2. CSRP1 is a co-activator of
the serum response factor, which controls SMC differentiation and
proliferation.37–39

It was shown previously that applying basic fibroblast growth factor
(bFGF/FGF2) to the abdominal aorta via a biodegradable hydrogel
halted aneurysm progression and restored the contractile capacity
of SMCs.45,46 Also, in intracranial aneurysms, the lncRNA ANRIL
was shown to influence the proliferation of SMCs by positively regu-
lating FGF2.47 However, the role of FGF2 in atherosclerosis is more
complex and dynamic: in early stages, it can support macrophage
infiltration48 while triggering intimal hyperplasia and thickening.49

In our experience, using an early-disease mimicking HFD-induced
atherogenesis model, we could not detect a change of either Nudt6
or Fgf2 in the aortic arches of ApoE�/� mice.

It has, however, also been shown that in combination with PDGF-BB,
high FGF2 levels can be beneficial by structurally normalizing
abnormal neovessels and thereby improving plaque stability.50 This
is in line with our observations where FGF2mRNA expression in mi-
cro-dissected fibrous caps was strongly deregulated. In contrast, FGF2
mRNA from whole carotid plaque tissues did not differ in expression
between stable and unstable/ruptured lesions. Thus, it seems to be
dependent on the progression of the respective disease to determine
when to re-activate FGF2, as well as on the location of the FGF2 signal
within the advanced plaque (media, necrotic core, or fibrous cap).

Using GapmeRs targeting NUDT6 in four different animal models
from two different species, we could trigger FGF2 at a late time point
of the disease and observed positive effects on rupture rate and
abdominal aortic diameter, respectively. Systemic injection of
NUDT6 GapmeR in the murine inducible plaque rupture model
and the murine PPE-induced AAA model led to different effects on
NUDT6 mRNA, as well as FGF2 and aSMA protein and mRNA
levels. Based on this, the overall composition of the vasculature ap-
peared less diseased and better remodeled. In the murine AngII and
the porcine PPE AAA models, we applied NUDT6 GapmeR locally
to the aortic wall using two different methods, which both increase
the translational value of utilizing NUDT6 GapmeRs. UTMD, suc-
cessfully used for clinical trials in patients with inoperable pancreatic
cancer,51 appears as a feasible and translational approach for deliv-
ering ASOs to the abdominal aorta. Interestingly, in patients with
pancreatic cancers, the previously deemed “undruggable” transcript
KRAS was targeted by employing local RNA therapy utilizing a poly-
meric matrix containing siRNA.52,53 These findings pinpoint the ne-
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cessity and opportunity of potent local administration of RNA ther-
apeutics, such as siRNAs, ASOs, and antagomiRs.

Based on the idea of enhanced local delivery, we utilized DEBs in male
and female LDLR�/� Yucatan minipigs in a preclinical AAA model,
demonstrating the feasibility of enhanced NUDT6 inhibition. This is
the first study in the cardiovascular field to target an lncRNA with
ASOs in a large porcine animal model.54 MicroRNAs have been suc-
cessfully targeted before in large animal models54 and are currently be-
ing assessed in phase II clinical trials for treatment in patients with
myocardial ischemia55 and heart failure.56 We are convinced that our
study provides evidence and hope that inhibition of NUDT6 presents
a novel therapy to limit the burden of atherosclerotic vascular diseases,
such as advanced carotid stenosis and AAAs. Future studies will aim at
optimizing the local delivery of the NUDT6-ASO strategy into carotid
plaques and aortic aneurysms to successfully treat our increasing num-
ber of patients with both vascular pathologies.

MATERIAL AND METHODS
Patient specimen

The tissue derived from the Munich Vascular Biobank.57 Carotid
specimens were harvested during carotid endarterectomy, AAA sam-
ples were collected during open aneurysm repair and stored in
DMEM/F12 medium (Sigma-Aldrich, Darmstadt, Germany) for
further processing (see section “cell culture and transfection” for
further details) cell culture purposes. Specimens for staining were
fixed in 2% zinc-paraformaldehyde for 48 h followed by paraffin
embedding. For characterization based on American Heart Associa-
tion staging after Stary et al.58 as well as fibrous cap thickness after
Redgrave et al.,59 5-mm sections were stained with hematoxylin and
eosin (H&E) as well as Elastica van Gieson’s (EvG). For RNA analysis,
fresh-frozen specimens stored at �80�C were used.

Laser capture microdissection of fibrous cap tissue derived

from advanced atherosclerotic carotid plaques

Human specimens were treated as described in the supplemental
methods. Murine specimens were embedded in optimum cutting
temperature compound (OCT) medium (Sakura Fine-Tek, Umkirch,
Germany) and stored at �80�C until further processing. Before H&E
staining, mouse sections were fixed in 4% PFA (Sigma-Aldrich, Darm-
stadt, Germany) for 10 min. H&E was performed on RNase-free glass
slides and pre-treated with UV light at 254 nm for 30 min to promote
better adhesion to the slide. Up to 10 consecutive slides per patient
were micro-dissected and collected in 350 mL of RLT buffer (Qiagen).
The sample was inverted and centrifuged at 13,000 rpm for 5 min
and stored at�80�C. RNA extraction was performed with the RNeasy
Micro Kit (Qiagen, Hilden, Germany) after the manufacturer’s instruc-
tions. RNAquality was verified usingAgilent 2100 Bioanalyzer (Agilent
Technologies), andRNAquantitywasmeasuredusingNanoDrop (Agi-
lent Technologies). For further information, please refer to Jin et al.28

In situ hybridization

Frozen sections were thawed and hybridized with Exiqon miRCURY
LNA GapmeR microRNA ISH Optimization Kit (Exiqon, Denmark
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or Qiagen, Hilden, Germany) following the instructions of the manu-
facturer with minor modifications (according to Exiqon’s Guidelines
for ISH on fresh-frozen material using the miRCURY LNA ISH
Optimization kits) and using Pertex (VWR, Stockholm, Sweden)
for mounting. Slides were stained for NUDT6 (562759-2, Exiqon,
Denmark). Nuclear counterstaining was done with Nuclear Fast
Red (Sigma-Aldrich, Darmstadt, Germany) for 1 min and then
washed in 37�C tap water for 10 min before mounting.

Immunohistochemistry

For frozen sections, the following primary abcam antibodies
(Cambridge, UK) were used: a-Smooth muscle actin (ab5694),
FGF2 (ab8880), Caspase 3 (ab13847), Ki-67(ab16667). As secondary
antibody, horseradish peroxidase goat anti-rabbit immunoglobulin
(Ig)G (Vector Laboratories, Peterborough, UK) has been used. AEC
staining (Histofine Simple Stain, Nichirei Bioscience Inc., Tokyo,
Japan) has been performed under surveillance. Counterstaining
with Mayer’s Hematoxylin (Vector Laboratories, Peterborough,
UK) for 10 s has been performed.

For formalin-fixed paraffin-embedded sections, samples were rehy-
drated, and antigen retrieval was performed in pH 6 in citrate buffer.
H2O2 blocking was performed prior to primary antibody incubation.
For this, the Dako REAL Detection System Peroxidase/DAB+,
Rabbit/Mouse Kit (Dako Denmark, Glostrup, Denmark) was used.
The following steps were performed after the manufacturer’s instruc-
tions. Slides were dehydrated in an increasing ethanol row followed
by xylene. For mounting, EUKITT (Sigma-Aldrich, Darmstadt,
Germany) was used before imaging was performed.

RNA isolation and qRT-PCR

Cells were harvested 24 h after transfection (described above).
Homogenization of the cells was achieved by adding 700 mL QIAzol
(Qiagen, Hilden, Germany) to the cells, scraping them off with a cell
scraper (Sigma-Aldrich) and pipetting up and down three times.
Tissues were lysed in 1 mL QIAzol with a tissue homogenizer
(ProScientific, Oxford, MS, USA). RNA isolation was performed
with miRNeasy MiniKit (Qiagen, Hilden, Germany) following the in-
structions given by the provider. RNA concentration was measured
using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scienti-
fic, Gothenburg, Sweden). cDNA was synthesized with the cDNA RT
kit (Applied Biosystems, Foster City, CA, USA) according to theman-
ufacturer’s protocol using 10 ng of RNA. TaqMan qRT-PCR assay
was performed for NUDT6 and FGF2 (Thermo Fisher Scientific,
Gothenburg, Sweden) using 300–400 ng of cDNA. Housekeeping
control ACTB (Thermo Fisher Scientific, Gothenburg, Sweden) was
used to normalize the assays. DDCt was calculated in Excel to deter-
mine the fold change. For more information about the used primers,
see the Appendix.

Mouse carotid plaque rupture model

Via incision of the medial neck, the right carotid artery of an ApoE-
deficient mouse was cleared from connective tissue. A 5.0 VICRYL
suture (Ethicon, Johnson & Johnson AB, Sollentuna, Sweden) was
placed around the carotid artery below the bifurcation following the
closure of the skin with 5.9 VICRYL suture (Ethicon, Norderstedt,
Germany). Twenty-eight days afterward, a 1.77-mm-long plastic
cast consisting of two-halves (Promolding BV, Rijswijk, Netherlands)
with a triangular-shaped internal lumen ranging from 150 mm (distal)
to 300 mm (proximal) was placed proximal to the ligation around the
carotid artery. Before that, flow through the ligated part of the carotid
artery was verified by Doppler-enhanced ultrasonography (Vevo
2100, VisualSonics, Toronto, Canada). After the cast was placed, an-
imals were killed, and organs were harvested.

Mouse Angiotensin II-induced AAA model

Once they reached the age of 10 weeks, osmotic minipumps (model
2004, Alzet, Cupertino, CA, USA) with Ang II (Sigma-Aldrich, Stock-
holm, Sweden) were implanted subcutaneously into the back/neck
area of the anesthetized (2.0% Isoflurane-containing oxygenated
air) ApoE-deficient mouse on day 1. A steady delivery of 1,000 ng/
kg/min was thereby ensured. Determination of the aortic diameter
via ultrasound (VisualSonics; Vevo 2100 Imaging System) was per-
formed at baseline, and then after 7, 14, and 28 days. In addition,
the aortic wall was examined for potential dilations and lesions on
days 7, 14, and 28. Mice were anesthetized prior to ultrasound with
Isoflurane (Santa Cruz Biotechnology, Dallas, TX, USA).

UTMD-mediated local aortic Nudt6 GapmeR delivery

The procedure was performed as recently described by Jin et al.28 In
brief, mice subjected to Angiotensin II osmotic minipumps received
200 mL cationic microbubbles (SonoVue), which were charge-coupled
to Nudt6 GapmeR or an FAM-labeled scrambled control (Qiagen,
Hilden, Germany). Mice were anesthetized after aortic diameter
measurement, and a phased transducer (Sonitron GTS Sonoporation
System) was placed on the abdominal aorta, which was marked with a
pen according to the localization of the infrarenal aorta. For 15 min,
ultrasound was transmitted with 1 MHz, 2.0 w/cm2, and 50% duty
cycles.

Mouse porcine pancreatic elastase-induced AAA model

The proximal and distal aorta of anesthetized (2.0% Isoflurane-con-
taining oxygenated air) C57BL/6J mice was temporarily ligated at
the proximal and distal end. An incision at the bifurcation and an
infusion catheter was used for flushing the aorta for 5 min at
100 mm Hg with saline or saline-containing type I PPE (1.5 U/mL;
Sigma-Aldrich, Darmstadt, Germany). Then, the catheter was
removed, and the incision was closed with a suture without constrict-
ing the aortic lumen. The aortic diameter was measured, as explained
in the previous paragraph.

In vivo Nudt6 inhibition

Ten milligrams per kilogram fluorescently labeled scrambled control
oligonucleotide or NUDT6 specific GapmeR inhibitor (NUDT6_6
GGACCTGAATTCTGA, Exiqon, Vedbaek, Denmark) was injected
intraperitoneally. For the carotid artery atherosclerotic model, mice
received a four-time injection on days 1, 11, 21, and 28. For the
AngII mouse model, mice received three-time injection on days 1,
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11, and 21, followed by the described UTMD procedure. On day 28,
the mice were killed through CO2 inhalation, exsanguinated by heart
puncturing, and perfused with PBS. For the PPE mouse model, mice
received a one-time intraperitoneal injection after surgery on the
same day. Organs were snap-frozen in dry ice and stored at �80�C.
The aneurysmal aorta and the common right carotid artery were
embedded into OCT (Histolab, Gothenburg, Sweden), snap-frozen,
and stored at �80�C for sectioning.

Cell culture and transfection

Primary mouse aortic smooth muscle cells (mAoSMC), grown in
DMEM/F12 (Gibco, Thermo Scientific, Gothenburg, Sweden) sup-
plemented with 10% FBS (Gibco, Thermo Scientific, Gothenburg,
Sweden) and 1% Penicillin-Streptomycin (PeSt) or human aortic/ca-
rotid smooth muscle cells (hAoSMC; hCtSMC), grown in SMC
Growth Medium (PELO Biotech, Martinsried, Germany) were
passaged up to five to six times and seeded at 100,000 cells/well
(six-well plate) or 10–15,000 cells/well (48-well plate).

Patient-derived cells from aneurysmatic or atherosclerotic tissue sam-
ples were collected during open AAA repair or carotid endarterec-
tomy (CEA) and stored short-term in DMEM (Gibco, Thermo Scien-
tific, Darmstadt, Germany) at +4�C. Then, the adventitia and, if
possible, the endothelium was removed and the tissue was incubated
at 37�C, 5% CO2 on collagen-coated petridishes in SMC Growth
Medium. Cells were used until passage seven.

Pig fibroblasts were provided by Associate Professor Yonglun Luo
from Aarhus University, Denmark, and derived from Yucatan
minipigs.

NUDT6 gene silencing and overexpression in hCtSMC and hAoSMCs
were performed using Silencer Select Negative Control No. 1 siRNA
(Ambion Life Technologies Corp., Carlsbad, CA, USA), NUDT6
siRNA (Ambion Life Technologies Corp., Carlsbad, CA, USA),
pCMV6-Entry Tagged Cloning Vector (OriGene Technologies, Inc.,
Rockville, MD, USA), and NUDT6 Human Tagged ORF Clone
plasmid (OriGene Technologies, Inc., Rockville, MD, USA) according
to the manufacturer’s standard protocols. Lipofectamine RNAiMAX
(Life Technologies Corp., Carlsbad, CA, USA) and Lipofectamine
3000 (Life Technologies Corp., Carlsbad, CA, USA) were used as
transfection reagents. To further verify the effects of NUDT6 protein
on hCtSMCs, NUDT6 peptides were transfected with Pierce Protein
Transfection Kit (Thermo Scientific Pierce RIPA Buffer, Thermo Sci-
entific, Waltham, MA, USA) according to the company’s protocol.
Pierce b-Galactosidase Control and Pierce FITC-Antibody Control
in the transfection kit were used as control peptides for the
experiment.

To further characterize themechanism underlying enhancedNUDT6,
cells were treated with 0.5 nMAngII(Sigma-Aldrich, Darmstadt, Ger-
many), 20 mg/mL oxLDL (kindly provided by Eva Ehrenborg Group,
Karolinska Institutet, Solna, Sweden) in Optimem (Gibco, Thermo
Scientific, Darmstadt, Germany) supplied with 10% FBS, only Opti-
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mem supplied with 10% FBS, or Optimem supplied with 2% FBS as
starvation group. RNAwas isolated (see below) after 24 h of treatment
and kept at �80�C.
Cell proliferation, migration, and apoptosis assay using

IncuCyte ZOOM

Minimum 6–8 h after transfection, cells were live imaged with the
IncuCyte imaging system (IncuCyte, Essen Bioscience, Hertfordshire,
UK). The experiment was conducted for 24–72 h, repeated at least
two times with triplicates of each group for statistics. To identify
the effect of Nudt6 modulation and its peptides on human carotid
SMCs and human aortic smooth muscles, cell proliferation (conflu-
ence), migration, and apoptosis assays were performed and analyzed
by IncuCyte Live Cell Analysis System (Sartorius Stedim Plastics
GmbH, Goettingen, Germany) under Nudt6 modulation (overex-
pression or silencing). IncuCyte Caspase-3/7 Apoptosis Assay Re-
agent (Sartorius Stedim Plastics GmbH, Goettingen, Germany) was
used to detect apoptotic cells following the manufacturer’s protocol.
Protein extraction and western blotting

HctSMCs or hAoSMCs were washed with PBS and resuspended in
protein isolation buffer. Protein was then extracted for 30 min at
4�C in a rotating mixer and quantified by using Pierce BCA Protein
Assay Kit (Thermo Scientific, Waltham, MA, USA). Ten micrograms
of protein from each lysate were separated by 12% Mini-PROTEAN
TGX Stain-Free Protein Gels (Bio-Rad Laboratories AB, Solna, Swe-
den) in SDS-PAGE buffer in Mini-PROTEAN Tetra Vertical Electro-
phoresis Cell (Bio-Rad Laboratories AB, Solna, Sweden). Gel was then
transferred to a Trans-Blot Turbo Mini polyvinylidene difluoride
(PVDF) Transfer membrane (Bio-Rad Laboratories AB, Solna, Swe-
den) by using the Trans-Blot Turbo Transfer System (Bio-Rad Labo-
ratories AB, Solna, Sweden), followed by blocking the membrane with
5% skim milk (Bio-Rad Laboratories AB, Solna, Sweden) (hCtSMCs)
or 5% BSA (Sigma-Aldrich) in TBS-T. Immunodetection of FGF2
and b-actin on membrane was performed through conjugated
secondary antibodies to primer antibodies. Membrane was finally
incubated in AmerSham ECL Prime western blotting detection
reagent (GE Healthcare UK Ltd., Buckinghamshire, UK) for 5 min
and exposed by CCD camera.
scRNA-seq data analysis

The scRNA-seq datasets were analyzed with Seurat (version 4.1.0) in
R (version 4.1.1).60,61 CellCycleScoring function62 in Seurat was
applied to calculate the scores of cell cycle phases like S phase and
G2M phase. SCTransform normalization workflow63 was adopted
to mitigate possible technically driven or other variations in which
mitochondrial genes and cell cycle phase were regressed out. In the
human dataset, a total of 3,000 cells were used for the downstream
analysis. In the pig models, 6,899 cells passed the quality control
and were included for analysis, while 13,002 cells were analyzed in
the mice models. T-SNE (t-Distributed Stochastic Neighbor Embed-
ding) was used for converting cells into two-dimensional maps.
FindAllmarkers function was performed to detect the main features
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of each cluster with default parameters. The top expressed genes were
mainly used for the consideration of cell-type identifications.

RNA pulldown

For linearization, 2.5 mg NUDT6 Human Tagged ORF Clone
(OriGene Technologies, Inc. Rockville, MD, USA) or GFP plasmid,
respectively, were digested with XhoI for 1 h (New England Biolabs,
Ipswich, MA, USA). Both constructs were run on a 1% agarose gel to
check for complete linearization. PCR cleanup kit (Qiagen, Hilden,
Germany) was used to purify the DNA, which NanoDrop then
measured. Next, T7 polymerase (Promega, Walldorf, Germany), as
well as the Roche Biotin RNA labeling kit (Sigma-Aldrich, Darmstadt,
Germany), was used for in vitro transcription (IVT) of 1 mg linearized
constructs. After that, TURBO DNase (Invitrogen, Darmstadt,
Germany) was used to remove the template from the reaction.
QuickSpin Sephadex columns (Roche, Sigma-Aldrich, Darmstadt,
Germany) were used to remove any unwanted leftovers from IVT.
The size and integrity of the biotinylated RNA were checked on a
6% urea gel (Thermo Scientific, Darmstadt, Germany). Immediately
before use, the RNA was heated to 95�C for 2 min, on ice for
3 min, and left at room temperature for 25 min in RNA folding buffer
(20 mM Tris-HCl pH 7.5, 100 mM KCl, 10 mM MgCl2, 20 U RNase
OUT) to ensure correct folding. For each pulldown reaction, 1.5 M
hAoSMCs p6/p7 was used. Cells were washed twice with PBS before
collection. After another wash, cells were lysed in lysis buffer (50 mM
Tris-HCl pH 8, 150 mM NaCl, 0.5% [v/v] NP40, 1x Roche cOmplete
protease inhibitor, 20 U RNaseOUT) for 30 min followed by a full-
speed 30-min centrifugation. The supernatant was diluted in dilution
buffer (20 mM Tris-HCl pH 7.4, 150 mMNaCl, 2 mM EDTA pH 8.0,
0.5% Triton X, and freshly added RNaseOUT and 2x Roche cOmplete
protease inhibitor) and a pre-clearing step with washed MyC1 strep-
tavidin beads (Invitrogen, Darmstadt, Germany) was performed.
Beads were removed and a 5% Input sample was taken for control
purposes; 250 ng of biotinylated IVT NUDT6 (or GFP, as a control
reaction) was incubated with pre-cleared cell lysate on an overhead
shaker at 4�C overnight. On the next day, the streptavidin beads
were added to the samples for 3 h on an overhead shaker at 4�C.
Bead-target complexes were washed 3x in dilution buffer on the
shaker at 4�C followed by one wash with 200 mM NaCl dilution
buffer. For LC-MS analysis, samples were washed briefly in M/S
buffer (10 mM Tris-HCl pH 7.4, 150 mM NaCl). To control the effi-
ciency of the pulldown, both qRT-PCR and silver staining was
performed.

Liquid chromatography-mass spectrometry

Mass spectrometrydata, togetherwith a detailed description ofmethods
and data analysis, have been deposited to the ProteomeXchange Con-
sortium via the PRIDE partner repository64 with the dataset identifier
PXD033922.

RNA immunoprecipitation

The Magna RIP 17-700 Kit (Millipore, Burlington, MA, USA) was
used together with a polyclonal CRP1 antibody (PA5-86703, Invi-
trogen, Thermo Scientific, Darmstadt, Germany) to perform the
RNA immunoprecipitation according to the manufacturer’s instruc-
tions. Briefly, hAoSMCs were grown in T175 flasks (1 flask per
reaction and per analysis), washed with PBS, and lysed in the pro-
vided RIP lysis buffer (Millipore, Burlington, MA, USA) according
to the protocol. The lysate was spun down at 12,000 rpm, and the
supernatant was divided into 20% input and two reactions, CRP1
and IgG control. The supernatant was applied to the respective anti-
body-pre-incubated magnetic beads (5 mg antibody per reaction).
The provided rabbit IgG antibody was used as a control (Millipore,
Burlington, MA, USA). After overnight incubation at 4�C, the reac-
tion was washed 6x at 4�C before elution. The eluate as well as
beads, input, and first wash supernatant were subjected to RNA
and protein analysis.

Porcine in vivo study

Eight female and castrated male LDLR�/� Yucatan minipigs (Exem-
plar Genetics, Coralville, IA, USA) were acclimatized prior to surgery
under conventional hygienic standards and received water ad libitum
and pelleted HFD (Altromin, Lage, Germany).

PPE procedure

On day 0, ultrasound and AAA induction by PPE procedure was per-
formed, on day 8—after ultrasound measurement—the aorta was
treated with an endovascular balloon. On day 28, another ultrasound
followed by euthanasia and tissue collection was performed.

Prior to anesthesia, the animal was sedated (15 mg/kg ketamine,
2 mg/kg azaperone, 0.1 mg/kg atropine) intramuscularly. Then, an
intravenous catheter was placed and the anesthesia was induced
with 4–8 mg/kg propofol. The animal was intubated (7–8.5 mm
cuffed endotracheal tube) and anesthesia was maintained by
continuously infusing 2.5–7 mg/kg/h propofol. Before skin incision,
cefuroxime (750 mg) was administered and further analgesia was
maintained throughout the surgery (50 mg/kg metamizole, 4 mg/kg
carprofen, 0.001–0.01 mg/kg fentanyl).

All ultrasounds were performed using a GE logiq S7 system (GE,
Frankfurt, Germany) by two independent examiners. For orientation,
the renal arteries and trifurcation were identified. Then, the aortic
diameter was measured using leading edge technique in transverse
and longitudinal sections at the point of maximum diameter.

The PPE procedure was performed via the left lateral flank. The aorta
was isolated from the left renal artery to the aortic trifurcation.
Lumbar arteries were clipped. Prior to aortic clamping, 3,000 IU hep-
arin was given. Depending on the measured aortic diameter, a 9–
11� 20 mm PTA balloon (Medtronic Admiral Xtreme) was inserted
and inflated to 10 atm for 1 min to secure pre-dilation of the aorta. By
inserting a blunt needle (5G) into the aorta, the elastase perfusion (10
IU/mL, PPE, Sigma-Aldrich, Germany) could be performed for
10 min using a pressure syringe. Then, the aorta was flushed with sa-
line followed by closure of the aorta with a 5-0 suture. Closure of mus-
cle, fat, and skin layers was done and the wound was finally coated
with a spray on dressing (Aqueos UK) to prevent infection.
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Balloon treatment

The NUDT6 GapmeR was prepared in a 33-mM dilution (Qiagen,
Hilden, Germany), spray coated on a 10–12 � 20-mm PTA balloon
(Medtronic Admiral Xtreme) and introduced via the femoral artery
advancing to the aneurysm, which was identified via angiogram.
The balloon then was inflated to 10 atm for 3 min. To exclude aortic
occlusion or dissection, an angiography was performed.

Analgesia, blood sampling, euthanasia

Toward the end of anesthesia, buprenorphine (0.005–0.01 mg/kg)
was administered. In the case of PPE procedure, administration was
continued for at least 2 days. After the surgery, carprofen (4 mg/kg)
was administered orally for at least 5 days.

Blood sampling was performed at day 0, 8 (±2), and 28 (±3) under
anesthesia.

On day 28, animals were killed after a final aortic ultrasound using
pentobarbital (>50 mg/kg) and 40 mL of 1 M KCl solution.

Statistics

Quantitative data are shown as dot plots with columns representing the
mean and with error bars representing the SEM. Repetitive data are
shown as dots representing the mean and with error bars representing
the SEM connected by lines. Continuous variables between two groups
were done by Student’s t test. More than two groups were analyzed by
one-way ANOVA or two-way ANOVA, depending on the number of
independent variables. For repeatedmeasures over time,multiple t tests
were used. p < 0.05 was used to show statistical significance with prob-
ability values two-tailed or one-tailed as indicated.

Statistical analyses and graphs were generated with GraphPad Prism 8
or newer.

Study approval

All patients provided written and informed consent according to the
Declaration of Helsinki. The study was approved by the local ethics
committee (protocol No. 2799/10 and 2799/10S).

Male ApoE�/� mice (Taconic Biosciences, Hudson, NY, USA) and
C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME, USA)
were maintained in the local animal facility under ethical approval
of the local ethics committee (Swedish Board for Agriculture; Ethical
permit no. N48/16). The mice had ad libitum access to water and a
standard chow diet. The animal study using minipigs was approved
by the Animal Ethical Committee of the Government of Upper Bava-
ria (Munich, Germany; protocol No. ROB-55.2-2532.Vet_02-18-53)
and performed in accordance with respective guidelines (EU Direc-
tive 2010/62/EU and Animal Welfare Act (2018).
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Figure S1
(A) Scheme adapted from 24 showing the common overlap of NUDT6 and FGF2 transcripts and respective 
exons. (B-C) Immunohistochemical staining for !SMA of stable and ruptured carotid lesions (B) and control 
aorta and AAA (C) show a similar expression pattern compared to FGF2. (D) qRT-PCR analysis of aortic 
arches from ApoE-/- mice fed either chow diet or high fat diet (HFD) for 12 weeks show no significant change 
in Nudt6 and Fgf2 expression. (E) Confirmatory In situ hybridization of Nudt6 in the three mouse models with 
signal quantification for Nudt6 signal (4 high power fields per image, N=8-16 counts in total). (F) Fluorescent 
FAM-labelled scramble particles show successful transmission of locked nucleic acid – oligos to the intima 
media of the abdominal aorta via Ultrasound targeted microbubble destruction (UTMD). (G) qRT-PCR 
analysis of abdominal aorta show increased Fgf2 levels in anti-Nudt6 treated AngII mice (n=5 per group). 
Quantitative data are shown as mean + SEM. *p<0.05; ****p<0.0001. Significance is determined using one-
tailed Student’s t-test.
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Figure S2
(A-B) NUDT6 (A) and FGF2 (B) mRNA expression after qRT-PCR in 3 different patient-derived aortic 
VSMCs (n=3 per patient). (C-D) Knocking down NUDT6 via siRNA in patient-derived aortic VSMCs led to a 
downregulation of NUDT6 (C) mRNA but had a rescuing effect on FGF2 (D) mRNA levels (n=3 per patient).
(E) Confirmatory qRT-PCR for NUDT6 after NUDT6 knockdown and overexpression shows significant 
deregulation in hAoSMCs (n=6 per group). (F-G) Live cell imaging of both hCtSMCs (F) and hAoSMCs (G) 
show impaired migratory capacity of cells receiving overexpression vector for NUDT6. NUDT6-siRNA-
treated cells behave as scramble control (n=3 per group). (H) Dynamic live-cell imaging of hCtSMCs treated 
with NUDT6 peptide does not have an effect on apoptosis (n=5 per group). (I-J) Nucleocytoplasmic 
fractionation of hCtSMCs (I) and hAoSMCs (J) show intracellular distribution of NUDT6 and FGF2 compared 
to nuclear-expressed NEAT1 and cytoplasmic expressed RPLPO (n=3 per group). Quantitative results are 
shown as mean+SEM. *p<0.05; **p<0.01; ****p<0.0001. Significance was calculated using One-tailed 
Student’s t-test (A-E, I-J) or two-way ANOCA with Tukey (F-H).
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Figure S3
(A) Heat map showing the abundance and expression of CSRP1 in VSMCs and ECs from human single-cell 
RNA sequencing experiments (Figure 5B). (B) Significant enrichment of potential NUDT6:protein interaction 
partners (Figure 5A) within several Disease Ontology datasets. (C) Regulation of potential NUDT6:protein 
interaction partners within specific Disease Ontology datasets shown in (B). (D) tSNE plots of scRNA 
Sequencing data from porcine AAA with expression plots of Transgelin (TAGLN) and CSRP1. AAAs were 
induced via PPE. (E) t-SNE plots of scRNA Sequencing data from murine AAA with expression plots of 
Nudt6 and Fgf2. (F) CSRP1 expression in early and advanced carotid lesions of a bulk sequencing dataset 
generated in our lab. (G) CSRP1 protein expression in control carotid, stable, unstable and ruptured carotid 
lesions (L=lumen, M=Media, T=Thrombus, FC=Fibrous Cap). Quantitative data are shown as mean + SEM. 
**p<0.01; Significance is determined using two-tailed paired Student’s t-test.
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Figure S4
(A) Representative image of the heart, aorta, and kidneys of an LDLR-/- pig with an enlarged image of the 
abdominal aorta. (B) Porcine aortic fibroblasts (n=3) treated with designed porcine in vivo locked nucleic 
acid against NUDT6 show downregulation of NUDT6 after treatment. © qRT-PCR of whole porcine aortic 
tissue (n=3-4) shows an increase in ACTA2 mRNA. (D) HE and EvG stainings of the abdominal aorta anti-
NUDT6 treated (n=4) and control (n=3) animals. Quantitative data are shown as mean + SEM. ***p<0.001. 
Significance is determined using one-tailed Student’s t-test (B-C).
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Protein names Gene names Fold enriched NUDT6 vs 
CTRL

1 Cysteine and glycine-rich protein 1 CSRP1 32.588
2 General transcription factor IIE subunit 1 GTF2E1 11.126
3 Cell division control protein 42 homolog CDC42 6.958
4 FACT complex subunit SPT16 SUPT16H 5.890
5 Nuclear fragile X mental retardation-interacting protein 2 NUFIP2 5.821

6
Actin, alpha skeletal muscle;Actin, alpha cardiac muscle 1;Actin, 

gamma-enteric smooth muscle;Actin, aortic smooth muscle
ACTA1;ACTC1;ACTG

2; ACTA2 5.646
7 Peroxidasin homolog PXDN 5.446
8 FACT complex subunit SSRP1 SSRP1 5.404

9 Heterogeneous nuclear ribonucleoprotein A1;
HNRNPA1;HNRNPA1

L2 4.940
10 T-complex protein 1 subunit beta CCT2 4.879
11 Protein HEXIM1 HEXIM1 4.792
12 Non-POU domain-containing octamer-binding protein NONO 4.729
13 Myristoylated alanine-rich C-kinase substrate MARCKS 3.975
14 Golgi integral membrane protein 4 GOLIM4 3.930
15 Contactin-associated protein 1 CNTNAP1 3.741
16 AMP deaminase 2 AMPD2 3.662
17 Splicing factor, proline- and glutamine-rich SFPQ 3.641

18 Heterogeneous nuclear ribonucleoproteins A2/B1
HNRNPA2B1;HNRPA

2B1 3.421
19 Golgin subfamily B member 1 GOLGB1 3.384
20 Pyruvate dehydrogenase protein X component, mitochondrial PDHX 3.331

Table S1
Table of the top 20 identified NUDT6-RNA Pulldown Targets.
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