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1. Introduction

1.1. Cardiovascular Diseases

Cardiovascular diseases (CVDs) remain the most common cause of death worldwide.
They are steadily increasing in high- but also in low-income countries (Forsdahl et al.
2009, Virani et al. 2021). In Europe, 39 to 45% (of men and women, respectively)
account for CVD-related deaths (Timmis et al. 2022). The ischemic heart disease and
stroke mortality rate of all CVD-related deaths make up 84.9% (Ridker 1999, Forsdahl
et al. 2009).

CVD risk factors were mainly established in the Framingham Heart Study,
which started in the late 40s. This study discovered hypertension, hyperlipidemia
(total, High-Density Lipoprotein (HDL), and Low-Density Lipoprotein (LDL)
cholesterol), and diabetes mellitus to have an impact on CVDs (Mahmood et al. 2014,
Libby 2021). For instance, nearly one-third of coronary heart diseases are connected
to elevated blood pressure levels (Mahmood et al. 2014). Later on, newly identified
markers such as lipoprotein (a), fibrinogen, or high-sensitivity C-reactive protein (CRP)
further helped with assessing myocardial infarction occurrence (Thomas et al. 2018).
CVDs reduce economic growth and remain a social challenge, so governments started

to focus on preventive measures (Virani et al. 2021).

1.1.1. Atherosclerosis — Stroke and Carotid Artery Disease

1.1.1.1. Clinical — Diagnosis and Therapy
Carotid artery disease (CAD) describes the clogging of the carotid artery by lipid
deposits, also called plaques, which block the blood supply to the brain. This can lead
to an ischemic stroke or a transient ischemic attack (TIA) where infarctions in the
spine, the retina, or the focal cerebrum cause a dysfunction over a longer or shorter
(2-15min, TIA) time (Sacco et al. 2013). CAD rapidly developed into a burden in
society. It inclined by 59.13% since the year 2000 in a heterogenous (gender and age)
study population (Song et al. 2020).

Atherosclerosis is the main underlying cause of the pathologies mentioned
above. Therefore, it is crucial to understand this disease's process and cellular

contributors to develop suitable preventive or therapeutical measures.



Prevention starts with the change in health behaviors like smoking, physical activity,
diet, and body weight (Hong et al. 2017, Arnett et al. 2019). If primary prevention is
unsuccessful, risk factors like hypertension, diabetes, and dyslipidemia arise over time
(Hong et al. 2017). These might sooner or later lead to cardiovascular or
cerebrovascular diseases like CAD or stroke. However, secondary prevention aims to
control new and existing CVDs. Measures include antiplatelet-, antithrombotic or
antihypertensive therapy, and lipid-lowering therapy (Meschia et al. 2017).

Recent advances in CVD treatment poses the CANTOS trial. In this study,
patients with high CRP were treated every three months with canakinumab, an anti-
inflammatory antibody targeting Interleukin-1b (IL1B). This led to a significantly
reduced rate of recurrent cardiovascular events; unfortunately accompanied by a
higher risk and occurrence of fatal infections, such as sepsis. (Ridker et al. 2017).

Diagnosis of carotid artery stenosis includes duplex ultrasonography, magnetic
resonance angiography (MRA), and computed tomographic angiography (CTA)
(Meschia et al. 2017). If a diagnosis is made upon a recent event, such as a TIA, the
patient will be classified as symptomatic. A patient will be seen as asymptomatic if
they are diagnosed without a previous event or by chance.

Atherosclerotic plaques cause increasingly narrow carotid arteries over time,
which has been connected to a higher risk for ischemic stroke (Barnett et al. 1998).
To reduce this threat, the plaque can be surgically removed by carotid endarterectomy
(CEA), or a stent can be placed in the plaque area. According to the North American
Symptomatic Carotid Endarterectomy (NASCET) trial, patients with a high
symptomatic stenosis degree (>50%) benefit more from surgery than from medical
therapy (Barnett et al. 1998, Rerkasem et al. 2020). For patients with stenosis lower
than 50%, there was no difference (Barnett et al. 1998, Rerkasem et al. 2020). Other
postoperative treatment, such as anti-statin and anti-platelet therapy, is necessary
(Naylor 2017). For asymptomatic patients, CEA can reduce the ipsilateral stroke risk
by 30% within three years (Chambers and Donnan 2005). However, the authors of
this database review also point out that women did not benefit from CEA, but only men
did (Chambers and Donnan 2005). Moreover, a recently published meta-analysis
highlights a dependency between stenosis degree and stroke risk also for
asymptomatic patients (Howard et al. 2021). Therefore, it is crucial to evaluate each

asymptomatic patient before CEA carefully.



1.1.1.2. Molecular Pathology

In 1858, Rudolf Virchow was the first to regard inflammation as the initiator of
atherosclerosis (Virchow 1989). More than a decade later, Russell Ross could verify
that atherosclerosis is indeed caused by inflammation rather than accumulated lipids
or injury (Ross 1999). Around the same time, the primary classification which defines
the plaque development stages based on histological characterizations was published
(Stary et al. 1994, Stary et al. 1995). Stary et al. classified and named six stages in
total. Later on, Virmani et al. modified the system (Virmani et al. 2000).
Atherosclerotic lesion development starts with risk factors (e.g. hypertension, cigarette
smoking, or low shear stress) which lead to leaky endothelial cells in the intima, the
innermost layer of the vessel wall (Libby et al. 2011, Seneviratne et al. 2013). These
cells usually regulate thrombosis and the vascular tone (Lusis et al. 2004). LDL
particles from the circulation then migrate into the vessel wall (Skalen et al. 2002) and

oxidize at their new location, the intima media (Figure 1a).
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Figure 1 Atherosclerosis Development. (Libby et al. 2011), Nature 473, 317-325 (2011)

This activates the receptor molecules on the endothelial cells such as m-CSF,
toll-like receptors or ICAM-1 and VCAM-1 (Kita et al. 2001, Edfeldt et al. 2002), which
attract monocytes to transmigrate and differentiate into macrophages (Figure 1b). The
oxidized LDL (oxLDL) binds to the macrophage-expressed scavenger receptors such
as CD36 or LOX-1 (Endemann et al. 1993, Khatana et al. 2020) and turns them into
lipid-rich foam cells, which further engulf oxLDL (Endemann et al. 1993, Kita et al.



2001, Berliner et al. 2009, Steinberg and Witztum 2010, Hansson and Hermansson
2011).

After a while, these cells undergo apoptosis and are cleared by other macrophages.
From there, a pro-inflammatory and apoptotic cascade is initiated. This includes failed
macrophage-mediated efferocytosis (Gui et al. 2022), and increased matrix
metalloproteinase (MMP) (Johnson 2007) expression. The cells produce high
amounts of IL-6, IL-18, and MCP-1 (van Tits et al. 2011, Colin et al. 2014) and can
induce apoptosis (Okura et al. 2000) or autophagy (Ouimet et al. 2011). Since the
dead cells cannot be properly cleared, necrotic cores form, which engulf all debris and
dead cells, which, due to impaired efferocytosis, cannot be removed.

The produced cytokines (Halvorsen et al. 2008) and MMPs (Johnson 2007)
trigger vascular smooth muscle cells (vSMCs) from the media layer of the vessel to
proliferate and migrate into the intima. Eventually, they form the fibrous cap, which
separates the necrotic core from the lumen (Ross 1993). The fibrous cap (FC)
components are collagen, elastin, foam cells, and lymphocytes (Figure 1c) (Saba et
al. 2010). Redgrave et al. measured FCs of more than 500 patients and concluded
that plaques that ruptured had a thinner, unstable fibrous cap (<200um) compared to
unruptured lesions (Redgrave et al. 2008). Thinning can occur through cap-resident
SMC apoptosis (Kolodgie et al. 2001, Clarke et al. 2006) or via macrophages and
MMPs (Bentzon et al. 2014), which further degrade the matrix (primarily collagen).
Several efforts have been made to identify the stability status, for example via MR,
where the outcome overlapped nearly 90% with the histological results (Hatsukami et
al. 2000).

A very rupture-prone region of the fibrous cap is the so-called shoulder region
(Falk et al. 1995, Barlis et al. 2008). If this region or the fibrous cap itself is too thin, a
rupture can occur. In that case, the lesions’ content (especially procoagulants) is
exposed to the blood (Figure 1d). This leads to thrombus formation, eventually vessel
occlusion, and an ischemic event such as stroke or TIA (Libby 2008, Bentzon et al.
2014). Another event apart from rupture is the superficial erosion of endothelial cells,
which also results in a thrombus (Farb et al. 1996, Virmani et al. 1999, Shah 2003).

There were already several attempts to therapeutically intervene with the
lesion’s initiation, progression, and rupture: anti-LDL antibodies to decrease oxLDL
within the lesions (Hartvigsen et al. 2009), PCSK9 and statin inhibitors which have

been shown to reduce the plaque volume (Nicholls et al. 2007, Nicholls et al. 2016),



or a mucosal vaccine against ApoB to induce an anti-inflammatory response via ApoB-
specific regulatory T-Cells (Klingenberg et al. 2010, Herbin et al. 2012) or drug-eluting
stents (Jonasson et al. 1988, Marx and Marks 2001). However, most of the studies

are still in clinical trials and not yet commercially available for patients.

1.1.1.3. Mouse Models

Already in 1908, Alexander Ignatowski realized that rabbits that are fed a fatty diet,
develop plaques in the aortic wall (Ignatowski 1909, Lee et al. 2017). Later on, Nicolai
Anichkov discovered that cholesterol is the leading cause of the developed plaques (
1983 (N. Anitschkow 1913)).

Nowadays, these diet-induced mouse models are commonly used in
atherosclerosis research. Especially Western-type diets (21% fat and 0.15%
cholesterol) (Vesselinovitch et al. 1968, Gistera et al. 2022) or high-fat diets (40% fat
or higher) (Speakman 2019) fed for 12-16 weeks (Golforoush et al. 2020) can trigger
atherosclerosis, especially in the aortic arch. Another possibility poses transgenic
mouse strains such as the Apolipoprotein E knockout (ApoE”) mouse or the Low-
density lipoprotein receptor knockout (Ldlr”) mouse, which are the most frequently

chosen models (Figure 2).
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Figure 2 Transgenic Mouse Strains used in Atherosclerosis Research. From (Emini Veseli et al.
2017), Eur J Pharmacol 816, 3-13

The ligand ApoE facilitates very low-density lipoprotein (VLDL) and
chylomicrons uptake via various lipoprotein receptors. Therefore the knockout leads
to high VLDL, ApoB-containing lipoproteins, and chylomicrons levels in the blood

(Gistera et al. 2022). A significant advantage of this model is that it develops



atherosclerosis under a regular chow diet showing an up to 6x increase in plasma
cholesterol levels (Nakashima et al. 1994, Plump and Breslow 1995, Emini Veseli et
al. 2017). However, the plaques developed in this model do not naturally rupture
(Golforoush et al. 2020).

Moreover, the lipid profile does not resemble the human situation, where LDL
is especially highly abundant in the circulation (Emini Veseli et al. 2017). The Ldlr
knockout mouse possesses a very similar lipid profile to humans. By knocking out the
receptor for Ldl, Ldl plasma levels are highly elevated, accompanied by fully functional
ApoE, which also plays a role in other inflammatory processes (Oppi et al. 2019).

Neither the diet nor the knockout alone can cause spontaneous plaque rupture
in mice (Emini Veseli et al. 2017). Therefore, it is necessary to intervene surgically to
trigger this — in human disease — important event. The two mainly used models are
the tandem ligation by Chen et al. (Chen et al. 2013) and the inducible plaque rupture
model by Sasaki et al. (Sasaki et al. 2006). For the model by Chen et al., a tandem
stenosis (with 150um or 450um distance) is introduced to the carotid artery of ApoE -
 mice fed a high-fat diet (Chen et al. 2013). Seven weeks after the surgery, multiple
characteristics were observed: ruptured fibrous caps, intraluminal thrombus formation,
and intraplaque hemorrhage (Chen et al. 2013), showing both stable and unstable
segments throughout the tandem stenosis.

The inducible plaque rupture model is performed by ligating the left carotid
artery of 9-week-old ApoE 7 mice on a chow diet proximally to the bifurcation (Sasaki
et al. 2006). After four weeks, a polyethylene cuff is placed around the artery, which
has a cone-like shape causing disturbed flow patterns that eventually leads to plaque

rupture after four days (Sasaki et al. 2006).

1.1.2. Abdominal Aortic Aneurysm
1.1.2.1. Clinical (Diagnosis and Therapy)

An aneurysm (from greek, avepuopa, dilation) is a permanent dilation resulting from a
weakened arterial vessel wall with a diameter increase of at least 50% (Wanhainen et
al. 2020). The classification depends on the site, origin, and histological features
(Johnston et al. 1991) — the abdominal aortic aneurysm (AAA) is mainly located

between the renal branches and the iliac arteries.



Sampson et al. combined data from 26 studies and estimated the global
incidence per 100.000 in 1990 to range from 0.89 to 176.08 (age group 40-44 and 75-
79, respectively) (Sampson et al. 2014). The global prevalence reached from 8.43 to
2422 .53 respectively — both aspects with a decreasing trend in 2010 (Sampson et al.
2014). To elucidate AAA risk factors, the Tromsg study was conducted. In four
thousand participants, who were screened over seven years, male sex (2.7x higher
risk) and increasing age, as well as smoking (13x higher risk), hypertension, and
hypercholesteremia, were identified to trigger disease initiation and progression
(Forsdahl et al. 2009, Lindholt et al. 2012). Still, also genetics seem to play a role
(Shibamura et al. 2004, Golledge et al. 2006). Interestingly, diabetes was identified to
be a protective trait in several studies, contrary to atherosclerosis (Blanchard et al.
2000, Lederle 2012, Shah et al. 2015). Other studies confirmed these results with
higher cohorts, such as 3.1 million patients (Kent et al. 2010).

Similar to CAD diagnosis, ultrasound during a routine examination, CT but also
palpation can aid in diagnosing asymptomatic AAAs (Sakalihasan et al. 2005). More
advanced, functional imaging techniques such as '8F-FDG (Fluorodeoxyglucose) can
also be used (Marini et al. 2012, Sakalihasan et al. 2018, Arnett et al. 2019).

To study AAA prevalence and growth speed, the Glouchester Aneurysm
Screening Programme (GASP) was initiated in 1990 and includes data from over
81.000 patients (Earnshaw et al. 2004, Oliver-Williams et al. 2018). While in 1990, 5%
of the study population was diagnosed with AAA (>3cm), in 2015, only 1.3% were
diagnosed (Oliver-Williams et al. 2018). Growth rates of those diagnosed changed
from 0.05 in the first five years of follow-up to 0.36 between 15-19 years, indicating
that most aneurysms grow exponentially (Oliver-Williams et al. 2018). However, the
optimal surveillance interval still has to be determined as AAAs display such variety in
appearance, size, and growth rate.

The main, life-threatening complication that can arise from an AAA is aortic
rupture, with a reported mortality risk of 76% (Lindholt et al. 2012). Around 50% of
patients experiencing an aortic rupture die on their way to the hospital (Chaikof et al.
2009). Even after surgical treatment, in-hospital mortality remains high (Kuhnl et al.
2017). Currently, the only possibility poses surgical intervention. Smaller aneurysms
(<5.5cm) are rather surveilled since Lederle et al. and the UK Small Aneurysm Trial
Participants could show that there is no improvement in survival if surgery is performed

on smaller aneurysms (1998, Lederle et al. 2002). Fusiform aneurysms of more than



5.5cm (in women 4.5-5cm) are considered for either open or endovascular surgery
(Sakalihasan et al. 2018). During open aortic repair an arterial prosthesis is inserted
to replace the aneurysm (Sakalihasan et al. 2018). This is mainly used in young and
healthy patients due to its better long-term endurance paired with a lower need for
surveillance (Sakalihasan et al. 2018). Also ruptured AAAs are treated with open
repair.

Juan Carlos Parodi established endovascular Aortic Repair (EVAR) in 1991
(Parodi et al. 1991). A bifurcated graft is inserted via the femoral or iliac arteries and
fixed to the aortic wall via stents (Parodi et al. 1991, Sakalihasan et al. 2005, Golledge
et al. 2006). This method excludes the aneurysm from circulation rather than replacing
it. However, so-called endoleaks can occur when blood leaks through untight stents
into the aneurysm sac (Parodi et al. 1991, Sakalihasan et al. 2005, Golledge et al.
2006). If a patient is unsuitable for EVAR due to the aortic morphology, open repair is
performed (Sakalihasan et al. 2018).

The IMPROVE and the DREAM trials aim to compare the clinical outcome
between open repair and EVAR (Prinssen et al. 2004, Investigators 2017). EVAR-
treated patients had lower three-year mortality and risk of complications, while their
quality of life was higher (Prinssen et al. 2004, Investigators 2017). This trend might
further increase due to improved material and deployment mechanisms (Sakalihasan
et al. 2018).

Up to today, the field is in desperate need of adequate and effective
pharmacological intervention. Challenges for discovery and clinical studies include the
heterogenous growth rate and each aneurysm's anatomy, the drop-out due to vascular
repair, and frequent comorbidities (Golledge et al. 2017). Previous clinical trials involve
doxycycline to inhibit MMP production and inflammation (Meijer et al. 2013) or
pemiroplast, a mast cell inhibitor (Sillesen et al. 2015), but neither did result in a
beneficial outcome.
1.1.2.2. Molecular Pathology
Even though the attempts to treat AAAs date back to the roman empire, the underlying
molecular mechanisms started to unravel only in the late 20" century and are still
ongoing.

Risk factors such as age, smoking status, or sex can initiate an aneurysm and,
combined with hemodynamics and the failure to withstand these forces, alter the aortic
wall (Curci and Thompson 2004, Michel et al. 2011, Back et al. 2013). Especially the



infrarenal part of the aorta is prone to AAA development due to the different embryonic
origins of SMCs (Tromp et al. 2010). Also, the higher susceptibility to longitudinal
stress and wall tension have an impact (Moore et al. 1992). Vollmar et al. showed that
AAAs were more common in men with an amputated leg due to the altered flow pattern
(Vollmar et al. 1989).
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Figure 3 Molecular Mechanisms in AAA. adapted from (Rastogi et al. 2022), Front Med 9, 814123;
created with BioRender.

The resulting injury recruits immune cells such as macrophages or T-
Lymphocytes, but also others (Koch et al. 1990), into the media. There, the cells will
produce proinflammatory cytokines and pro-enzymatic forms of matrix
metalloproteinases (MMPs) (Figure 3) (Newman et al. 1994, Curci et al. 1998, Ailawadi
et al. 2003, Raffort et al. 2017). These MMPs are activated by cleavage and — over
several years — degrade important structural matrix components such as elastin and
collagens (Newman et al. 1994, Curci et al. 1998, Ailawadi et al. 2003, Raffort et al.
2017). Increased MMP levels were observed in human aneurysm samples (Freestone
et al. 1995, Thompson et al. 1995) and correlated with increasing size (McMillan et al.
1997). An MMP-9 and MMP-2 knockdown in mice does not generate AAA after ten
weeks of CaClz or PPE induction (Pyo et al. 2000, Longo et al. 2002). Similar results
were achieved using doxycycline, an MMP inhibitor (Pyo et al. 2000). An MMP-caused
decrease in collagen leads more likely to an aortic rupture, whereas a loss of elastin
can cause a dilated aorta (Dobrin et al. 1984). These molecules’ turnover is very slow
and even slower in AAA (Satta et al. 1995). So, a disrupted balance between newly
generated ECM and the destruction thereof has serious consequences (Daugherty
and Cassis 2002, Sakalihasan et al. 2005, Golledge et al. 2006).
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As a final step, smooth muscle cells undergo apoptosis and can no longer
supply a contractile, intact vessel wall (Figure 3) (Lopez-Candales et al. 1997). Overall,
the milieu within AAAs is very hypoxic — superoxide (O2°) content in aneurysmal tissue
is up to 10x higher than in healthy aortic tissue (Miller 2002, Miller et al. 2002), which
can also further trigger structural cell apoptosis (Li et al. 1997).
1.1.2.3. Animal Models
Parallel to unraveling molecular mechanisms involved in AAA, in late 1990/early 2000,
experimental models were developed. This section will focus on the Angiotensin I
(Angll)-induced mouse model and the porcine pancreatic elastase (PPE) induced
model used in this thesis.

The Angll model was discovered by accident when Daugherty and colleagues
treated ApoE deficient mice with Angll to elucidate its relationship with atherogenesis
- “Unexpectedly, pronounced abdominal aortic aneurysms were present in ApoE”
mice infused with Angll.” (Daugherty et al. 2000). Angll is implicated in cardiovascular
diseases (Alderman et al. 1991) and accumulates in atherosclerotic lesions (Potter et
al. 1998). Moreover, Angiotensin-Converting-Enzyme (ACE) inhibitors benefit
cardiovascular morbidity and mortality (Pfeffer et al. 1992). Osmotic minipumps
implanted into the mice's back area provide a continuous Angll delivery over four
weeks. This model was also established in Ldlr’- mice (Daugherty and Cassis 1999)
and remains the most used in AAA research (Lysgaard Poulsen et al. 2016). It induces
a non-fusiform suprarenal or thoracic aneurysm (Krishna et al. 2020) accompanied by
dissection, remodeling, leukocyte infiltration, and neovascularization (Saraff et al.
2003) and eventually an intramural rupture (Lysgaard Poulsen et al. 2016, Senemaud
et al. 2017).

The model is relatively simple to perform (Senemaud et al. 2017, Golledge et
al. 2022) and has been further modified (using a lysyl oxidase (LOX) inhibitor
(Bhamidipati et al. 2014) or a TGFPB antibody (Wang et al. 2010)) to reach a higher
AAA incidence. However, the main difference to human AAA is its location (infrarenal
vs. suprarenal) and shape (fusiform vs. non-fusiform) (Ruddy et al. 2008, Daugherty
et al. 2011, Busch et al. 2021).

The porcine pancreatic elastase (PPE) induced AAA model was established
first in rats (Anidjar et al. 1990) before it was translated into mice (Pyo et al. 2000).
The enzyme is known to degrade elastin, one main medial component in the aorta

(Busch et al. 2021). After identifying and isolating the infrarenal abdominal aorta in
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vivo, ligatures are placed around the proximal and distal aorta (Pyo et al. 2000). At the
bifurcation, a needle filled with PPE in saline is inserted and perfuses for 5min to dilate
the aorta by 50-70% which leads to the AAA formation. The catheter is removed, and
the aorta is closed. After seven days, the changes are not clearly visible as typically
the aneurysm starts developing by day 14 with at least 100% increased aortic diameter
(Thompson et al. 2006). However, ruptures rarely occur in this model (Krishna et al.
2020). Microscopically, an increased inflammatory cells presence, MMPs, and
cathepsins are visible (Busch et al. 2021). Technically, this model requires a high skill
level in microsurgery (Lysgaard Poulsen et al. 2016) and highly depends on the PPE
batches (Senemaud et al. 2017). Also, this model has been modified over the years
(Busch et al. 2018).

A third model, which was not used in this thesis, is the CaClz2-induced AAA
model, which was first published in mice by Chiou et al. (Chiou et al. 2001). Calcium
ions accumulate along the elastic layers (Yu and Blumenthal 1965). However, the
detailed pathological mechanism remains elusive (Senemaud et al. 2017). Calcium
chloride is applied peri-arterially to the infrarenal aorta, leading to a 100% increase in
abdominal aortic diameter (Chiou et al. 2001). If PBS is added, the CaPOs crystals,
necessary for an induced AAA, are formed easier and faster (Yamanouchi et al. 2012).
On a cellular level, the MMP- and phagocytotic activity increase (Senemaud et al.
2017).

Large animal models for AAA include PPE-induced AAA in landrace pigs
(Kloster et al. 2015) and PPE-induced AAA in LDLR"" Yucatan mini pigs, as previously
reported by our group (Li et al. 2018), translating the procedure from mice into
genetically modified pigs.

However, there is still an unanswered need for a model mimicking the human
disease more accurately (fusiform infrarenal location, rupture). Also, more focus must

be put on the disease's early stages, which still need to be fully understood.

1.2. Smooth muscle cells

1.2.1. Function in health

Vascular smooth muscle cells (vSMCs) are the main cellular component of an arterial
media layer. They are mainly responsible for the vessel’'s contractility (Bochaton-

Piallat and Back 2018) and can respond to altered hemodynamics (Basatemur et al.
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2019), or they can also regulate blood pressure (Michel et al. 2012). vSMCs are also
the main producer of ECM proteins such as collagen, elastin, or proteoglycans
(Chamley et al. 1977, Basatemur et al. 2019). Attention must be paid to the different
cellular embryonic origins depending on their location in the arterial tree. Thoracic-
resident SMCs have a neural crest origin, whereas SMCs in the abdominal aorta
derive from somite precursors (Bennett et al. 2016) - or in various organs such as
kidney, heart, etc. (Michel et al. 2012).

vSMCs express many contractile proteins such as aSMA (Gabbiani et al. 1981),
Calponin (Duband et al. 1993), Smoothelin (van der Loop et al. 1996) or Myosin
Heavy Chains (Babij et al. 1991). These genes are activated by serum response factor
(SRF) and its cell-specific co-activator myocardin binding to the CC(A/T-rich)6GG
(CArG) element proximally to the respective promoters (Wang et al. 2001, Li et al.
2003, Yoshida et al. 2003). Especially in vascular pathologies, they exert many
functions, which will be explained in the following chapters.
1.2.2. Role in CAD
Mature vSMCs are highly plastic and not fully differentiated, enabling a fast response
to injury and repair mechanisms, growth factors, extracellular lipids and lipoproteins,
and more (Owens et al. 2004, Allahverdian et al. 2018). This process is called
phenotypic switching and describes losing contractile marker genes (Regan et al.
2000), while the migrative and proliferative capacity increases (Ross 1993, Ross 1999,
Gomez and Owens 2012). Phenotypic switching can also be induced by Kruppel-like
Factor 4 (KLF4). Shankman and colleagues could show that the most cells with an
SMC origin do no longer express SMC genes but rather genes related to macrophages
(Shankman et al. 2015) but also mesenchymal stem cells, characterized by Sca1
expression (Majesky et al. 2017). KLF4 can bind to the G/C repressor, leading to
contractile gene repression (Figure 4) (Yoshida et al. 2012). This KLF-mediated
induction is considered disadvantageous in a forming and progressing lesion as it
increases SMC-derived foam cells (Shankman et al. 2015). Contrary to that is the
OCT4-mediated phenotypic switch, which has been shown to result in an SMC-rich,
thick fibrous cap (Cherepanova et al. 2016).

KLF4 can be inhibited by miR-143/145 or TGFf, which prevents this process
(Figure 4) (Xu et al. 2009, Davis-Dusenbery et al. 2011, Vacante et al. 2019).

However, phenotypic switching is — usually — a reversible process, but in an
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atherosclerosic context, vSMCs are constantly exposed to stimuli that induce
phenotypic switching (Pan et al. 2020).

The observed adapted phenotypes come in a wide variety. Mesenchymal-like
vSMCs are characterized by low contractile marker expression while they can self-
renew which is accompanied by multipotency marker expression (Stem cell antigen 1,
Sca1*). Thus, these cells can give rise to cells in the plaque as a first response to
injury by facilitating tissue repair (Bennett et al. 2016, Dobnikar et al. 2018, Tang et al.
2020). This and the following phenotype are triggered by KLF4 expression (Liu et al.
2005).

vSMCs can also acquire a macrophage or foam cell-like phenotype, exerting
phagocytotic functions (Bennett et al. 2016). A prominent marker for these modulated
vSMCs is LGALS3 but also more typical macrophage markers like CD11b, CD45, and
F4/80 (Wolf and Hunziker 2020), which are replacing contractile gene expression such
as MYOCD (Ackers-Johnson et al. 2015, Bennett et al. 2016). This phenotype has
been observed in human and murine atherosclerosis (Alencar et al. 2020, Depuydt et
al. 2020, Pan et al. 2020). Especially this phenotype poses a problem — the markers
which have been used to identify vSMCs (ACTA2") and macrophages (CD68") have
to be used with caution as some CD68 positive cells might have a vSMC background
without expressing ACTA2 (Gomez et al. 2018).
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Figure 4 Regulation of SMC contractility and phenotypic switching. Adapted from (Grootaert and
Bennett 2021), Cardiovasc Res 11, 2326-2339
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Further, nearly three-quarters of all foam cells within a murine ApoE” plaque derive
from vSMCs (Wang 2019). Half of all foam cells in human lesions express vSMC
markers rather than leukocyte marker CD45 (Allahverdian et al. 2014). These cells
have also been shown to engulf oxLDL actively (Feil et al. 2014).

A lineage-tracing experiment has shown that nearly all chondrocyte-like cells
and 80% of osteochondrogenic-like cells are of vSMC origin (Naik et al. 2012). These
cells have elevated runt-related transcription factor (RUNX2), SRY-related HMG-Box
(SOX9), and Osteopontin (Durham et al. 2018) levels. Depending on their location,
they secrete calcifying vesicles and contribute to plaque rupture or vessel stiffening
(Durham et al. 2018).

Adipocyte-like vSMCs have been described in one scRNAseq study (Long et
al. 2014, Chen et al. 2020). They further show increased lipogenesis genes in human
atherosclerosis (Davies et al. 2005).

Fibromyocytes, also called fibroblast-like vSMCs, have been discovered
recently by Wirka and colleagues and are observed to appear after vascular injury and
during aortic aneurysm as well as atherosclerosis progression (Wirka et al. 2019).

All the phenotypes mentioned above (Figure 4) were discovered recently due
to the advanced methodology in the field. Especially combining single-cell RNA
sequencing and lineage tracing enabled the majority of the findings (Wirka et al. 2019,
Depuydt et al. 2020, Pan et al. 2020). Lineage tracing is achieved by crossing a mouse
with a fluorescent tracking marker with a mouse containing a cell-specific promoter
gene —in the case of vSMCs Myh11 — linked to a drug-inducible recombinase (Bennett
et al. 2016, Liu and Gomez 2019). Gomez and colleagues used such a system
(crossing Myh11-CreERt2 mice with R26R-YFP reporter mice) in advanced
atherosclerosis to determine the cellular origin within the lesion (Gomez et al. 2013).
Several groups have shown that vSMCs in the lesion derive from only a few clones
and expand from there (Feil et al. 2014, Chappell et al. 2016, Misra et al. 2018). The
clones show a high proliferative capacity and are the primary source for a forming
fibrous cap (Misra et al. 2018). However, these cells also undergo senescence, typical
in advanced atherosclerotic lesions (Bennett et al. 2016).

Senescence is characterized by a low proliferation rate and expression of
retinoblastoma protein (RB) which induces senescence (Bennett et al. 1998) and
telomere shortening (Matthews et al. 2006), caused mainly by oxidative stress (Finkel

and Holbrook 2000). The consequences for lesions are not beneficial — senescent
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cells produce less collagen but more inflammasome components which contribute to
the plaque’s vulnerability (Gardner et al. 2015) and progression in general (Grootaert
et al. 2018).

1.2.3. Role in AAA

As mentioned before, vSMCs can undergo phenotypic switching (Shankman et al.
2015) in response to mechanical injury, hypertension, and aneurysm formation
(Ailawadi et al. 2009). Their resulting phenotype is characterized by low contractile
gene expression but high expression of migrative, fibrotic, and proliferative genes
(Owens et al. 2004). Also, these so-called synthetic SMCs can produce IL1a, IL1b,
and IL-6 — all inflammatory cytokines which are increased in AAA (Boyle et al. 2001,
Middleton et al. 2007, Akerman et al. 2018), which hints towards an autocrine
mechanism (Beasley et al. 1995, Jovinge et al. 1997, Wang et al. 2001).

Using a particular Myh11-CreERt2/Rosa26 Confetti mouse model, M. Clement
et al. found that vSMCs in aortic aneurysms expand clonally and express phagocytotic
markers (Clement et al. 2019). Similar observations were made by G.Zhao et al. using
scRNAseq on PPE-induced aorta: four vSMC subpopulations were identified, out of
which three decreased with AAA progression but only one, expressing low contractile
markers, increased (Zhao et al. 2021).

vSMCs also play a crucial role in ECM regeneration and integrity. If these
mechanisms are impaired, vSMCs can detach, which results in migration but also
apoptosis (Nordon et al. 2011, Rombouts et al. 2022). However, also vSMCs can
activate MMPs, which degrade structural ECM components to enable migration or
apoptosis (Nordon et al. 2011, Qian et al. 2022, Rombouts et al. 2022). This shift
towards a proteolytic environment is further enhanced by vSMC-mediated leads to
inactivated tissue inhibitors of metalloproteinases (TIMPs) (Raffetto and Khalil 2008,
Wang and Khalil 2018).

But vSMC apoptosis — one major critical event in AAA progression — can also
be triggered by inflammatory infiltrates, oxidative stress, modified lipoproteins, or a
disintegrated ECM (Hsieh et al. 2001, Quintana and Taylor 2019, Lu et al. 2021).
Seeding rat vSMCs into a rat/guinea pig xenograft model (decellularized aorta) could
not induce AAA (Allaire et al. 2002), which exemplifies a paracrine effect of VSMCs.
Therefore, inhibiting vSMCs apoptosis in advanced disease stages poses an effective

strategy (Lu et al. 2021), keeping in mind their crucial homeostatic function.
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1.2.4. FGF2in SMCs

Fibroblast growth factor 2 (FGF2), also known as basic fibroblast growth factor
(bFGF), belongs to the FGF family and plays crucial roles during mesodermal and
neuroectodermal development (Burgess and Maciag 1989) but also in injury response
or repair (Fox and Shanley 1996). In a cardiovascular disease context, FGF2 and the
FGF2 receptor (FGF2R1) are expressed by vSMCs and induce migration and
proliferation (Lindner and Reidy 1991, Sato et al. 1991). Inhibited receptor or
underlying pathway members like MEK, MAP, Ras, or Raf showed their essential
contribution to vSMC survival (Miyamoto et al. 1998).

FGF2 also regulates vSMCs differentiation into a synthetic phenotype (Kato et
al. 1998) and functions as a survival factor in quiescent/differentiated cells (Fox and
Shanley 1996). Recent results show that only FGF2 can induce proliferation in
quiescent cells (Tsuji-Tamura and Tamura 2022). Inhibited or low FGF2 in vSMCs
leads to apoptosis (Miyamoto et al. 1998), the main event in both CAD and AAA, as
mentioned earlier. However, bFGF applied exogenously was an effective measure
against vSMC apoptosis in AAA: Using a biodegradable hydrogen sheet loaded with
bFGF, Kawai and colleagues reported less expanded aortas accompanied by
improved contractile capabilities (Kawai et al. 2018). Hoshina and colleagues obtained
similar results (Hoshina et al. 2004). These features and preclinical applications of

bFGF make it a desirable target in late-stage atherosclerosis or AAA.

1.3. Long non-coding RNAs

1.3.1. General function/biogenesis

In 1968, Britten and colleagues discovered that many regions in the genome do not
code for proteins but were thought to be non-functional junk (Britten and Kohne 1968).
However, in 1991, the long non-coding RNA (IncRNA) XIST was found to regulate X-
chromosome inactivation (Brown et al. 1991). Later, the FANTOM and the ENCODE
consortia unraveled that 70-80% of the genome is transcribed while only 2% of mRNA
is translated (Carninci et al. 2005, Consortium 2012, Djebali et al. 2012). This, in turn,
means that a large amount of the genome consists of ncRNAs. The NONCODEVS,
released in 2018, includes nearly 550.000 IncRNAs, a class of ncRNAs longer than
200nt (Kapranov et al. 2007, Fang et al. 2018).
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IncRNAs are similarly processed to mRNA; they are transcribed by RNA
polymerase Il, are capped at the 5’ end, spliced and polyadenylated (Chen 2016). But
IncRNAs are not as abundant and less conserved than mRNAs (Cabili et al. 2011,
Derrien et al. 2012). Their localization within the cell mainly determines a INcCRNA’s
function— most IncRNAs are found in the nucleus, where they tend to regulate
transcriptional processes and chromatin remodeling (Geisler and Coller 2013, Hartford
and Lal 2020). IncRNAs found in the cytoplasm can associate with RNA-binding
proteins, mediate mMRNA and protein stability, or even code for a micropeptide (Ji et
al. 2015, Hartford and Lal 2020, Statello et al. 2021).

Many noncoding RNAs have been wrongly annotated as they contain a
promoter/open reading frame (ORF) smaller than a particular cutoff (Galindo et al.
2007, Cai et al. 2017). Thresholds were adjusted due to more advanced and modern
techniques like ribosome profiling. This led to the discovery of micropeptides encoded
by presumably non-coding RNAs (ncRNAs), which can be highly tissue and cell-type-

specific (Lee et al. 2012, Ingolia et al. 2014).
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In general, INcRNAs can interact with DNA, RNA, and protein, displaying a
significant potential for regulatory functions (Figure 5) (Schmitz et al. 2016). For
example, IncRNAs can recruit or act as a decoy for chromatin modifiers, thus
regulating the chromatin accessibility (Schmitz et al. 2010, Grote and Herrmann 2013).

IncRNAs can interact with mRNA or protein, which results in changes in turnover,
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stability, or even localization (Kim et al. 2005, Gong and Maquat 2011, Guttman and
Rinn 2012, Rinn and Chang 2012). But also microRNAs can be regulated by INcRNA
via microRNA sponging and other competitive mechanisms (Figure 5) (Salmena et al.
2011, Statello et al. 2021).

1.3.2. role in cardiovascular disease

IncRNAs are essential regulators orchestrating gene expression. However, in a
disease-related context, INcRNA expression levels can both increase or decrease,
which has detrimental effects on disease progression. A few examples will follow,
mainly focusing on IncRNAs in different AAA and CAD crucial cell types.

Genome-wide association studies (GWAS) discovered the first risk locus
(INK4) for a plethora of cardiovascular diseases such as coronary artery disease,
atherosclerosis, and ischemic stroke on chromosome 9p21.3 (Samani et al. 2007,
Helgadottir et al. 2008, Gschwendtner et al. 2009, Jarinova et al. 2009). The IncRNA
ANRIL (antisense ncRNA in the INK4 locus) was found in the antisense direction within
the locus (Jarinova et al. 2009). Further, single-nucleotide polymorphisms (SNPs) are
rather detected in the IncRNASs’ locus than in the protein-coding locations (Harismendy
et al. 2011). It is expressed by various plaque-resident cells such as ECs, SMCs, and
macrophages(Broadbent et al. 2008). The mechanism of action by ANRIL is affecting
its target genes in frans and inducing proliferation while reducing apoptotic pathways
(Holdt et al. 2013).

Another IncRNA that our laboratory has recently discovered to regulate
advanced atherosclerotic lesions and further destabilized plaques is MIAT (Myocardial
Infarction Associated Transcript) (Fasolo et al. 2021). Symptomatic patients show an
increased MIAT expression compared to asymptomatic or healthy subjects (Ye et al.
2019). MIAT knockdown in carotid SMCs led to low proliferation and migration rates
while apoptotic events increased (Fasolo et al. 2021). MIAT can bind the KLF4
promoter region, thus regulating phenotypic switching directly and promoting
proinflammatory macrophage-like SMCs (Fasolo et al. 2021). Also, in vivo
experiments in ApoE”- MIAT - mice and in LDLR” pigs confirmed the role of MIAT in
SMC trans-differentiation (Fasolo et al. 2021).

H19 was among the first ncRNAs described in the ‘90s (Brannan et al. 1990)
and since then, it has been reported to regulate p53 (Raveh et al. 2015) but also to
play a role in the cardiovascular context (Li et al. 2018, Lv et al. 2018, Zhang et al.

2018). In atherosclerosis, H19 levels are reduced in lesional endothelial/intimal cells
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(Hofmann et al. 2019), while in the AAA context, H719 levels in aortic aneurysm but
also in calcific aortic valves are strongly upregulated (Hadji et al. 2016, Li et al. 2018).
Also, in the Angll and the PPE model, H19 was highly increased (Li et al. 2018). H19
knockdown in these two models repressed dilated aneurysms (Li et al. 2018). The
same group showed that H79 induces apoptosis via HIF1alpha promoter region
binding and Sp1 (a transcription factor) recruitment (Li et al. 2018).

These studies exemplify the various effects IncRNAs can have on vascular
diseases. Further IncRNAs which have been examined in the context of
cardiovascular diseases are MEG3 (Boon et al. 2016, Sun et al. 2017, Bai et al. 2019),
GAS5 (Meng et al. 2020), SENCR (Bell et al. 2014), MYOSLID (Zhao et al. 2016),
HOTAIR (Carrion et al. 2014), HIF1alpha-AS1 (Zhao et al. 2014), and lincRNA-p21
(Wu et al. 2014) to name a few.

1.3.3. Natural Antisense Transcripts: FGF2 and NUDT6

Natural antisense transcripts (NATs) are oppositely oriented to a protein-coding gene.
They are also fully processed (polyadenylation, capping) and (partly) overlap
complementarily with their sense transcript's exon (Werner 2013). In 2015, it was
reported that at least 38% of the annotated transcriptome also expressed a NAT after
performing strand-specific RNA sequencing (ssRNA-seq) on nine different specimen
types of cancer from close to 400 patients (Balbin et al. 2015). NATs can be further
separated into cis and trans, where NATs are expressed from the same genetic locus
or separately, respectively (Pelechano and Steinmetz 2013). Cis-NATs usually have
a perfect complementarity with their sense transcript in the untranslated region (UTR).
Using that, NATs regulate their sense transcript by repressing (via promoter
competition/binding site occlusion) or activating gene expression. Still, NATs also
exert their functions in processes like mRNA stability, where they mask degradation
sites, splice, or contribute to cellular transport (Pelechano and Steinmetz 2013).

In general, NATs can — due to their spatial proximity and organization — react
more rapidly than transcription factors, allowing cells to adapt faster to changing
conditions (Shimoni et al. 2007), even though they are usually relatively lowly
expressed — up to 10x less than their sense target (Ozsolak et al. 2010).

The attempt in the field to elucidate the mechanism of action and kinetics led to
two significant hypotheses: (1) Upon a certain level of transcribed sense transcript,
antisense transcription is initiated, which leads to delayed repression of the sense

gene. (2) The NAT can remove “transcriptional noise” until the moment when the
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sense transcript surpasses the threshold of expressed NAT (Koshland et al. 1982, Xu
et al. 2011, Pelechano and Steinmetz 2013).

One example of a sense-antisense pair is NUDT6 and its sense gene, FGF2.
NUDT6 was discovered in 1989 in Xenopus oocytes by Kimelman and colleagues
(Kimelman and Kirschner 1989). Its exons 4 (56nts) and 5 (583nts) share
complementarity with the third FGF2 exon in a total length of 637nts, with the longer
overlap being critical for the FGF2 regulation by NUDT6 (Figure 6) (MacFarlane et al.
2010). The complementary locus is highly conserved between species like Mus
musculus, Rattus norvegicus, Bos taurus, Sus scrofa, and Homo sapiens (Murphy and
Knee 1994, Knee et al. 1997).
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Figure 6 FGF2 and NUDTG6 sense-antisense pair. Adapted from (McEachern and Murphy 2014),
Mol Endocrinol 28, 477-89

Its name, Nudix Hydrolase 6 (NUDT6), comes from its coding potential for a 25kDa
Nudix motif polypeptide, which was also first described by Kimelman et al. (Kimelman
and Kirschner 1989). He further hypothesized that the regulation is facilitated post-
transcriptionally via adenine-to-inosine conversion caused by NUDT®6, which is only
exerted on dsRNA, a NUDT6 — FGF2 hybrid (Kimelman and Kirschner 1989).

1.4. Gaps in knowledge and Aim of the Thesis
Both carotid artery disease and abdominal aortic aneurysm remain significant mortality
risks within society. Especially in a late disease stage, they both pose an increased
risk for patients with events like carotid plaque rupture leading to an ischemic stroke
or an aortic rupture with a mortality rate of up to 80% (Lindholt et al. 2012). There is
no pharmaceutical treatment available (Golledge 2019). Many efforts are made in
researching the genesis of both diseases: Many aspects that are thought to be harmful
in the early stages might be beneficial in an advanced stage of the respective disease.
Performing a transcriptomic array of stable and unstable carotid plaques
revealed several upregulated ncRNAs in unstable lesions. One of them was NUDT6

which caught our attention due to its natural antisense inhibition activity towards FGF2,
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a gene that is downregulated in unstable lesions. FGF2 is known to be a potent
mitogen for SMC proliferation and migration (Lindner and Reidy 1991, Fox and
Shanley 1996, Miyamoto et al. 1998, Tsuji-Tamura and Tamura 2022), an impaired
process in advanced-stage vascular diseases which paves the ground for plaque- or
aortic rupture. However, the role of NUDT6 in cardiovascular diseases is unknown.
Therefore, this thesis aims to investigate the involvement of NUDT6 in vascular
disease progression, if inhibition of this ncRNA benefits FGF2 expression and SMC
survival, and if it would reduce the rupture rate or halt the aortic growth respectively in
vivo. Further, it will be elucidated if NUDT6 interacts with other partners apart from
FGF2 in the context of vascular diseases, especially smooth muscle cells. Thus, new

therapeutic paths can be unraveled using target regulation via inhibition of a NAT.



2. Materials

2.1.

Name

Acetic Acid

Agarose SERVA
Ampicillin Sodium Salt
Angiotensin || human
Bovine Serum Albumine
Bovine Serum Albumine
Chloroform

Citric Acid monohydrate
Collagenase A

Diethyl pyrocarbonate
Dimethyl solfoxide
DPBS without CaCl and
MgCl

DTT 100mM

EDTA powder

EDTA, 0.5M

Chemicals

Eosin

Ethanol 70%

Ethanol 96%

Ethanol 99%
Formaldehyde solution
16%, Methanol-free
GelRed Dye

Glycerol

H202
Hamalaunldésung sauer
nach Mayer

HCI 2N

Hematoxylin STO

Isopropanol

Kanamycin Sulfate

KCI

LB Broth Base
Lipopolysaccharides
MgCI2

Milk Powder blotting grade
NaCl

Cat#

33209-1L-M
11404.04
A0166-5G
A9525-5mg
A9576-50ml
A7030-50g
32211-1L-M
1.00244.1000
11088793001
D5758
D8418-250ml

D8537-500ml

P117C
324503
E522-100ML

11503.01

T913.3
T171.4
5054.1

28908

41002
G5516-500ml
1.08597.1000

T865.2
T1341
VEH-3404-100

6752.5
11815-024
6781.3
12780/052
L2360-10MG
M8266-100g
T175.2
9265.1
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Manufacturer

Sigma (Steinheim, GER)
Serva (Heidelberg, GER)
Sigma (Steinheim, GER)
Sigma (Steinheim, GER)
Sigma (Steinheim, GER)
Sigma (Steinheim, GER)
Sigma (Steinheim, GER)
Merck (Darmstadt, GER)
Roche (Mannheim, GER)
Sigma (Steinheim, GER)
Sigma (Steinheim, GER)
(

Sigma (Steinheim, GER)

Promega (Madison, WI, USA)
Merck (Darmstadt, GER)
VWR (Darmstadt, GER)
Morphisto (Frankfurt am Main,
GER)

Carl Roth (Karlsruhe, GER)
Carl Roth (Karlsruhe, GER)
Carl Roth (Karlsruhe, GER)

Life Technologies (Bleiswijk, NL)

Biotium (Fremont, CA, USA)
Sigma (Steinheim, GER)
Merck (Darmstadt, GER)

Carl Roth (Karlsruhe, GER)

Carl Roth (Karlsruhe, GER)
Vector Laboraroties (Burlingame,
CA, USA)

Carl Roth (Karlsruhe, GER)
Gibco (Darmstadt, GER)

Carl Roth (Karlsruhe, GER)

Life Technologies (Bleiswijk, NL)
Sigma Aldrich (Steinheim, GER)
Sigma (Steinheim, GER)

Carl Roth (Karlsruhe, GER)

Carl Roth (Karlsruhe, GER)
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NaOH 2N T135.1 Carl Roth (Karlsruhe, GER)
NP-40 IGEPAL 18896-50ML Sigma (Steinheim, GER)
gifted by Ewa Ehrenborg Group,

oxLDL Gift Karolinska Institutet, SE
Paraformaldehyde, 4% HL96753.1000 Histolab (Askim, SE)
PBS tablets 18912-014 Gibco (Paisley, UK)

Hospital Pharmacy (Klinikum

Pikrofuchsinlésung rechts der Isar)

Resorcinfuchsin nach Hospital Pharmacy (Klinikum
Weigert rechts der Isar)

Sodium Deoxycholate D6750-25¢g Sigma (Steinheim, GER)
TRIS Base A411.2 Carl Roth (Karlsruhe, GER)
Tris HCI T3253-5009g Sigma (Steinheim, GER)
Triton x-100 x100-500m| Sigma (Steinheim, GER)
Tween 20 P9416-50ml Sigma (Steinheim, GER)
Tween 40 p1504-100ml Sigma (Steinheim, GER)

Hospital Pharmacy (Klinikum
rechts der Isar)

Hospital Pharmacy (Klinikum
rechts der Isar)

Xylol 9713.5 Carl Roth (Karlsruhe, GER)

Weigert'sche 16sung i

Weigert'sche 16sung ii

2.2. Buffers
2.2.1. Bacterial Culture

Kanamycin Stock
50mg Kanamycin
1ml ddH:20

Ampicillin Stock
100mg Ampicillin

1ml ddH:20

LB Broth

25¢g LB Broth Base
1L ddH:20

Autoclave before use.

1x TBE Buffer for Agarose Gel Electrophoresis
20ml 50x TAE Buffer
980ml ddH20

1.5% Agarose Gel for Gel Electrophoresis
1.5¢g Agarose
100ml ddH20




2.2.2.

2.2.3.
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Boil in the microwave until dissolved. Add 10ul of 10000X GelRed and cast
the gel. Allow the gel to set for 1h at RT.

RNA Pulldown

RNA Folding Buffer

20mM Tris-HCI pH 7.5
100mM KCI

10mM MgCl2

20U RNaseOUT

in RNase-free H>O

Lysis Buffer
50mM Tris HCI pH 8

150mM NaCl

0.5% (v/iv) NP-40 IGEPAL

1x cOmplete Protease Inhibitor
in RNase-free H20

For 5ml Lysis Buffer, add 'z tablet of cOmplete Protease Inhibitor and 10l
RNaseOUT.

Dilution Buffer

20mM Tris-HCI pH 7.4

150mM NaCl

2mM EDTA pH 8

0.5% Triton X-100

1x cOmplete Protease Inhibitor
RNaseOUT

in RNase-free H20.

Prepare Dilution Buffer with 200mM NaCl the same way. Add an adequate
amount of RNaseOUT as suggested by the manufacturer.

Protease and RNA Inhibitors were added freshly in each aliquot of the buffer

used for the experiment.

Mass-Spectrometry Washing Buffer
10mM Tris-HCIl pH 7.4
150mM NaCl

SDS-PAGE and Western Blotting

Complete RIPA

2880yl RIPA Buffer
30ul Protease Cocktail
30ul Phosphatase Cocktail Il

30ul Phosphatase Cocktail Il



2.2.4.

30pl EDTA

1x MES Running Buffer

50ml 20x Bolt MES Running Buffer
950ml ddH:20

10x TBS

249 Tris Base

88g NaCl

900ml ddH:20

Adjust pH to 7.6 and fill up to 1L with ddH2O0.

1x TBS-T

100ml 10X TBS

1ml Tween-20
900ml ddH20

5% BSA or 5% milk in TBS-T
100ml TBS-T

59 BSA or milk
Cell Culture

Freezing Medium

70% FBS

20% Smooth Muscle Cell Growth Medium
10% DMSO

RSB

500ul 1M Tris pH7.4
1000ul 0.5M NaCl
500pl 0.3M MgCl>
48ml ddH20
RSBG40

500ul 1M Tris pH7.4
1000pl 0.5M NaCl
500pl 0.3M MgCl>
5mi 19% Glycerol
43ml ddH20
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Before use, add 0.5% NP-40 IGEPAL (50pl in 10ml) and 0.5mM DTT (50ul in

10ml from 0.1M Stock).

Detergent
0.3g Sodium Deoxycholate

660ul Tween-40
to 10ml H20O



2.2.5. Staining

10X TRIS Buffer
60.5¢g Tris Base
90g NaCl
900ml ddH20

adjust pH to 7.6 and fill up to 1L with ddH2O.

Citric Acid Buffer for Antigen Retrieval
4.29 Citric Acid Monohydrate

1.7L ddH20

adjust pH to 6 and fill up to 2L with ddH20.

Proteinase K Buffer

5mi 1M Tris-HCL pH7.4
2ml 0.5M EDTA

0.2ml 5M NacCl

to 1L RNase-free H.O
Autoclave.

SSC Solutions

5x SSC 250ml 20x SSC 750mI RNase-free H20
1x SSC 50ml 20x SSC 950mI RNase-free H20
0.2x SSC 10ml 20x SSC 990ml RNase-free H20

Autoclave.

PBS

2 PBS Tablets

11 RNase-free H.O
Autoclave.

PBS-TpH 7.4

1ml Tween-20

11 autoclaved PBS in RNase-free H,O
KTBT

7.99 Tris-HCI

8.79 NaCl

0.75¢g KCI

11 RNase-free H.O
Autoclave.

RNase-free Water
1ml Diethyl pyrocarbonate
11 ddH20

26



27

Shake well and let evaporate for 30min under a chemical hood.

Autoclave.

2.3. Ready-to-use Reagents and Solutions

2.3.1. PCR

Name

High-Capacity RNA-to-cDNA Kit

High-Capacity cDNA Reverse
Transcription Kit with RNase Inhibitor
miRNeasy Micro Kit

miRNeasy Mini Kit

QIAzol Lysis Reagent

TagMan Fast Advanced Master Mix

TagMan Gene Expression Master Mix

Cat#

4387406

437966

1071023
217004
79306

4444557

4369016

TagMan Universal Master Mix I, no UNG 4440040

2.3.2. Bacterial Culture

Name

Biotin RNA Labeling Mix 10x conc.

CutSmart buffer

GelPilot DNA Loading Dye
GeneRuler Low Range DNA Ladder
imMedia Agar with Ampicillin
imMedia Agar with Kanamycin

LB Broth Base

QIAprep Spin Miniprep Kit
S.0.C. Medium

Cat#

11685597910

B6004S
239901
SM0323

Q60120
Q61120

12780052
27104
15544034

Manufacturer

Applied Biosystems
(Vilnius, LT)

Applied Biosystems
(Vilnius, LT)

Qiagen (Hilden, GER)
Qiagen (Hilden, GER)
Qiagen (Hilden, GER)
Applied Biosystems
(Vilnius, LT)

Applied Biosystems
(Vilnius, LT)

Applied Biosystems
(Vilnius, LT)

Manufacturer

Roche (Mannheim,
GER)

New England Biolabs
(Ipswich, MA, USA)
Qiagen (Hilden, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Qiagen (Hilden, GER)
Thermo Fisher Scientific
(Darmstadt, GER)



2.3.3. RNA Pulldown and RNA Immunoprecipitation

Name

Magna RIP RNA-Binding Protein
Immuniprecipitation Kit

MyOne Streptavidin C1 Beads

Pierce Silver Stain for Mass
Spectrometry

QIAquick PCR Purification Kit
Quick Spin Columns for
radiolabeled RNA purification

RiboRuler RNA Marker
Rneasy MinElute Cleanup Kit
SYBR™ Green Il RNA Gel Stain

TBE Urea Gels 6%

TBE Urea Sample Buffer 2X

2.3.4. Western Blot

Name

10X Bolt Sample Reducing Agent
10x TBE Electrophoresis Buffer
20x Bolt MES Buffer

50X TAE Electrophoresis Buffer
Bolt 4-12% Bis Tris Plus 10 well

Bolt 4-12% Bis Tris Plus 15 well

ECL Prime Western Blotting
Detection Reagent

NuPAGE LDS Sample Buffer

PageRuler Prestained Protein
Ladder

Pierce BCA Protein Assay Kit

Pierce Fast Western Blot Kit ECL
Substrate

Cat#

17-700

65002

24600
28106
11 274 015 001

SM1833
74204
S7564

EC6865BOX

LC6876

Cat#

B0009

B52

B0002

B49

NW04120BOX

NW04125BOX

RPN2236

NP0007

26616

23227

35050

Manufacturer

Merck (Darmstadt, GER)

Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Qiagen (Hilden, GER)

Roche (Mannheim, GER)

Thermo Fisher Scientific
(Darmstadt, GER)
Qiagen (Hilden, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)

Manufacturer

Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Vilnius, LIT)

Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Cytiva (Marlborough, MA,
USA)

Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific
(Rockford, IL, USA)
Thermo Fisher Scientific
(Darmstadt, GER)
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Thermo Fisher Scientific
(Darmstadt, GER)
Thermo Fisher Scientific

Restore PLUS Stripping Buffer 46430

RIPA Buffer 1X 89901 (Darmstadt, GER)

Trans-blot turbo transfer pack, 1704156 Bio Rad (Hercules, CA, USA)
0.2um pvdf

zlﬁlggl)ot for IP Detection Reagent ab131366 abcam (Cambridge, UK)

2.3.5. Cell Culture
Name Cat# Manufacturer

Sigma Aldrich (St.Louis, MO,

DMEM-F12 D0697-500ML USA)

Caspase 3/7 Green 4440 Essen BioScience (Herfordshire,

Apoptosis Reagent UK)

Dulbecco's PBS D8537 LSJlé;;‘n)a Aldrich (St.Louis, MO,
Thermo Fisher Scientific

FBS 10270106 (Darmstadt, GER)

Lipofectamine 3000 13000001 Thermo Fisher Scientific

(Darmstadt, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

Cell Applications (San Diego, CA,

Lipofectamine RNAIMAX 13778150
Opti-MEM 31985070
Opti-MEM, no phenol red 11058021

SMC Growth Medium 311-500

USA)

SMC Growth Medium PB-311K-500 PELO Biotech (Planegg, GER)
2.3.6. Staining

Name Cat# Manufacturer

AEC Solution 415182F Nichirei (Chuo, Tokyo, JPN)
CC/Mount C9368 LSJIg,T)a Aldrich (St.Louis, MO,
Dako REAL Antibody Diluent S2022 DAKO (Glostrup, DK)

Dako REAL Detection System

Peroxidase/DAB Rabbit/Mouse 00 DAKO (Glostrup, DK)

Eukitt mounting medium 03980-100m 2 Aldien (Stouis MO
Immedge Pen VECTH-4000 VWR (Darmstadt, GER)
MIRCURY LNA mRNAISH 559,45, Qiagen (Hilden, GER)

Buffer Set (FFPE)



Normal Goat Serum

Normal Sheep Serum

G6767-100ML

Sakura O.C.T. Compound

UltraPure SSC, 20X

Vectastain ABC-HRP-Kit

2.3.7. Antibodies

Antigen
aSMA
aSMA
BActin
BTubulin

CSRP1

CRP1

CDC42

DIG
FGF2
FGF2
IgG H&L

IgG H&L

Species &
Clonality

Ms, mono
Rb poly
Ms, mono
Rb, poly

Rb, poly

Rb, poly

Rb, poly

Sh, Fab-
fragments

Rb, poly

Rb, mono

Gt anti-
rabbit
Gt anti-
mouse

013-000-121
12351753
15557036
PK-6100
Dilution Purpose
1:250 IHC
1:250 IHC
1:1000 WB
1:500 WB
1:100 IHC
1:500 WB
5ug IP
1:250 IHC
1:20000 WB
1:800 ISH
1:500 IHC
1:1000 WB
1:10000 WB
1:10000 WB
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Sigma Aldrich (St.Louis, MO,

USA)

Jackson ImmunoResearch
(West Grove, PA, US)
Fisher Scientific (Waltham, MA,

USA)

Thermo Fisher Scientific
(Darmstadt, GER)
Vector Laboraroties
(Burlingame, CA, USA)

Cat#

M0635

ab5694

A1978

ab6046

ab70010

PAS5-86703

ab187643

11093274910

ab8880

ab215373

ab205719

ab205718

Distributor

DAKO

(Glostrup, DK)
abcam
(Cambridge, UK)
Sigma

(St.Louis, USA)
abcam
(Cambridge, UK)
abcam
(Cambridge, UK)

Invitrogen
(Carlsbad,
CA,USA)

abcam
(Cambridge, UK)

Roche (Basel, CH)

abcam
(Cambridge, UK)
abcam
(Cambridge, UK)
abcam
(Cambridge, UK)
abcam
(Cambridge, UK)



2.3.8. Nucleic Acids

Name
CDC42 siRNA
CEBPB siRNA

CSRP1 siRNA

EV plasmid
GFP plasmid

DHb5a competent cells
NUDTE6 plasmid
NUDTG6 sirna

Cat#
s2765
2892

s3654

PS100001
gifted

18263-012
RC203470
122202

Silencer Negative Control siRNA1 AM4611
2.3.9. NUDT6 Detection Probes ISH

Sequence

/5DigN/GGCAATGAAGTGGCTCTGCA/3Dig_N/
/5DigN/TCGCACGCTCCAACTGGCGGAT/3Dig_N human  85°C
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Manufacturer

Thermo Fisher Scientific
(Darmstadt, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

Origene (Rockville, MD, USA)
Dr. Francesca Fasolo

Sigma Aldrich (St.Louis, MO,
USA)

Origene (Rockville, MD, USA)
Thermo Fisher Scientific
(Darmstadt, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

species RNA Tm

mouse 75°C

2.3.10. in vivo GapmeRs (“Nudt6-ASO” or “NUDT6-ASO”)

Mouse GapmeR

Sequence Target

GGACCTGAATTCTGA Nudt6

/5TYES563/AACACGTCTATACGC SCR

Porcine GapmeR

Sequence Target

GGCAATAAATCGGCTT NUDT6
2.3.11. TagMan Primers

Gene Species

ACTA pig

ACTB mouse

ACTB pig

aSMA mouse

CDC42 human

CSRP1 human

FGF2 human

FGF2 mouse

FGF2 pig

Cat#

HS00426835_G1
MM02619580_G1
SS03376081_uf
MM00725412_s1
HS00918044 g1
HS00187916_m1
HS00266645_m1
MMO01285715_m!1
SS03375809_U1



GAPDH
MYHC
NUDT6
NUDT6
RPLPO
uBC

human
pig

human
mouse
human
human

2.4. Enzymes and Enzyme Inhibitors

Name

DNase | Amplification Grade
cOmplete Protease Inhibitor
Tablets

Halt Protease Inhibitor Cocktail
Hindlll

Phosphatase Inhibitor Cocktail Il

Phosphatase Inhibitor Cocktail
1]
RNase-free Dnase Set

RNaseOUT

T7 RNA Polymerase
Trypsin-EDTA
TURBO Dnase

Xho1

Cat#

18068-015
11697498001

78429

R0104S

P5726

P0044
79254
10777-019

P2077
25200056
AM2238

R0146S
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HS03929097 gH
SS03373508_MH1
HS00246601 M1
MMO01285702_g1
HS00420895_gH
HS00824723 m1

Manufacturer

Invitrogen (Carlsbad, CA, USA)
Roche (Mannheim, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

New England Biolabs (Ipswich,
MA, USA)

Sigma Aldrich (St.Louis, MO,
USA)

Sigma Aldrich (St.Louis, MO,
USA)

Qiagen (Hilden, GER)

Thermo Fisher Scientific
(Darmstadt, GER)

Promega (Madison, WI, USA)
Thermo Fisher Scientific
Invitrogen (Carlsbad, CA, USA)
New England Biolabs (Ipswich,
MA, USA)

2.5. Experimental Animals and Primary Cells

Provider

Taconic Bioscience (Silkeborg,

Jackson Laboraroties (Bar
Harbor, ME, USA)

Exemplar Genetics (Coralville,
IA, USA)

Cell Applications (San Diego, CA, USA)
Cell Applications (San Diego, CA, USA)
Gift from Prof. Yonglun Luo, Aarhus

Background Genotype Experiments
-/
C57BL/6J ApoE Angll + CAR DK)
C57BL/6N n/a PPE
Yucatan mini pig LDLR” PPE
Name Cat # Manufacturer
hAoSMCs 354p-05a
hCtSMCs 3514-05a
Yucatan Pig n/a
Fibroblasts University, Denmark



2.6. Material for in vivo studies

Name Cat#
10-12x20mm PTA balloon
5.0 Vicryl J500G

9-11x20mm PTA balloon

SBI100040080
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Manufacturer

SBI1120020080 Medtronic (Dublin, IRE)

Ethicon (Sollentuna, Sweden)
Medtronic (Dublin, IRE)

High Fat Diet for Pigs C1090 Altromin (Lage, GER)
Santa Cruz Biotechnologies (Dallas,
Isoflurane sc-470926 TX, USA)
Mouse Microbubble Kit 31510525 Xceltis (Mannheim, GER)
Osmotic Minipumps 2001 Alzet (Cupertino, CA, USA)
plastic cast 1.570.001 Promolding (Den Haag, NL)
Porcine Pancreatic E7885-20MG  Sigma Aldrich (Darmstadt, GER)
Elastase
2.7. Consumables
Name Cat# Manufacturer
25cm2 c/n Flask 3289 Corning (Corning, NY, USA)
75cm2 c/n Flask 3290 Corning (Corning, NY, USA)
. : . Simport (Saint-Mathieu-de-
Amplitube PCR Reaction Strips  T320-2N Beloeil, CAN)
Cell Culture Flask, 175cm2 660 175 Greiner (Melsungen, GER)
CultureSlides 354104 Falcon (Corning, NY, USA)
EASYstrainer 542 070 Greiner (Frickenhausen, GER)
FastGene Fast 96 well pcr plate FG-03890 Nippon Genetics (Duren, GER)
Imagelock Plates 4379 Sartorius (Ann Arbor, MI, USA)
Injekt 20ml luer solo 4606205V Braun (Melsungen, GER)
Millex GP 0.22um SLGP0O33RS Merck (Cork, IRE)
Omnifix-f 9161406V Braun (Puchheim, GER)
PCR Clear Seal FG-93AC Nippon Genetics (Duren, GER)
2.8. Equipment
Name Manufacturer

ABJ 220-4M Scale

Analog vortex mixer

Olympus Slideview VS200
Binder C 150 Incubator
BioGen Series PRO 200 Ruptor
Centrifuge 5415 D

Certomat R Bacterial Shaker
Certomat HK Bacterial Shaker
Cold Plate EG1150C

Cryo 1°C Freezing Container
DM 4000 B Microscope

KERN (Balingen-Frommern, GER)
VWR (Darmstadt, GER)

Olympus (Shinjuku, Tokyo, JPN)
Binder (Tuttlingen, GER)

PRO Scientific (Oxford, CT, USA)
Eppendorf (Hamburg, GER)
B.Braun (Melsungen, GER)
B.Braun (Melsungen, GER)

Leica (Wetzlar, GER)

Nalgene (Rochester, NY, USA)
Leica (Wetzlar, GER)



Dynamag 2 Magnet

Epoch Plate Reader

GelDoc XR+ Imaging System
GTS Sonoporation System
Heat Plate

HERA Cell 240i Incubator
HERA Safe KS Sterile Benches
HERA Therm Oven

Heraeus Fresco 21 Centrifuge
Hula Mixer

Incucyte ZOOM S2

InoLab pH7110 pH-Meter
InSlide Out Oven Model 241000
Logiq S7 System

MasterCycler nexus gradient
MCO-230AICUV-PE
Mictorome RM2552

Mini Plate Centrifuge

Mini Star Centrifuge

NanoDrop 2000C

Pellet Mixer

PowerPac Electrophoresis Unit
PrimoVert Microscope
QuantStudio 3

Sicomatic Pressure Cooker
Sub-Cell GT Agarose Gel Unit
Thermal Shake Lite

Thunder Imager

Trans-Blot Turbo

TS-100 Thermal Shaker
VacuPump

VariMax Platform Rocker

Veriti Cycler

Vevo 2100 Imaging System
VMS-A Magnetic Stirrer

Water Bath WNB14

Water Bath GFL 1052

Western Blot Imaging System c600
WoundMaker 96

Xcell SureLock for Electrophoresis

2.9.
Software

Image Lab V4.1 Build 16
Gel Analyzer v19

Software
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Thermo Fisher Scientific (Darmstadt, GER)
BioTek (Winooski, VT, USA)

BioRad (Hercules, CA, USA)

Sonitron (Sint-Niklaas, BEL)

Medax (Neumunster, GER)

Thermo Fisher Scientific (Darmstadt, GER)
Thermo Fisher Scientific (Darmstadt, GER)
Thermo Fisher Scientific (Darmstadt, GER)
Thermo Fisher Scientific (Darmstadt, GER)
Invitrogen (Carlsbad, CA, USA)

Essen BioScience (Herfordshire, UK)
WTW (Weilheim, GER)

Boekel Scientific (Feasterville, PA, USA)
GE (Frankfurt am Main, GER)

Eppendorf (Hamburg, GER)

PHC (Etten-Leur, NL)

Leica (Wetzlar, GER)

Nippon Genetics (Duren, GER)

VWR (Darmstadt, GER)

Thermo Fisher Scientific (Darmstadt, GER)
VWR (Darmstadt, GER)

BioRad (Hercules, CA, USA)

Zeiss (Oberkochen, GER)

Applied Biosystems (Darmstadt, GER)
WMF (Geislingen a.d.Steige, GER)
BioRad (Hercules, CA, USA)

VWR (Darmstadt, GER)

Leica (Wetzlar, GER)

BioRad (Hercules, CA, USA)

Biosan (Riga, LV)

Integra (Zizers, CH)

Thermo Fisher Scientific (Darmstadt, GER)
Applied Biosystems (Darmstadt, GER)
VisualSonics (Toronto, CAN)

VWR (Darmstadt, GER)

Memmert (Schwabach, GER)

GFL (Burgwedel, GER)

Azure Biosystems (Dublin, CA, USA)
Essen BioScience (Herfordshire, UK)
Thermo Fisher Scientific (Darmstadt, GER)

Manufacturer

Bio Rad (Hercules, CA, USA)
Istvan Lazar, PhD



Incucyte Base Analysis Software and
Migration Module

Leica Application Suite X (LAS X)
Microsoft Office for Mac v16.59

NDP Viewer 2

Prism for Mac OS X v8, v9
QuantStudio Design & Analysis
Software v1.4.3

cSeries Capture Software

Essen Bioscience (Herfordshire, UK)

Leica (Wetzlar, GER)

Microsoft (Redmond, WA, USA)
Hamamatsu Photonics (Hamamatsu,
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3. Methods
3.1. Molecular Biology — Nucleic Acid

RNA isolation from cells, human tissue and murine samples
To isolate RNA, cells were washed once with PBS. Then, Qiazol (Qiagen) was added
— 700yl (6 well plate), 500ul (12 well plate), or 350ul (24 well plate) per well. Cells were
scraped off the surface with a cell scraper (Sigma) and transferred to a microcentrifuge
tube after flushing the well twice. Then, the RNeasy mini kit (Qiagen) was used
according to the manufacturer’s instructions. If the estimated yield was expected to be
very little, the RNeasy micro kit (Qiagen) was used. If DNA templates (from plasmids)
have to be removed, the additional DNase step, which can be found in the supplement
of the manufacturer’s protocol, was performed. Briefly, 140ul (6 well) or 70ul (12/24
well) of chloroform (Merck) was added to each sample, vortexed for 20s, and
incubated for 2min before centrifuging at 12000g for 15min at 4°C. The transparent
phase on top was transferred to a new tube and mixed with 1.5 volume of 100%
Ethanol (Carl Roth). The mix was pipetted on the corresponding spin column
(depending on the kit). After one wash step with RWT buffer, two RPE buffer washes
(or one RPE wash step and one 80% Ethanol (Carl Roth) wash step for miRneasy
micro kit) were performed before the RNA was eluted. Depending on the expected
yield, the volume of eluting agent (RNase-free water) was adapted. In most cases,
30ul or 14ul was used for elution. After the last centrifugation, samples were put on
ice.

For the RNA pulldown analysis, 15ul elution volume and DNase digest (Qiagen)
with the miRneasy micro kit were performed.

For RNA isolation from tissue, a tissue ruptor (PRO scientific) was used. A 20-
30ug piece was cut from the tissue sample on ice and immediately transferred to a
Qiazol-containing microcentrifuge tube. Since human tissue is calcified, the samples
were snap-frozen in liquid nitrogen to make homogenization easier. Each sample was
homogenized for 30s. Then, the sample was cooled down on dry ice. In between
samples, the blade was washed in Ethanol and water. After 3-5 rounds, most of the
tissue is homogenized. For mouse tissue like the aorta, the tissue was directly
homogenized without the use of liquid nitrogen. Around 3-4 rounds of 30s each were
needed. The protocol was then followed as described above. For mouse tissue, the

miRneasy micro kit was used due to low yield.
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cDNA synthesis

To generate a more stable intermediate product, RNA was reverse transcribed to
cDNA using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems) or the High-
Capacity cDNA Reverse Transcription Kit with RNase Inhibitor (Applied Biosystems).
Table 1 shows the setup for a cDNA reaction using each of the two kits. Reverse
transcription was performed in a thermocycler (Eppendorf and Thermo Fisher). The
programs are shown in Table 2. Prior to usage, RNA was diluted accordingly to 100-
400ng, depending on availability and concentration. For RNA pulldown eluate
analysis, all RNA (15ul) was used for cDNA synthesis, except for Input Controls
(1.5ul). cDNA was stored at 4°C short term and -20°C long term.

Components Kit # 4387406 Kit # 4374966
2x RT Buffer Mix 10pl -
20x RT Enzyme Mix 1l -
10x RT Buffer 2.0ul
25x dNTP Mix (100mM) 0.8pl
MultiScribe RT 1.0pl
10x RT Random Primers 2.0ul
RNase Inhibitor 1.0pl
RNA 100-400ng 100-400ng
Nuclease-free Water To 20.0pl To 10ul

Table 1 Reaction setup for cDNA generation.

Kit # Step1 Step2 Step3 Step4
4387406 Temperature 37°C 95°C 4°C
Time 60min  5min infinite
4374966 Temperature 25°C 37°C 85°C 4°C
Time 10min  120min  5min infinite

Table 2 Thermocycling profile for cDNA generation.

Both adapted from High-Capacity cDONA Reverse Transcription Kit with RNase Inhibitor Cat#4374966 from
Thermo Fisher.

Quantitative Real-Time PCR
This method enables the quantification of a given cDNA generated in the previously

described step. Here, TagMan reagents (Applied Biosystems) have been used, which
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are labeled with a FAM reporter dye. Before using the cDNA in this assay, it has to
be diluted to 100ng. Then, a TagMan reaction is prepared using either the Gene
Expression Master Mix (Applied Biosystems) or the Fast Advanced Master Mix
(Applied Biosystems), according to Table 3. A full list of used TagMan assays can be
found in the material section 2.3.11. The PCR is performed in a QuantStudio 3
machine (Applied Biosystems) with settings recommended by the manufacturer
(Table 4). The cycle number was set to 40. In order to analyze the quantified cDNA,

the AA-Ct method was used to finally calculate the fold change.

Components
TagMan Master Mix
(2X) 10ul
TagMan Assay (10X) 1ul
Nuclease-free Water 6ul

cDNA Template 2ul [100ng]
Table 3 Reaction setup for gRT-PCR. Adapted from Gene Expression Master Mix Cat#4369016 from Thermo
Fisher.

UNG Polymerase PCR - PCR -
incubation Activation Denature Anneal
Temperature 50°C 95°C 95°C 60°C

Time 2min 10min 15sec 60sec

Table 4 Thermocycling profile for qRT-PCR. Adapted from Gene Expression Master Mix Cat#4369016 from
Thermo Fisher.

Quantitation of DNA and RNA

To be able to use an equal amount of RNA for cDNA generation and to receive
information on nucleic acid purity, RNA was quantified using the NanoDrop 2000
Spectrophotometer (Thermo Fisher). After blanking and measuring 2ul of water to
ensure proper blanking, 2ul of each undiluted RNA sample was measured. The
absorbance ratio of 260nm and 280nm was used to define the purity of the sample —
RNA samples with a ratio of 1.8 to 2.1 and DNA samples with a ratio of 1.7 to 1.9 were

regarded as pure.

Transformation of competent bacteria

Transformation is the process of bacteria taking up extracellular genetic material from
their surroundings. Utilizing this mechanism leads to the expression of a large amount
of DNA which normally exceeds the capacity of E.coli bacteria. However, bacteria
used for transformation are made competent to take up free DNA from the

environment. This can be done by chemicals or electroporation. Here, chemically
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competent Library Efficiency DH5a cells (Invitrogen) were used. 50ul cells per reaction
were thawed on ice, then 0.5ul of plasmid DNA and 0.5ul of DNase-free water were
added to the cells which were then stirred carefully with the pipette tip. Cells were
incubated on ice for 10 min. Then, cells were placed into a 42°C Thermo Cycler (VWR)
without shaking to open up the pores of the membrane, allowing the plasmid DNA to
be taken up by the cells. The mix was incubated on ice for 2-5min min before adding
100p! of S.0.C medium (Thermo Fisher) and shaking for 1h at 225rpm at 37°C. 80yl
were spread on an LB agar plate containing the respective antibiotic (NUDT6 and
Empty Vector: Kanamycin; GFP: Ampicillin; 1:1000) close to a Bunsen burner flame.

The plates were incubated at 37°C overnight.

Overnight Culture Inoculation

After letting the plates incubate at 37°C overnight, a single colony was picked with a
clean pipette tip and ejected into 5ml of LB medium in a 50ml Falcon containing the
respective antibiotic in a 1:1000 dilution. In addition, one blank 5ml LB medium with a
pipette tip serves as a control. Cultures were incubated overnight at 37°C and 225rpm
in a bacteria shaker (B.Braun Biotech). If there is no growth (milky LB) in the blank

control on the next day, the cultures can be further processed.

DNA isolation from competent E.coli bacteria

To isolate the DNA from the competent E.coli, the QlAprep Spin Miniprep Kit (Qiagen)
was used following the manufacturer's instructions. Briefly, 2x 2ml of overnight culture
was pelleted at 8000rpm in a tabletop centrifuge (Thermo Fisher) for 3min at RT. Then,
cells were resuspended in buffer P1 before buffer P2 was added. The tube was
inverted until the suspension became clear. For better lysis control, LyseBlue reagent
was added to buffer P2. After no longer than 5min, Buffer N3 was added and the tube
was inverted again 4-6 times and centrifuged for 10min at 13000rpm. The supernatant
was added to a spin column and centrifuged, washed once with buffer PB and once
with buffer PE, with centrifugation in between. To remove any leftover wash buffer, the
column was once more centrifuged for 1min. Then, the column was placed on a 1.5ml
Eppendorf tube, and 30ul DNase-free water was added. After letting the column stand
for 1min, the sample was centrifuged for 1min. DNA purity and concentration were

determined afterward and stored at -20°C.
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Enzymatic Digestion

To produce a template for the in vitro transcribed biotinylated RNA, which was used
in the RNA pulldown, the respective plasmid had to be linearized. The prerequisite for
this procedure was a T7 promoter proximal to the MCS/the inserted DNA sequence.
This was the case for both, the GFP (pcDNA3.1(-) backbone) and the NUDT6
(PCMV6-Entry backbone) vector. Enzymes were used according to Table 5. 5ug of
each plasmid was used together with 10x reaction buffer (New England Biolabs), 50U
of the respective enzyme (New England Biolabs), and water to a reaction volume of
100ul. The reaction was incubated at 37°C on a Thermo Cycler (VWR) for 60min at
350rpm. Then, an inactivation step followed depending on the enzyme used (see

Table 5). The reaction was stored at -20°C for long time or 4°C for short time.

Vector Restriction Enzyme Inactivation
GFP Hindlll 80°C for 20min
NUDT6 Xhol 65°C for 20min

Table 5 Restriction Enzymes used for respective vector linearization.

PCR purification

In order to remove any leftover enzyme and undigested template DNA, the samples
underwent PCR purification after the enzymatic digestion. Here, the QIAquick PCR
purification kit (Qiagen) was used according to the manufacturer’s instructions. In
summary, the sample was mixed with buffer PB, placed into a QIAquick column, and
centrifuged to bind DNA to the column. Then, a wash step with PE buffer with
centrifugation followed. To elute the DNA, 30-50ul of water was added to the column.

After 1min, the purified DNA was eluted via centrifugation into a sterile Eppendorf tube.

Agarose gel electrophoresis

To ensure complete linearization, 100ng of digested and therefore linearized plasmid
and 100ng of undigested, circular plasmid were loaded on a 1.5% agarose gel.
Samples were diluted with DNase-free water and 5x loading dye (Qiagen). The gel ran
for 1.5h at 140V. DNA ladder (Thermo Fisher) with a range from 2000 bp to 100 bp
was used to check for length. Gels were imaged using the GelDoc system (BioRad)
under UV light. Circular DNA runs slightly slower through the agarose gel compared
to linearized DNA, so by comparing digested to undigested samples, it was ensured

that the enzyme completely linearized the DNA.
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In vitro transcription and biotinylation

After linearization, the DNA needs to be transcribed into RNA to incorporate
biotinylated oligos. For that, 1ug of the plasmid DNA was used as a template for in
vitro transcription using the T7 RNA Polymerase (Promega) according to Table 6. The
reaction was incubated for 2h at 37°C at 300rpm. To remove any DNA template, the
reaction was incubated with 1yl of TURBO DNase (Thermo Fisher) followed by
quenching with 0.4ul 0.5M EDTA.

Components
Plasmid 1ug
5x Transcription Optimized Buffer 4l
10x Biotinylated Oligos 2ul
DTT, 100mM 2ul
RNase OUT 0.24l
Nuclease-free Water To 18ul
T7 RNA Polymerase 2ul

Table 6 Reaction setup used for in vitro transcription of NUDT6 and GFP plasmids.

Sephadex Columns

In order to do a clean-up and concentrate of the in vitro transcribed RNA, Sephadex
Quick Spin Columns (Roche) were used according to the manufacturer’s instructions,
In brief, columns were inverted a few times, the buffer was drained, and they were
inserted into a collection tube. Then, the RNA was pipetted on top, and the column
was centrifuged for 4min at 1100g. RNA was measured using the NanoDrop

Spectrophotometer (Thermo Fisher) and stored at -80°C.

RNA gel electrophoresis and -staining

To determine the correct size of the RNA as well as its purity in form of the absence
of a smear, RNA gel electrophoresis was performed. 500ng or 1ug of RNA was mixed
with 2x TBE Urea Sample Buffer (Thermo Fisher) and water to 15ul followed by a 5min
incubation at 70°C with 300rpm. Then, RNA was separated on a 6% TBE-Urea Gel
(Thermo Fisher) at 150V for around 90min. To check for fragment size, RiboRuler
RNA ladder (Thermo Fisher) was loaded in addition to the sample RNA. To visualize
the RNA bands, the gel was stained with SYBR Green Il RNA Gel Stain (Thermo

Fisher) according to the manufacturer’s instructions. Briefly, the stock was diluted
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1:10000 in TBE buffer, and the pH was adjusted to 8. While protecting it from light, the
gel was stained in the prepared dilution for 30min while agitating gently. The gel was
imaged using the GelDoc System (BioRad). If there was more than one band of the
designated size or if there was any form of smear in the gel, the samples were

excluded for RNA pulldown.

RNA Folding

Immediately before or during an incubation time of the pulldown, the RNA needs to
fold into its natural secondary structure. To do that, 250ng of biotinylated RNA is mixed
with 75l folding buffer and is incubated for 2min at 90°C followed by 3min on ice and
25min at room temperature. The folded RNA is stored on ice until usage. The RNA

cannot be frozen again once folded and has to be used on the same day.

RNA Pulldown

First, the cells had to be prepared for the experiment (see “Cell Culture — Sample
Preparation for RNA Pulldown”). Then, 150yl of freshly prepared complete lysis buffer
was added to the pellets followed by a 30min incubation on ice flicking the tubes
occasionally 1-2 times during the lysis. The sample was pelleted at 17000g for 30min
at 4°C, and the cell lysate supernatant was transferred into a new tube. 3x of the initial
volume of dilution buffer was added.

Either during lysis or centrifugation, 20pl of MyC1 Streptavidin beads (Thermo Fisher)
were washed three times with dilution buffer using a magnetic rack (Thermo Fisher)
and finally resuspended in 100ul complete dilution buffer.

Then, the beads were added to the cell lysate and incubated head over tail at 4°C for
30min. The supernatant was then transferred into a new tube while taking a 5% input
sample. 100yl of the folded RNA was added into the cell lysate and incubated head
over tail at 4°C overnight.

On the next day, dilution buffer and 200mM NaCl dilution buffer were prepared by
adding the appropriate amounts of inhibitors. Then, 80ul of Streptavidin beads per
reaction were washed 3x in dilution buffer, resuspended in 100pl dilution buffer, and
added to the samples. The mix was incubated head over tail at 4°C for 3 hours. Finally,
3 washing steps using the dilution buffer and the magnetic rack followed by a head-
over-tail incubation at 4°C for 10min and 1 wash step as described but with 150mM

NaCl dilution buffer was performed. Then, samples were washed 2x briefly in MS
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buffer before resuspending in 50ul M/S buffer of which 40ul were sent for LC-MS/MS
analysis. For RNA analysis, 6ul of the sample was mixed with 100ul of QIAzol
(Qiagen). The remaining 4ul were mixed with 1ul of 4x LD buffer (Thermo Fisher) for

gel electrophoresis and silver staining.

RNA Immunoprecipitation

To verify the identified interaction partners from the RNA pulldown, we used RNA-IP
or RIP where a similar approach is used. The experiment was performed with the
MagnaRIP Kit (Merck) according to the manufacturer’s instructions. Briefly, cells of
one T125 flask (Corning) were washed in PBS twice and scraped. After a brief
centrifugation to pellet the cells, RIP Lysis buffer (included in the kit) was added and
the lysate was incubated for 5Smin on ice before it was used or stored at -80°C. 300ul
of cell lysate was needed for one run. Two runs were always performed in parallel in
order to analyze both, RNA and protein. Provided magnetic beads were washed and
preincubated for 30min with provided 5ug IgG Control (provided) or CRP-1 antibody
(Invitrogen), respectively. Beads were then transferred to the provided IP buffer. The
cell lysate was centrifuged, and the supernatant was distributed accordingly — 125l
for IgG, 125ul for CRP-1, and 50yl for Input. The input was frozen immediately at
-80°C. Lysate-Antibody-Bead complexes were incubated overnight at 4°C. On the next
day, complexes were washed 6x at 4°C using the magnetic separator. For RNA, 700l
Qiazol (Qiagen) was added to the beads. Isolation was performed using the miRneasy
microKit (as described earlier). RNA was eluted in 13ul which was all used for cONA
generation, adjusting the volumes of buffer and enzyme accordingly. gRTPCR was
performed as described using four housekeeping TagMan assays and NUDT6 assay.
The experiment was analyzed according to Chen-Plotkin et al. by normalizing to
housekeeping genes and IgG (Chen-Plotkin et al. 2006). The experiment was defined
as successful once enrichment was >1.6x.

Protein was analyzed by replacing the buffers with 4xLD and 10x Reducing agent
(both from Thermo Fisher) as described in “Western Blot” chapter. Input, IgG, CRP-1
fractions as well as the first wash supernatant and the beads were loaded onto the
gel. For further methodological information, please refer to chapter “3.2, subchapter
Western Blot”. The secondary antibody used was VeriBlot antibody (abcam,

Cambridge, UK) in a 1:1000 dilution. This antibody allows for detection without
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interfering with denatured IgG, only recognizing native antibodies (which have not

been subjected to boiling).

3.2. Molecular Biology — Protein

Bicinchoninic Acid Assay

The concentration of a given protein lysate of sources such as tissue or cells was
determined using a bicinchoninic acid (BCA) protein assay.

For cellular protein lysate, cells are washed once with PBS before adding complete
RIPA buffer (Thermo Fisher) to the flask (700ul) or well (70ul) and scraping the
adherent cells. After transferring the cells to an Eppendorf tube on ice, the sample is
homogenized using an electric pestle (VWR) for 30s on ice. Between the different
samples, the pestle is washed in Ethanol and distilled water. Samples incubate on ice
for 30min before centrifuging at 14000rpm for 15min at 4°C. The supernatant was
transferred into a new tube on ice and is ready to be used for protein concentration.
To determine the amount of protein in the samples, the Pierce BCA Protein Assay Kit
(Thermo Fisher) was used according to the protocol provided by the manufacturer.
Briefly, standard and working solutions were prepared, and the according volume of
either standard or sample was pipetted in duplicates. The plate was incubated for
30min in the dark at 37°C. Then, the plate was shaken briefly to evenly distribute the
developed color. The plate was put into a plate reader (BioTek). Analysis was also
performed according to the manufacturer’s instructions by generating a standard

curve.

Western Blot

To separate the proteins according to their size, 10-15ug of protein lysate was mixed
with 4x Loading Dye (Thermo Fisher) and 10x Reducing Agent (Thermo Fisher) and
filled with RIPA buffer to either 30ul (15 well gel) or 40ul. Then, samples are boiled for
10min at 70°C before loading them on a 4-12% Tris-Glycine gel (Thermo Fisher) in a
BOLT gel station (Thermo Fisher). The tank was filled with 1x Running Buffer and 5pl
of PreStained Protein Marker (Thermo Fisher) was added to at least one well. The gel
station was then connected to a power source (BioRad) where 80-100V was applied
until the samples reached the lower, separating part of the gel. Then, the voltage was
increased to 120V until the samples reached the lower edge of the gel. The gel was

removed from its cast by carefully opening it with a Spatula.
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For membrane transfer, ready-to-use PVDF membranes with stacks of soaked filter
paper (BioRad) were put into one cassette of the Turbo Transfer Machine (BioRad).
The gel was placed carefully on top of the PVDF membrane and covered with the
intended stack of filter paper (both from BioRad). To ensure complete transfer without
air bubbles, a roller was applied. Then, the lid of the chamber was closed, and the
30min program was selected.

After completion, the membrane was transferred into a plastic container filled with 1x
TBS-T and placed on the shaker for 5min. Meanwhile, 5%milk (Carl Roth) in TBS-T
was prepared and subsequently applied for 1h to block unspecific binding. The primary
antibody was prepared in the blocking buffer according to section 2.3.7. and incubated
overnight at 4°C on a shaker. On the next day, the antibody was poured into a falcon
and stored at -20°C for multiple uses. After 3x5min TBS-T wash, a secondary antibody
in blocking buffer was applied according to section 2.3.7. for 1h. Afterward, the
membrane was washed for 3x5min with TBS-T. To develop the protein bands, ECL
substrate (Cytivia) was used according to the manufacturer’s instructions. After a 5min
incubation, the membrane was imaged using a Western Blot Imager (Azure Biotech).
To be able to quantify the result, was cut to incubate the target antibody and control
antibody in parallel. If this was not possible, 3x10min TBS-T wash followed by stripping
solution (Thermo Fisher) was used to remove the bound antibody. Signal
quantification was performed using GelAnalyzer (www.gelanalyzer.com) software by

normalizing to BActin or BTubulin signal.

Silver Staining

To check for differential protein content in the different eluates of the RNA pulldown
experiment, the Pierce Silver Stain for Mass Spectrometry (Thermo Fisher) was used
according to the manufacturer’s instructions. Afterward, a picture was taken to confirm
the differential protein content of the two eluates. Once a candidate was identified via
LC-MS/MS, the silver staining can identify potential enrichments at the given kDa in

either of the two fractions.

Liquid Chromatography with tandem mass spectrometry (LC-MS/MS)

After performing the pulldown experiment, the 6 replicates of each condition (NUDT6
and GFP biotinylated RNA) were sent to Dr. llka Wittig, Functional Proteomics Unit at
Goethe-University in Frankfurt am Main, Germany for further processing, LC-MS/MS
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as well as data analysis. Methods were provided with the analysis sheet and are
described here briefly.

Sample Preparation The beads were supplemented with 6M Guanidine hydrochloride
and 50mM Tris/HCI as well as 10mM Tris (2-carboxyethyl)phosphine and incubated
for 5min at 95°C. Thiol alkylation was performed using 40mM chloroacetamide, and
the sample was diluted with 25mM Tris/HCI and 10% acetonitrile to lower Guanidine
hydrochloride concentration to 0.6M. Protein digestion was performed using 1ug
trypsin overnight at 37°C. The process was stopped with trifluoroacetic acid to a
concentration of 0.5%. Then, the peptides were loaded on a multi-stop-and-go tip
(StageTip), and purification and elution were performed. Peptides were dried and
resolved in 1% acetonitrile and 0.1% formic acid.

HLPC Methods LC/MS was performed on a Q Exactive Plus (Thermo Scientific) which
is equipped with an ultra-high performance liquid chromatography unit and a
Nanospray Flex lon-Source. Peptides were loaded on a C18 reversed-phase pre-
column (Thermo Scientific) and separated with an emitter tip.

MS The scan rage of the MS reached from 300 to 2000 m/z with a resolution of 70.000
and an automatic gain control value of 3*10° total ion counts combined with a maximal
ion injection time of 160ms. Higher charged (2x) ions were chosen for MS/MS scans
with a resolution of 17500 and an automatic gain control value set to 10° ions with a
maximal ion injection time of 150ms.

Data Analysis MaxQuant 2.0.1.0 (Cox and Mann 2008), Perseus 1.6.1.3 (Tyanova et
al. 2016), and Excel (Microsoft Office 2016) were used. As a fixed modification,
carbamidomethylation (+57.02) on cysteines, and as variable modifications, N-
terminal acetylation (+42.01) and methionine oxidation (+15.99) were applied.
Peptides and proteins with a false discovery rate (FDR) or less than 1% were identified
in the human reference proteome set (Uniprot, September 2021, 78120 entries). If a
protein was identified 4 or more times in one experimental group, it was included in
the analysis. Any lacking values could be replaced by background values from a
normally distributed dataset. The significance of potential interactors was calculated

using student’s t-test.
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3.3. Cell culture

Cultivation of Cells

All work described in this paragraph was performed under sterile conditions under a
laminar flow hood (Thermo Fisher) to prevent contamination.

Thawing and Maintaining Cells: One vial of human aortic smooth muscle cells
(hAoSMCs) (Lonza or PELO Biotech, Planegg, Germany) or human carotid smooth
muscle cells (hCtSMCs) (Lonza or PELO Biotech) were taken from the liquid nitrogen
tank where the cells are stored for longer terms. Then, cells were thawed in a 37°C
water bath for 1-2min before transferring them into a falcon tube with 5ml of complete
smooth muscle cell growth medium (PELO Biotech). After rinsing the vial again 1-2
times, the cells were centrifuged at 500rpm for Smin. If cells were not centrifuged and
plated directly, the medium was changed the following day to remove leftover DMSO
from the freezing medium (described in “Freezing Cells”). The pellet was resuspended
in 5ml (T25), 12ml (T75), or 24ml (T175) of complete smooth muscle cell growth
medium and, transferred to the respective flask (all sizes Corning) and stored in an
incubator (Binder or Thermo Fisher) at 37°C with 5% CO2. The medium was changed
every 2-3 days with pre-warmed medium.

Passaging Cells: Once cells were confluent, they were washed once in sterile PBS
(Sigma Aldrich) before Trypsin-EDTA (Thermo Fisher) was added so that all cells were
covered. The flask was placed back into the incubator for 3-5min for the cells to
detach. The detachment was confirmed under the microscope (Zeiss). Trypsin was
inactivated by adding 10ml of complete culture medium to the cells which were rinsed
and collected in a 15ml tube and centrifuged for 5min at 400rpm. For simple passaging
and depending on the confluency of the cells and the pellet size, a respective amount
of medium was added to the pellet and distributed into the needed amount of flasks
(e.g. very confluent cells or big pellet: resuspend in 3-4ml, take each 1ml of cell
suspension and add to a new T75 cell culture flask). Then, the medium was added to
12ml, and cells were placed back into the incubator. Flasks were labeled with the
respective passage number of cells. In general, the shape and looks of the cells were
assessed to decide if they are still usable since after p8-10, cells usually change shape
and behavior and become more synthetic.

Counting and seeding cells: If the cells were supposed to be seeded at a certain

density for an experiment after trypsinization and centrifuging (described in
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“Passaging cells”), cells had to be counted. For that, the pellet was resuspended in 2-
4ml (depending on pellet size) and mixed well. 10l of cell suspension was added to
a Neubauer Improved single-use counting chamber (Carl Roth) and placed under the
microscope. Cells were counted, and the amount per ml was determined. Then, the
number of cells per well was calculated and multiplied by the number of wells. Also,
the amount of required medium was calculated. The cells and medium were mixed
well by pipetting up and down several times before distributing the cells into their
respective wells.

Freezing Cells: Once an experiment is finished, any leftover cells in a flask are grown
to confluency and are then frozen down. For that, cells were trypsinized as described
above. Then, cells were resuspended in a freezing medium and aliquoted — depending
on pellet size — in several CryoTubes (Thermo Fisher). Tubes were labeled with the
new passage number and put into a freezing container which was stored at -80°C.
After complete freezing of the cells, they were transferred to liquid nitrogen.

Isolating Cells: Since we have a close collaboration with the Vascular Surgery Unit of
Klinikum Rechts der Isar, we were able to receive biopsies from AAA repair or carotid
endarterectomy for cell isolation from patient samples. The cells were isolated by Dr.
Valentina Paloschi, Jessica Pauli, or Dr. Zhiyuan Wu from the same laboratory group.
In brief, 1.4mg/ml Collagenase A (Roche) was dissolved in DMEM-F-12 (Sigma-
Aldrich) and filtered using a syringe (Braun) and a suitable filter (Merck Millipore). The
solution can be aliquoted and stored at -20°C. The biopsy (carotid artery plaque or
AAA) was transported to the lab in DMEM/F-12 medium or PBS, transferred to a tissue
culture dish, and washed with PBS. Calcifications (and the adventitia in the case of
aortic biopsies) were removed using a sterile scalpel and forceps. Then, the biopsy
was transferred to a new culture dish filled with 2ml pre-warmed Collagenase A and
was then cut into small pieces to help digestion. The rest of the Collagenase A (approx.
8-10ml) was added, and the dish was placed for 4-6h in the incubator while moving it
once or twice every hour. To remove any debris, cells were strained after incubation
with a 100um cell strainer (Merck Millipore). The cells were centrifuged at 400g for 5
min and washed twice with 15 ml of DMEM/F-12. Finally, 7ml of DMEM/F-12 was used
to resuspend the cell pellet and was then transferred to a T25 flask labeled with a
unique identifier in which the cells were incubated for 72h before changing the medium

every 2-3 days.
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Transfection

The process of transfection describes the introduction of exogenous RNA or DNA into
eukaryotic cells. Here, siRNA (Ambion) or GapmeR ASOs (Qiagen) were introduced
to silence specific genes. Overexpression was achieved using a NUDT6 containing
plasmid vector (Origene) that was shuttled into the cells.

Transfection using RNAIMAX: For siRNA introduction, Lipofectamine RNAiMax
(Invitrogen) was used. The transfection was performed in Opti-MEM reduced serum
medium (Gibco). The afternoon before transfection, the cell medium was changed to
2% FBS (Gibco) in Opti-MEM without antibiotics. Immediately before transfection, the
medium was changed to 5% FBS in Opti-MEM without antibiotics. siRNA stock of
50uM was diluted 1000x so that the final concentration was 50nM if not indicated
otherwise. Experiments were conducted in at least triplicates and included a
scrambled negative control transfection reaction as well as a group that only received
RNAIMAX. Reagents were mixed according to Table 7 and incubated for 5min at room
temperature before the respective amount was added to the cells. After 24-48h, the
medium was removed, and cells were washed once with PBS before the RNA isolation

protocol (See “Molecular Biology — Nucleic Acid, RNA isolation”).

Components 6 well 12 well
Opti-MEM 1254l 65ul
RNAIMAX 3l 1.5ul
Opti-MEM 1254l 65ul

siRNA 2.5l 1.25l
per Well 250ul in 2.5ml 1254l in 1.25ml

Table 7 Transfection reaction for 6 well plates and 12 well plates for siRNAs and RNAIMAX.

Transfection using Lipofectamine 3000: For overexpressing NUDT6 in eukaryotic
cells, Lipofectamine3000 (Invitrogen, Thermo Fisher) was used. Medium conditions
were used as described in “Transfection using RNAIMAX”, so 2% FBS in Opti-MEM
overnight followed by 5% FBS in Opti-MEM for the transfection. If not stated otherwise,
100ng of the plasmid vector was used. Reagents were mixed according to Table 8
and incubated for 5min at room temperature. Then, the respective amount was
pipetted into the wells, and the cells were incubated for 48h before RNA isolation

according to “Molecular Biology — Nucleic Acid, RNA isolation”.



50

Components 6 well 12 well
Opti-MEM 125l 65ul
Lipofectamine 3.5ul 1.875ul
Opti-MEM 125l 65ul
P3000 1.0pl 0.5ul
Plasmid 100-250ng 250ng
per Well 250ul in 2.5ml 125ul in 1.25ml

Table 8 Transfection reaction for 6 well plates and 12 well plates for plasmids and Lipofectamine 3000.

Sample preparation for pulldown or protein

Two T175 flasks of hAoSMCs were washed once with ice-cold PBS and scraped in 5
ml of ice-cold PBS. Cells were spun down at 400g for 5min at 4°C. Then, the pellets
were washed twice in ice-cold PBS. After the first wash, 10ul were taken for counting.
Then, cells were split into fractions of 1.5M. Cells were finally resuspended in 1ml ice-
cold PBS and spun down at 400g for 5min at 4°C.

Cell Stimulation

Angiotensin Il Stimulation: To mimic an environment seen in the Angll mouse model
and which is known to induce cellular responses and pathogenic features mirroring
AAA, hAoSMCs were stimulated with Angll (Sigma Aldrich). Cells were stimulated with
0.5uM Angll. Before, the cell medium was changed to Opti-MEM supplemented with
2.5% FBS. After 24 hours, the cells were harvested, and RNA was isolated as
described in “Molecular Biology — Nucleic Acid, RNA isolation”.

Oxidized Low-Density Lipoprotein Stimulation: The equivalent stimulation that leads
to the induction of pathogenic changes in hCtSMCs is oxidized low-density lipoprotein
(oxLDL) which was kindly gifted to us by the Ehrenborg group from the cardiovascular
unit of the Karolinska Institute in Stockholm, Sweden. Cells were stimulated with
2ug/ml oxLDL in Opti-MEM supplemented with 10% FBS. Then, cells were subjected
to RNA isolation.

Porcine in vivo inhibitor testing

Two vials of primary porcine fibroblast cells were used which were kindly gifted to us
by Assoc. Professor Yonglun Luo from Aarhus University, Denmark. Cells were grown
in DMEM GlutaMAX (Gibco) supplemented with 15% FBS and 1%
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Penicillin/Streptomycin (both from Gibco). Before transfection, cells were cultivated in
2% FBS in DMEM for 16-20h. Once confluent, they were split into 6 well plates and
transfected with 50nM per well of in vivo NUDT6 ASO using RNAIMAX for 48hrs. Then,

cells were subjected to RNA isolation.

Nuclear-Cytoplasmic Fractionation

All buffers for this experiment were stored at 4°C, and the experiment itself was
performed on ice and at a centrifuge set to 4°C. Cells were washed 1x with cold PBS,
scraped, and centrifuged at 4000rpm for 3min. After 2x wash in cold PBS followed by
spinning down at 4000rpm for 3min, cells were transferred to an Eppendorf tube. 100l
were taken after the first round of washing for the fraction ‘Total’. Then, the pellet was
resuspended in 1ml of RSB and incubated on ice for 3min. After another centrifugation
step as described above, the cells were carefully resuspended with a 1000yl pipette
in 4x pellet volume of RSBG40 (around 200ul) and centrifuged at 7000rpm for 3min.
The supernatant was added to a new Eppendorf and labeled ‘Cytoplasmic Fraction’.
Next, the pellet was resuspended in a 9:1 mixture of RSBG40 and detergent (e.g.,
180ul RSBG40 and 20ul detergent), incubated for 5min on ice, and centrifuged at
7000rpm for 3min. The resulting supernatant is pooled with ‘Cytoplasmic Fraction’.
After 2x wash with 1ml RSBG40 (first time at 7000rpm for 3min, second time
10.000rpm for 5min), the obtained pellet will be labeled ‘Nuclear Fraction’. To all
samples, 700ul of QIAzol is added. The nucleic fraction is subjected to
homogenization as described in “Molecular Biology — Nucleic Acids, RNA isolation”.
For analysis of qRT-PCR, the average CT of duplicates was taken, and deltaCT was
determined by subtracting ‘Total’ from ‘Cytoplasmic Fraction’ or ‘Nuclear Fraction”.
The resulting value was subjected to fold change calculation (=2”-(deltaCT)). Both,
Cytoplasmic Fraction and Nuclear Fraction were added together which resulted in
“100%’, and then, both fractions were each subtracted from the “100%’ value to see

how much percent of total RNA was found either in the cytoplasm or the nucleus.

Live Cell Imaging
The live-cell imaging system Incucyte (Essen Bioscience, now Sartorius) opens up
a new way for a more dynamic approach to the surveillance of fast-occurring

processes and changes such as proliferation, apoptosis, and migration.
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The system is equipped with a 4x, 10x, and 20x objective which take images of pre-
defined areas of the well plates at desired time intervals (e.g. every 15min 9 images
of a 6 well plate, or every hour, 4 images of a 12 well plate etc.. In that way, one can
observe dynamic processes within a set time frame in a defined area.

In the post-analysis pipeline, the cell shape can be defined, confluence areas can be
determined, and growth curves can be plotted. In that way, the potential effects of
inhibitors/overexpression plasmids are revealed and quantifiable.

To ensure even seeding which is crucial for all experiments conducted in the Incucyte,
the plates were all placed on the sterile bench for 15min to 30min after seeding to
ensure homogenous cell distribution. Also, no wells were left empty when performing
an assay to allow equal temperature and humidity during the assay. In that case, the
empty wells were filled with PBS. Also, bubbles had to be removed with a needle or
similar to make sure that they do not block the cells during imaging.

Proliferation: For tracking proliferation, the protocol provided by the manufacturer was
followed. On day 0, the cells were seeded in the appropriate well format to reach 30%
confluency (10.000 — 15.000 cells/ml seeding stock). The following day, transfection
was performed as described earlier. Then, the plate was placed in the Incucyte using
a 10x objective. It is crucial to remove any kind of bubbles before this step. Also, the
plate was allowed to warm again to 37°C so that all condensation was cleared from
the lid of the plate. Images were taken every hour in the phase contrast channel. The
experiment was conducted for 48 hours.

Apoptosis: On day 0, cells were seeded to be 30% confluent (10.000 — 15.000 cells/mi
seeding stock). On the next day, the cells were transfected. 6 hours after transfection,
the medium was changed to a complete growth medium containing 1:1000 Caspase-
3/7 Reagent (Essen Bioscience / Sartorius) to reach 5uM concentration while
protecting it from light. Then, the plate was transferred to the Incucyte, and after
approximately 30min of acclimatization, imaging was started. Proliferation and
apoptosis experiments can be run in parallel / in the same well.

Scratch Wound / Migration: For this assay, cells need to be seeded in a way to reach
100% confluency / a monolayer. In case, cells were seeded in a complete growth
medium and grown for several days to a monolayer. On the next day, cells were
prepared for the scratch wound assay. If needed, 6h before placing the scratch, cells
were transfected. Then, the Incucyte WoundMaker (Essen Bioscience/Sartorius) is

used according to the manufacturer’s instructions to create a reproducible scratch
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simultaneously in all wells. Medium is aspirated afterward and cells are washed
carefully twice with PBS. Then, the complete growth medium is added to the cells, and
the plate is placed into the incubator for imaging using a 10x objective which takes
images every 1-3 hours.

Data analysis: Data was analyzed using the included IncuCyze ZOOM Software
(Essen Bioscience/Sartorius) by exporting the raw data and normalizing proliferation
or apoptosis to the values from the first image. In some cases, the first hour of images

was excluded due to the acclimatization of the plate in the IncuCyte.

3.4. Animal Experiments

Study Approval

All murine studies were approved by the local ethics committee (Swedish Board for
Agriculture; Ethical permit no. N48/16).

The porcine animal study was approved by the Animal Ethics Committee of the
Government of Upper Bavaria (Munich, Germany; protocol no. ROB-55.2-
2532.Vet_02-18-53) and was performed following the respective guidelines (EU
Directive 2010/62/EU and Animal Welfare Act (2018).

Murine Animal Experiments

Mouse Housekeeping: Mice were housed in the facilities of the Comparative Medicine
unit at Karolinska Institutet under standard conditions with ad libitum access to water
and a standard chow diet. At the end of each experiment, mice were euthanized by
COzinhalation and checked for reflexes with a toe pinch before being exsanguinated
by heart puncture and 4°C PBS perfusion. Then, organs and plasma were harvested.
Mouse Anesthesia: All procedures were performed under anesthesia using 2%
isoflurane-containing oxygenated air. Prior to surgery, complete anesthesia was
confirmed by a toe pinch. During surgery, the isoflurane supply was ensured by placing
the head of the mouse in an inhalation mask. After the surgery was completed, mice
were placed into an enriched cage under an infrared lamp to reduce the drop in body
temperature. Once no signs of distress were visible, and full recovery was observed,
mice were placed back into their respective cage. In case of complications or signs of
lasting pain, mice received additional analgesia or were terminated in accordance with

the ethical protocols.
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Inducible carotid plaque rupture model and systemic Nudt6 ASO delivery: The
inducible carotid plaque rupture model combined with ASO treatment was performed
by Dr. Hong Jin from Karolinska Institutet in Stockholm, Sweden.

This model was developed to study plaque rupture and vulnerability using a canonical-
shaped cuff and ligation of the carotid bifurcation. By this, shear stress is induced, and
eventually, unstable carotid lesions and plaque rupture can occur (Sasaki et al. 2006).
10-12 week old ApoE" mice were anesthetized as described above. An incision was
made at the medial neck, and the right common carotid artery was identified and
isolated from connective tissue. A 5-0 Vicryl (Ethicon) suture was placed right below
the carotid bifurcation resulting in partial ligation of the vessel. Four weeks after the
placement of ligation, a cone-shaped plastic cuff (Promolding BV) of 1.7mm length is
placed around the common carotid artery proximal to the ligation site. The two halves
of the cuff are tied securely with a suture around the vessel. The distal part of the cuff
measures 150um, whereas the proximal end measures 300um. Before -cuff
placement, flow through the ligated carotid artery was confirmed by Doppler-enhances
ultrasonography (Visualsonics). Four days later, animals were sacrificed, and the right
common carotid artery was macroscopically searched for signs of plaque rupture. The
arteries were embedded in OCT compound (TissueTek).

10mg/kg fluorescently labeled scramble control or Nudt6 ASO (both Exiqon, now
Qiagen) were injected intraperitoneally on days 1, 11, and 21.

Angiotensin Il infusion AAA model and local Nudt6 ASO delivery: Osmotic minipumps
(model 2004, Alzet) filled with individual amounts of Angll (Sigma Aldrich) calculated
according to Daugherty et al. (Daugherty and Cassis 1999) were implanted into the
neck area of anesthetized 10-12 week old ApoE” mice. Angll was delivered at
1000ng/kg/min for four weeks. The abdominal aortic diameter was determined using
ultrasound (Visualsonics) on days 0,7,14, and 28. Also, the aortic wall was examined
to check for lesions or dilations. Mice were sacrificed on day 28 as described earlier.
The abdominal aorta was embedded in OCT compound (TissueTek).

Negative scrambled control or Nudt6 ASO (Exigon, now Qiagen) were charge-coupled
with cationic microbubbles (2x10° cMB/ml in H.O, SonoVue). On days 1, 11, and 21,
the mice were injected intraperitoneally with the microbubbles. For local treatment,
ultrasound was transmitted at the location of the abdominal aorta and later the

aneurysm (which was located prior to the injection using ultrasound and marking the
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right location with a pen) with a phased transducer (Sonitron GTS Sonoporation
System) for 15min with 1MHz, 2.0 w/cm? and 50% duty cycles (Jin et al. 2018).

Porcine Pancreatic Elastase perfusion AAA model and systemic Nudt6 ASO delivery:
To reduce stress and increase outcomes in mice by reducing surgery time and
increasing reproducibility, only experienced surgeons — Dr. Hong Jin (Karolinska
Institutet, Stockholm, Sweden) and Dr. Albert Busch (Vascular Surgery Unit, Klinikum
Rechts der Isar der TU Minchen) — performed this surgery. C57BL/6J mice were
anesthetized, and their aorta was temporarily ligated proximally and distally. An
incision was made, an infusion catheter was inserted, and the aorta was flushed for
5min at 100mmHg with saline or saline-containing type | Porcine Pancreatic Elastase
(1.5U/ml; Sigma Aldrich). The catheter was removed, and the incision was closed with
a suture without aortic lumen constriction. The aortic diameter was measured on days
0, 7, 14, and 28 as described in the previous paragraph. One day after surgery, the
mice received one intraperitoneal injection of either negative scrambled control or

Nudt6 ASO (Exigon, now Qiagen). Organs were harvested as described previously.

Porcine Animal Experiments

LDLR” Yucatan mini-Pig Housekeeping: Pigs were housed at the center for preclinical
research (ZPF) at Klinikum Rechts der Isar, TU Munich. Prior to surgery, they
acclimatized for one week in small groups of 3-4 animals and received water ad libitum
and a pelleted high-fat diet (Altromin). In this study, eight female and castrated male
LDLR” Yucatan mini pigs (Exemplar Genetics) were included. All described
procedures were performed by Dr. Albert Busch as well as veterinarians and animal
caretakers from the center for preclinical research.

LDLR” Yucatan Mini-Pig Anesthesia and Analgesia: The pigs were sedated
intramuscularly with 15mg/kg ketamine, 2mg/kg azaperone and 0.1mg/kg atropine. An
intravenous catheter was placed, and anesthesia was delivered with 4-8mg/kg
propofol. Then, the animal was intubated with a 7-8.5mm cuffed endotracheal tube.
During the procedure, anesthesia was changed to 4-8mg/kg propofol. Before the initial
skin incision, 750mg of cefuroxime was administered. During the surgery, analgesia
was maintained with 50mg/kg metamizole, 4mg/kg carprofen, and 0.001-0.01 mg/kg
fentanyl. At the end of the surgery, buprenorphine (0.005-0.01 mg/kg) was
administered and continued for at least 2 days after the PPE procedure. For the

following five days, 4mg/kg of carprofen was administered orally.
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Porcine Pancreatic Elastase Perfusion AAA model with local NUDT6 treatment: On
day 0, AAA induction by PPE perfusion and ultrasound (GE) was performed. Two more
ultrasound measurements took place on day 8 and day 28 before the respective
procedures by two independent examiners using the leading-to-leading-edge
technique (Borgbjerg et al. 2018). On day 8, an endovascular balloon coated with
NUDT6 was used for local treatment of the abdominal aorta. On day 28, the animals
were sacrificed, and organs were harvested.

The procedure was performed via the left lateral flank. The aorta was isolated by
surrounding tissue, 30001U Heparin was administered, and the lumbar arteries were
clipped. A 9-11x20mm PTA balloon (Medtronic Admiral Xtreme) was inserted and
inflated to 10atm for one minute so that the aorta was pre-dilated. Then, a blunt needle
was placed into the aorta, and elastase perfusion at 101U/ml was performed for 10min
with a pressure syringe. After that, the aorta was flushed with saline and closed with
a 5-0 suture. All layers were closed, and a spray-on dressing (Aqueos) was applied to
the wound to prevent local infection.

On day 8, the intervention was performed. For that, the NUDT6 ASO was diluted to
33mM (Qiagen) and spray-coated on a 10-12x20mm PTA balloon (Medtronic Admiral
Xtreme) and introduced into the abdominal aorta via the femoral artery. The balloon
was then inflated to 10atm for 3min. To check for correct placement and to exclude
aortic occlusion or dissection, angiography was performed.

After 28 days, >50mg/kg pentobarbital and 40 ml of 1M KCI solution were used to
sacrifice the animals. Blood sampling was performed on days 0,8, and 28 under

anesthesia.

3.5. Histology

Sample Processing

All patients provided written and informed consent which was approved by the local
ethics committee. Carotid atherosclerotic lesions were sampled during carotid
endarterectomy surgery. Aneurysmal samples were collected during an open
abdominal aortic repair. The control aorta was taken from renal arteries during kidney
transplantation surgery.

Samples were handled and embedded by the team of the Munich Vascular Biobank.

Tissue specimens were fixed for 48h in 2% zinc-paraformaldehyde and embedded in
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paraffin. Forimmunohistochemistry (IHC), 3-5um thick sections were cut and mounted
on SuperFrost Plus Glass (VWR) slides. Slides dried on a 40°C heating plate.

For in situ hybridization (ISH), sections were 5um thick. To prevent RNase
contamination, all equipment was cleaned thoroughly with RNase ZAP (Sigma), and
the water bath was filled with RNase-free water. ISH sections were dried at RT for 1-
2h and stored at 4°C. On the day of the ISH, paraffin was melted at 60°C for 45min.
For OCT-embedded specimens, OCT was cast into a plastic mold, the abdominal
aorta was placed inside, and the mold was stored at -80°C. Hong Jin, PhD from

Karolinska Institute, cut sections with a Cryotome (Thermo Fisher).

Immunohistochemistry

For FFPE-sections, IHC was performed with the DAKO REAL Detection Kit (mouse
rabbit, Agilent). After cutting, slides were incubated at 56°C overnight in the oven.
Then, a descending Ethanol row of Xylol (2x10min), Isopropanol (2x5min), 96%
Ethanol (5min), 70% Ethanol (5min), and distilled water (2min) was performed. Slides
were cooked for 7min in a pressure cooker filled with freshly prepared citrate buffer
(Merck) at pH 6. To wash in between all incubation steps, TRIS buffer (3x2min) was
used. Internal peroxidase activity was blocked by applying 0.9% H>O2 (Merck) in water
for 15min. For carotid artery sections, an additional blocking step of 1h in 5% milk
powder (Carl Roth) in the provided antibody diluent (Agilent) was performed to reduce
background. After one TRIS washing step, the primary antibody in antibody diluent
was applied for 1h followed by incubation with biotinylated secondary antibody for
25min (see section 2.3.7). Streptavidin coupled peroxidase was added for 25min to
the slides. DAB and HRP substrate buffers were mixed 1:50 and applied to each
section. To observe the development, a light sheet microscope (Leica) was used. The
reaction was stopped by placing the slide into the water. A counterstaining with
hematoxylin was performed followed by rinsing in lukewarm tap water. Finally, an
ascending ethanol row in the same order as written above was performed for 3min
each. Lastly, slides were mounted with Pertex (Sigma-Aldrich). Microscopy was done
using a brightfield microscope (Leica).

For the murine OCT specimens, sections were thawed for 20min under the hood and
fixed in 4%PFA for 10min. After a 5min rinse with PBS, a peroxidase blocker (0.3%
H20: in distilled water) was applied for 30min. Sections were incubated with blocking

buffer consisting of 5% goat normal serum and 1% BSA (both from Sigma-Aldrich) in
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PBS followed by primary antibody incubation overnight at 4°C in blocking buffer. The
next day, sections were washed 3x5min in PBS and incubated with biotinylated
secondary antibody in PBS before incubation with ABC reagent (Vector Laboratories)
for 30min. Then, an AEC reagent (Nichirei) was used to develop the staining for 5-
15min. Sections were rinsed in tap water, and Hematoxylin counterstaining (Vector
laboratories) was performed. Excess Hematoxylin was removed by 15min rinse under

running lukewarm water. Sections were sealed with CC-mount (Sigma Aldrich).

In situ Hybridization

To gain insight into expression patterns of RNAs in human tissue samples, in situ
hybridization using the miRCURY LNA™ microRNA ISH Optimization Kit (FFPE)
(Qiagen) was performed. Briefly, deparaffinization and Proteinase-K (15ug/ml,
provided with the kit) treatment for 15min were performed. A hydrophobic barrier with
a Pap-Pen (VWR) was added to prevent the loss or spilling of buffers. Slides were
incubated with the respective probes (see section 2.3.9.) in the provided hybridization
buffer in a humid hybridization chamber at the recommended temperatures for 120min
without adding a coverslip on top. Post-incubation SSC washes in descending
concentration were performed at the hybridization temperature. Blocking was
performed for 20min and anti-DIG-AP antibody incubation for 70min. The application
with AP substrate was made for 90min at 37°C. All other steps — the KTBT stop
reaction, counterstaining, rinsing, dehydration, and mounting — were performed

according to the provided protocol.

Hematoxylin and Eosin Staining

To obtain an overview of any given FFPE tissue, Hematoxylin & Eosin staining (HE)
is performed. After incubating the sections at 56°C overnight, a descending Ethanol
row consisting of 2x10min Xylol, 2x5min Isopropanol, 2x5min 96% Ethanol, 2x5min
70% Ethanol and 1min in distilled water is used to re-hydrate the specimen. HTX-
Mayer solution is applied for 10min to stain the nuclei. After a brief 2min rinse in tap
water, Eosin is applied for 2min to stain the cytoplasm. Specimen dehydration using
96% Ethanol for 30s, 2x Isopropanol for 30s each, and 2x Xylol for 2min each is

followed by mounting cover slips with Pertex on top of each slide.
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Elastica van Gieson Staining

This staining is used to further gain insight into the composition of FFPE tissue —
especially into fiber integrity and muscle tissue appearance.

The slide baking, rehydration, dehydration, and mounting steps are the same as
described in the HE staining protocol. After rehydration, slides are incubated in
resorcin fuchsin solution (according to Weigert Romeis) for 25min. Two steps of
1.5min in 96% Ethanol follow before slides are put into HTX-Weigert (Weigert-solution
1 and 2 are mixed 1:1) for 15min. The remaining staining solution is removed by a tap
water rinse for 2min. Slides incubate for 2min in Picrofuchsin solution before starting

the dehydration and mounting steps described above.

3.6. Data analysis

For statistical data analysis, GraphPad Prism 7 or newer was used. Quantitative data
are shown as bars representing the mean and dots representing the individual data
points. Repetitive data are represented by dots connected by lines which represent
the mean. Error bars show the SEM if not indicated otherwise in the figure legend.
Continuous variables of two study populations or experiments were analyzed using a
student’s t-test. If the population exceeded two groups, 1-way or 2-way ANOVA was
used. A time course with repeated measures was analyzed using multiple t-tests.
Significance levels are always indicated in the figure legends. Generally, p<0.05 was
considered statistically significant. Depending on the experimental design and
hypothesis, one-tailed and two-tailed t-tests were used. This is also indicated in the

respective figure legends.
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4. Results

Essential aspects of the experimental procedures and data in this thesis have been
published by the author in the following article and might be adopted:

Winter, H., G. Winski, A. Busch, E. Chernogubova, F. Fasolo, Z. Wu, A. Backlund, B.
B. Khomtchouk, D. J. Van Booven, N. Sachs, H.-H. Eckstein, |. Wittig, R. A. Boon, H.
Jin and L. Maegdefessel (2023). "Targeting long non-coding RNA NUDT6 enhances
smooth muscle cell survival and limits vascular disease progression." Molecular
Therapy. (Winter et al. 2023).

4.1. NUDT6 and FGF2 imbalance in human late-stage vascular

diseases
To determine disease regulators that may be relevant, laser-capture microdissection
on fibrous caps from ten stable and ten unstable/ruptured carotid atherosclerotic
plagues was performed by Dr. Uwe Raaz and Dr. Isabell Schellinger (Gottingen
University) (Figure 7A). To assess the stability status of the lesions which were
sampled during carotid endarterectomy, < 200pum was set as a cutoff. The NAT
NUDT6 was strongly increased, whereas its sense target FGF2 was decreased in

ruptured lesions (Figure 7 B and C).
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Figure 7 NUDT6 expression in human ruptured carotid plaques is elevated.

A Haematoxylin and Eosin stained stable and unstable/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>200um defines stable lesions, and FC<200ul defines unstable lesions. B NUDT6
and C FGF2 expression in micro-dissected carotid fibrous caps of ruptured versus stable lesions.
P<0.05* in student’s t-test, n=10 per group (Winter et al. 2023).

In situ hybridization (ISH) and immunohistochemical staining (IHC) gave further
insight into the specific NUDT6 and FGF2 locations within atherosclerotic plaques.
Especially NUDT6 RNA expression was mainly focused on the fibrous cap area with

increased signal in ruptured or unstable lesions (Figure 8A). FGF2 IHC showed
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expression not only in the fibrous cap area but also in the initial media of the plaques
(Figure 8B). The overall FGF2 signal was lower in ruptured or unstable lesions.
Quantitative real-time PCR (qQRT-PCR) of fresh frozen whole plaque specimens
showed a similar trend for NUDT6 mRNA, whereas FGF2 mRNA levels were not as
strongly repressed in unstable tissue (Figure 8C and D).
Concomitantly with decreased FGF2 expression, aSMA expression, a marker

of SMCs and indicator of a stable fibrous cap, was also reduced (Figure 8E).
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Figure 8 Higher NUDTE6 levels occur in the fibrous cap of human ruptured carotid plaques.

A In situ hybridization (ISH) of stable and ruptured atherosclerotic carotid lesions shows a stronger
signal in the fibrous caps of ruptured lesions. L= Lumen. N=5. B Immunohistochemistry for FGF2 show
an opposite expression to NUDT6 with decreased signal in fibrous cap ruptured lesions. Dashed lines
mark the fibrous cap. L= lumen, FC= fibrous cap, M=media, NC=necrotic core. N=3. C and D qRT-PCR
analysis of whole fresh frozen carotid arteries of controls or advanced lesions. Mean+SEM. p<0.05* in
one-sided student’s t-test., N=4-8 per group. E Immunohistochemical staining for aSMA of stable and

ruptured carotid lesions (Winter et al. 2023).

The findings from carotid atherosclerotic plague samples suggested that
NUDT6 and FGF2 are involved in SMC dynamics and even survival. Consequently,
we were interested, if this deregulation solely exists in fibrous caps of carotid plaques
orif it is also important in other vascular diseases where SMCs are crucial. Therefore,
we determined both NUDT6 and FGF2 expression levels in human fresh frozen and
FFPE AAA samples. Interestingly, both ISH and qRT-PCR reflected the same NUDT6
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pattern observed in carotid atherosclerotic lesions (Figure 9A and C), comparing AAA
versus non-dilated aortic controls. Also, FGF2 levels were found to be decreased both
on protein and RNA levels in human AAA (Figure 9B and D). Downregulation of aSMA,
which stains for contractile, healthy SMCs, was also decreased in AAA (Figure 9E).
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Figure 9 NUDT6 and FGF2 expression in human AAA mirror the pattern observed in human
carotid atherosclerotic lesions.

A In situ hybridization of control aorta and abdominal aortic aneurysm (AAA) shows higher expression
of NUDTE6 in the smooth muscle cell rich media layer (dashed lines) of the vessel. L=lumen. N=3. B
Immunohistochemical staining of FGF2 shows decreased expression of both markers in AAA. L=lumen.
N=3. C and D gRT-PCR of whole fresh frozen abdominal aorta (control and AAA). Mean+SEM.
p<0,0001**** p<0.01** in one-sided student’s t-test, N=13-16. E aSMA immunohistochemistry of aortic
control tissue and AAA (Winter et al. 2023).

AR~

4.2. Nudt6 and Fgf2 are deregulated in two experimental murine

models for vascular diseases
As NUDTE is very well conserved within vertebrates (Zhang et al. 2008), we sought
out expression patterns found in diseased human vessels. Thus, the inducible carotid
plaque rupture model (Sasaki et al. 2006), which uses incomplete ligation and a cone-
shaped cuff, and the Angll model (Daugherty and Cassis 1999), which creates
suprarenal aneurysms, were used in ApoE-deficient mice. Using ISH and IHC, Nudt6
RNA and Fgf2 protein localization was visualized. An increase of Nudt6 in the inducible
plague rupture model and in the Angll AAA model was observed (Figure 10A and C).

Fgf2 protein expression, however, was drastically reduced (Figure 10 B and D).
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Figure 10 Nudt6 is elevated while Fgf2 is lowered on both mRNA and protein levels in two

experimental murine vascular disease models.

A and B Stable versus ruptured carotid plaques derived from the murine inducible plaque rupture model
(N=7 per group) were stained for Nudt6 (in situ hybridization) and FGF2 (immunohistochemistry) and
resemble the phenotype observed in human disease with Nudt6 gene expression increased and FGF2
protein expression decreased in ruptured lesions compared to stable lesions. N=3 per group. C and D
Saline-infused (control) versus Angll-infused (AAA) aorta from the Angiotensin Il mouse model (N=6
per group) was stained for Nudt6 and Fgf2. The observed phenotype was confirmed by gRT-PCR in E
and F murine stable versus unstable/ruptured lesions and G and H murine saline-infused (control)
versus Angll-infused aorta. Mean+SEM. p<0.05* in one-sided student’s t-test. N=4-7 per group (Winter

et al. 2023).

Both observations were, therefore, in line with the distribution in the human
vasculature. In addition to the staining, qQRT-PCR of laser-captured micro-dissected
murine carotid fibrous caps showed the same trend of expression (Figure 10 E and
F). Also, Angll-treated murine aorta revealed Nudt6 to be upregulated and Fgf2 to be
downregulated (Figure 10 G and H). In conclusion, the findings from two different

murine vascular disease models were in line with the observations in human vascular

tissue.
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4.3. NUDT6 modulation affects SMC proliferation rate, apoptosis

events, and migration capacity in vitro

After observing specific expression patterns in various tissue specimens, we wanted
to test how the cells mainly involved in NUDT6 — FGF2 imbalance, carotid and aortic
smooth muscle cells, react to NUDT6 modulation.

4.3.1. Response to pathogenic stimuli and NUDT6 localization

Since there is a range of potential pathogenic molecules that influence atherosclerosis
and AAA, we wanted to observe NUDT6 expression after a pathogenic stimulus. Such
a stimulus was oxidized low-density lipoprotein (oxLDL), which induces foam cell
formation in atherosclerosis and derives from macrophages or SMCs (Berliner et al.
2009). We used two different doses to treat carotid SMCs, leading to a dose-
dependent increase of NUDT6 while FGF2 levels decreased (Figure 11A). Another
chosen stimulus was Angll which triggers vascular inflammation and AAA formation.
Further, it is also used for the Angll mouse model (Li et al. 2018). Angll stimulation
resulted in a similar effect in aortic SMCs as seen in oxLDL stimulation of carotid

SMCs: NUDT6 expression was increased, whereas FGF2 mRNA was reduced (Figure
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Figure 11 In vitro simulation of SMCs with pathogenic stimuli induces NUDT6 expression.

A Oxidized LDL treatments results in a dose-dependent increase of NUDT6 expression whereas FGF2
expression decreases with increased dosage in human carotid smooth muscle cells (hCtSMCs).
Mean+SEM. One-way ANOVA with Sidak. p<0.01**, p<0.001***, N=6 per group. B Angiotensin II
treatment of human aortic smooth muscle cells (hAoSMCs) results in increased NUDT6 expression and
decreased FGF2 expression. Mean+SEM. One-way ANOVA with Sidak. p<0.05*, p<0.001***, N=6-9
per group. Nucleocytoplasmic fractionation of C hCtSMCs and D hAoSMCs show intracellular
distribution of NUDT6 and FGF2 compared to nuclear expressed NEAT1 and cytoplasmic expressed
RPLPO (Winter et al. 2023).

a
S
1

Relative Expression (%)
a
i
o
Relative Expression (%)
L]




65

In addition to the stimulation experiments, we wanted to receive information
about the localization of NUDT6 within cells. Already in the conducted ISH
experiments, it was visible that NUDT6 expression was not restricted to the nuclei.
Nucleocytoplasmic fractionation on both carotid and aortic SMC revealed a 60:40
(carotid) or 50:50 distribution (nucleus:cytoplasm) of NUDT6 within the cells (Figure
11C and D). FGF2 seemed to behave similarly in carotid SMCs, whereas, in aortic
SMCs, expression was higher in the nucleus (Figure 11C and D).

In summary, NUDT®6 increase is induced both by two pathogenic stimuli that
are crucial in the development and progress of carotid artery atherosclerosis and AAA,
respectively. With NUDT6 and FGF2 expressed primarily in the nucleus, NUDT6's role
as a NAT that binds FGF2 DNA in the nucleus seems to overtop its other potential

functions.
4.3.2. Modulation in primary SMCs and Patient-derived SMCs
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Figure 12 In vitro modulation of NUDTG6 has a rescuing effect on FGF2 protein and mRNA in
both primary and patient-derived SMCs.
A hCtSMCs and C hAoSMCS, siRNA-mediated knockdown of NUDT® results in increased FGF2
expression whereas vector-mediated overexpression of NUDTE6 leads to decreased FGF2 mRNA
levels. Mean+SEM. Student’s t-test, p<0,05*, p<0.01**. N=6 per group. Also on protein level, B, D
NUDTG6 silencing can restore FGF2 expression. N=3 per group. E NUDT6 and FGF2 mRNA
expression after qRT-PCR in 3 different patient-derived aortic VSMCs. Mean+SEM. Student’s t-test,
p<0.01**, p<0.0001****, N=3 per patient. F Knocking down NUDT6 via siRNA in patient-derived aortic
VSMCs led to a downregulation of NUDT6 mRNA but had a rescuing effect on FGF2 mRNA levels.
Mean+SEM. Student’s t-test, p<0.01**, p<0.0001****, N=3 per patient (Winter et al. 2023).
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Since NUDTE6 levels were induced and increased in disease, we were interested in
the effect of NUDT6 silencing and overexpression on FGF2 levels in human carotid
and aortic SMCs. siRNA-mediated silencing of NUDT6 led to a strong upregulation of
FGF2 levels in both carotid and aortic SMCs (Figure 12A and C), whereas NUDT6
overexpression reduced FGF2 levels (Figure 12A and C). The same trend was seen
in the FGF2 protein (Figure 12B and D).

Due to the close cooperation with the Department for Vascular and
Endovascular Surgery at Klinikum Rechts der Isar, we were able to receive samples
taken either during carotid endarterectomy or abdominal aortic repair surgery. SMCs
from three patients each were isolated as described previously (Busch et al. 2021).
NUDT6 expression in these cells was increased significantly compared to the
commercially available primary cells while FGF2 mRNA expression is strongly
decreased in the patient cells (Figure 12E). Modulating the patient-derived SMCs with
NUDTG6 targeted siRNA led to a de-repression of FGF2 levels (Figure 12F).

4.3.3. Dynamic live-cell imaging

To get a deeper insight into how NUDT6 modulation affects SMCs, we used a dynamic
live cell imaging system to track proliferation, apoptotic events visible by fluorescent
Caspase 3/7, and migration capacity.

siRNA-mediated NUDT6 silencing had no effect on proliferation or apoptosis
(Figure 13A and B). Contrary to that, NUDT6 overexpression resulted in decreased
proliferation rate and higher apoptotic events (Figure 13A and B) both in hCtSMCs
and hAoSMCs. Using a scratch wound model to gain insights into migration capacity
after NUDT6 modulation, we observed a reduction in cells treated with NUDT6
overexpressing vector in both carotid and aortic SMCs (Figure 13C and D).

Since NUDTE6 can be translated into a micro-peptide, we further assessed the
effects of the micro-peptide on SMCs (Li et al. 1996, Asa et al. 2001). However,
treated cells did not show more or less apoptotic events than the control (Figure 13E).
We, therefore, could not detect any functional effect for the micro-peptide, which
indicates that NUDT6 NAT in SMCs is exclusively relevant in disease progression and

development.
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Figure 13 Live cell imaging of NUDT6-modulated SMCs reveals effects on proliferation,
migration and apoptosis.

A hCtSMCs and B hAoSMCs shows impaired proliferation capacity in NUDT6 overexpressing cells
while apoptosis rate is significantly increased. NUDT6-siRNA treated cells behave as scramble control
treated cells. Mean+SEM. Two-way ANOVA with Tukey. p<0.05*, p<0.01**, p<0.0001****. N>6. Live
cell imaging of both C hCtSMCs and D hAoSMCs show impaired migratory capacity of cells receiving
overexpression vector for NUDT6. NUDTG6-siRNA treated cells behave as scramble control.
Mean+SEM. Two-way ANOVA with Tukey. P<0.05*, p<0.01**. E Dynamic live cell imaging of hCtSMCs
treated with NUDT6 peptide do not have an effect on apoptosis. N=5 per group (Winter et al. 2023).
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4.4. NUDTG6 inhibition in four different animal models leads to a

reduction of both rupture rate and AAA growth
4.4.1. Systemic inhibition in the murine inducible plaque rupture model
Custom-designed GapmeR antisense oligonucleotides (ASOs) - which target Nudt6
at exon 2 — were injected in the inducible plaque rupture model, which led to a
decreased rupture rate (Figure 14A). This was further confirmed by ISH and IHC with
increased Fgf2 and aSMA signal in ASO-treated ApoE” mice while the Nudt6 ISH
signal was diminished (Figure 14B). Quantification of the ISH signal also showed a

strong reduction in Nudt6 positive cells (Figure 14C).
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Figure 14 Systemic Nudt6 inhibition in the inducible plaque rupture model results in reduced
rupture rate.

A Nudt6-ASO treatment of ApoE” mice significantly reduced plaque rupture in the inducible plaque
rupture model compared to scramble-control treated animals. Difference in rupture rate was calculated
with x2 test. p<0.05*. N=19 (scramble-control) and N=20 (Nudt6-ASO) per group. B Fgf2 and aSMA
immunohistochemistry show restored expression after Nudt6-ASO treatment. C Signal quantification
for Nudt6 (4 high power fields per image n=8-16 counts). Quantification data kindly provided by Prof.
Nick Leeper group, Stanford University, Stanford, USA. In Vivo work was performed by Dr. Hong Jin
from Karolinska Institute, Stockholm, SE (Winter et al. 2023).

4.4.2. Local inhibition in the murine Angiotensin Il — aneurysm model

After observing the beneficial effect of Nudt6 inhibition in the carotid artery, we decided
to apply Nudt6-ASO locally to the abdominal aorta to rule out eventual off-target effects
and to see if the effect intensifies. For that, we chose to deliver Nudt6-ASOs via
ultrasound-targeted microbubble destruction (UTMD) to the abdominal aorta of
ApoE” mice. This resulted in a decrease in abdominal aortic diameter up to 4 weeks

after induction (Figure 15A).
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Figure 15 UTMD-mediated local Nudt6-ASO delivery to the aorta halts abdominal aortic
aneurysm growth.

A In the Angll model, local Nudt6-ASO treatment via Ultrasound targeted microbubble destruction
(UTMD) led to significantly lower abdominal aortic diameter and reduced growth compared to
scramble treatment. Mean+SEM. Data was analysed with multiple t-tests. P<0,05*. B Fgf2 and aSMA
protein levels are restored in Nudt6-ASO treated animals while Nudt6 signal is diminished. C
Fluorescent FAM-labelled scramble particles show successful transmission of ASOs to the intima
media of the abdominal aorta via Ultrasound targeted microbubble destruction (UTMD). D gRT-PCR
analysis of abdominal aorta show increased Fgf2 levels in Nudf6-ASO treated Angll mice. One-sided
student’s t-test, p<0.05*. N=5 E Signal quantification for Nudt6 (4 high power fields per image n=8-16
counts). Quantification data kindly provided by Prof. Nick Leeper’s group, Stanford University,
Stanford, USA. In Vivo work was performed by Dr. Hong Jin from Karolinska Institute, Stockholm, SE
(Winter et al. 2023).

The vessel wall itself was morphologically restored and displayed intact elastic layers,
and overall smaller diameters. Nudt6 ISH signal was not detected (quantified in Figure
15E), whereas Fgf2 and aSMA levels were increased compared to scramble-control
treated mice (Figure 15B). Successful tissue absorbance was confirmed by imaging
the abdominal aorta of scramble-treated mice, which received a fluorescent FAM-
labelled scramble probe (Figure 15C). Also, RNA isolated from the abdominal aorta
after the procedure showed a high level of FGF2 in Nudt6-ASO-treated animals
(Figure 15D).
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4.4.3. Systemic inhibition in the murine pancreatic elastase aneurysm model
In addition to the Angll mouse model, we used the PPE mouse model to confirm the
findings and to differentiate model-specific observations. The aneurysm was induced
in C57BL/6 mice on day 7, followed by a one-time intraperitoneal injection of Nudt6-
ASO on day 10. After 28 days, we were able to notice a reduction in abdominal aortic
diameter (Figure 16A). IHC revealed restored levels of both Fgf2 and aSMA while ISH
signal of Nudt6 was strongly reduced (Figure 16B and C).
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Figure 16 Systemic Nudt6 inhibition reduces aortic diameter in the PPE mouse model.

A Systemic Nudt6-ASO treatment in the porcine pancreatic elastase (PPE) mouse model significantly
reduced abdominal aortic diameter and growth rate. Mean+SEM. p<0.001*** in multiple t-tests. N=16
(control), N=4 (Nudt6-ASO treatment). B Immunohistochemistry of Fgf2 and aSMA shows higher
expression in Nudt6-ASO group compared to control group while Nudt6 is strongly reduced. E Signal
quantification for Nudt6 (4 high power fields per image n=8-16 counts). Quantification data kindly
provided by Prof. Nick Leeper’s group, Stanford University, Stanford, USA. In Vivo work was performed
by Dres. Hong Jin and Alexandra Backlund from Karolinska Institute, Stockholm, SE (Winter et al.
2023).

In all three mouse models, we were able to show beneficial effects of Nudt6 inhibition
such as reduced rupture rate, halted abdominal aortic growth, and restored vessel wall

morphology, respectively.
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4.4.4. Local inhibition in the porcine pancreatic elastase aneurysm model

As a proposed attempt to close the translational gap between bench and bedside, we
decided to utilize the PPE model in LDLR-deficient Yucatan minipigs and treat the
abdominal aorta locally with an NUDT6-ASO drug-eluting balloon (DEB). The one-
year-old male and female pigs received a Western diet for 6 months which is enriched
with cholesterol. During that time, atherosclerotic lesions developed in the major

vessels like the coronary artery, carotid artery, and abdominal aorta.
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Figure 17 Local NUDT®6 inhibition in a large animal model of AAA
A Representative image of the abdominal aorta of a control LDLR’ pig. B Porcine aortic fibroblasts
treated with designed porcine in vivo ASOs against NUDT6 show downregulation of NUDT6 after
treatment. Mean+SEM. p<0.001*** in one-tailed Student’s t-test. n= 3. C Relative diameter of NUDT6-
ASO-treated animals shows a decrease compared to PPE only treated animals. Mean+SEM, N=
3(control) versus 4(treatment). D and E qRT-PCR of whole porcine aortic tissue shows a significant
increase of FGF2 mRNA and also MYHC mRNA. Mean+SEM. p<0.01** or p<0.05* in one-sided
student’s t-test. N=3 (control) or 4 (treatment). Quantification of immunohistochemical staining from H
for F FGF2 and G aSMA with Imaris. One-sided student’s t-test with n=12-16 locations counted.
p<0.001***, p<0.0001****. H Immunohistochemical staining of the abdominal aorta of control and
NUDTG6-ASO receiving pigs using antibodies against FGF2 and aSMA as well as HE and EvG staining.
“L” indicates lumen. In vivo work performed by Dres. Albert Busch (Vascular Surgery Unit, Klinikum
rechts der Isar, Miinchen), Johannes Fischer (ZPF, Klinikum rechts der Isar, Minchen) and Judith
Rauser (ZPF, Klinikum rechts der Isar, Minchen) (Winter et al. 2023).
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AAA is induced in the pig by infusing PPE via a catheter into the infrarenal part of the
aorta. One week after the PPE procedure, the abdominal aortic wall was subjected to
a one-time treatment with a NUDT6-ASO-coated drug-eluting balloon (DEB) (n=4).
Control animals received a vehicle control coating (n=3) (Figure 17A). Prior to coating,
the NUDT6-ASO was tested in vitro on Yucatan pig fibroblasts (Figure 17B).

A significant difference in aortic diameter between the two groups was found
from the point of intervention to sacrifice on day 28 (Figure 17C). Also, higher FGF2
and MYHC mRNA expression in the NUDT6-ASO-treated group were visible (Figure
17D and E). MYHC represents contractiie SMCs. Also, IHC of FGF2 and aSMA
showed a rescue effect in NUDT6-ASO-treated animals, with a great proportion of the
cells showing contractile cell features in the EvG staining (Figure 17F-H), where yellow
staining indicates elastic and contractile tissue. Also, fewer inflammatory infiltrates and
atherosclerotic plaque burden was found in the NUDT6-ASO-treated group compared

to internal control tissue taken proximally of the aneurysm location (Figure 1711 H).

4.5. NUDT6 impacts SMC contractility and migration by interacting

with CDC42 and CSRP1
We chose to identify protein interactors of NUDT6 by RNA Pulldown and in silico

analysis to understand what other roles NUDT6 may hold in vascular diseases. We
performed an RNA pulldown combined with liquid chromatography-mass spectrometry
(LC-MS/MS) using aortic SMC lysate with in vitro transcribed biotinylated NUDT6 or a
control RNA of similar length. In total, 50 statistically significant proteins were identified
to interact with NUDT6 (Figure 18A). Two proteins, Cysteine and Glycine Rich Protein
1 (CSRP1 alias CRP1, 32.6-fold up-regulation) and Cell Division Cycle 42 (CDC42,
6.96-fold up-regulation), were selected for further studies as these two proteins are
involved in SMC biology and -physiology (Nobes and Hall 1995, Nobes and Hall 1995,
Lilly et al. 2001, Chang et al. 2003, Tang and Gunst 2004).

To receive further insight into the expression in AAA in between species, we
used our single-cell RNA sequencing (scRNAseq) libraries from human AAA and
murine as well as porcine PPE-induced AAAs.

Interestingly, we detected CSRP1 mainly in two SMC clusters, whereas CDC42
was also expressed in other cell types, mainly ECs (Figure 18B). To be able to

distinguish the contractile SMCs, all three scRNAseq datasets also contain the
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distribution of Transgelin (TAGLN), which is mainly expressed by these cells.
Especially in the human dataset (Figure 18C), TAGLN and CSRP1 are co-expressed
in the same cell cluster, which is marked as VSMCs and Fibroblasts. CDC42
expression, however, is visible in many cell types and is not exclusively limited to
SMCs. These expression patterns are mirrored both in murine PPE-induced AAAs
(Figure 18D) and in porcine PPE-induced AAAs (Figure 18E).
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Figure 18 Identification of NUDTG6 interaction partners CSRP1 and CDC42.
A |dentified proteins in biotinylated NUDT6 versus biotinylated GFP pulldown in hAoSMCs. N=6 per
condition. Graph provided by Dr. llka Wittig, Goethe University, Frankfurt am Main, Germany. B Heat
map showing the abundance and expression of CSRP1 and CDC42 in VSMCs and ECs from single
cell RNA sequencing experiments shown in C. tSNE plots of scRNA Sequencing data from C human,
D murine and E porcine AAA with expression plots of Transgelin (TAGLN) and the two targets. Murine
and porcine AAA were induced via PPE (Winter et al. 2023).
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The scRNAseq data already allowed for an estimated CSRP1 and CDC42 expression
in situ. However, the distribution could not be compared to normal, healthy aortic
tissue. Therefore, IHC of aortic control and AAA with CSRP1 and CDC42 were
performed. Interestingly, both CSRP1 and CDC42 staining were strongly reduced in
AAA compared to healthy control aorta (Figure 19A and B). Also, qPCR of whole aortic
or AAA tissue showed a similar trend for CSRP1 (Figure 19C and D) but not for
CDC42. This might be due to the expression of CDC42 in other cells, which might
remain unchanged in disease. In the absence of NUDT6, ASO-treated LDLR-deficient
minipigs show a high level of both CSRP1 and CDC42 in the aorta (Figure 19E and
F), which also concomitates with aSMA expression reported in (Figure 17H). This

increase in signal is, however, not visible in the control group (Figure 17H).
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Figure 19 Validation of CSRP1 and CDC42 expression in human and NUDT6-ASO-treated
porcine AAA.

A CSRP1 and B CDC42 in human control aorta and AAA. ,L* indicates lumen. C and D gqRT-PCR of
whole fresh frozen abdominal aorta of CSRP1 and CDC42 mRNA. Mean+SEM. p<0.01** in one-tailed
student’s t-test, N=6-8 E CSRP1 and F CDC42 in NUDT6-ASO-treated abdominal aorta of LDLR”
Yucatan Minipigs. "L” indicates lumen (Winter et al. 2023).

To gain mechanistic insights into the regulation and hierarchy in the
interaction between NUDT6 and CSRP1 or CDC42, modulation studies were
performed. Overexpression of NUDT6 in hAoSMCs led to reduced CSRP1 and
CDCA42 protein levels (Figure 20A and B). Contrary to that finding, siRNA-mediated
NUDTE6 silencing showed an increase in protein expression (Figure 20C and D),
pointing towards a repressive role of NUDTG6 in the two proteins. Indeed, we saw that
NUDTE levels were not affected after the knockdown of the CSRP1 or CDC42 (Figure
20E).
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Figure 20 In vitro modulation of NUDT6 reveals mechanistic insights into the interaction
between NUDT6 and CSRP1 or CDC42.
A and B CSRP1 and CDC42 protein levels after NUDT6 overexpression. C and D CSRP1 and
CDCA42 protein levels after NUDT6 siRNA-mediated knockdown. E NUDT6 expression after CSRP1
and CDC42 knockout. Mean+SEM. P<0.05%, p<0.01** in one-tailed student’s t-test, N=3 (Winter et al.
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As CSRP1 seemed to be more SMC-specific, we decided to proceed with this
protein for a pulldown verification. This was accomplished with RNA
Immunoprecipitation (RIP), where an antibody (here CSRP1) is coupled to magnetic
beads and added to cellular lysate (Figure 21). After incubation and washing steps,
RNA was isolated, and finally, its cDNA is used for gRTPCR detection of NUDT®6.
NUDTG6 was enriched in the CSRP-1 eluate compared to the IgG eluate to validate the

pulldown.
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Figure 21 Verification of CSRP1 — NUDT6 interaction.

Pulldown results, where CSRP1 was found to be enriched in the NUDT®6 elution fraction, were confirmed
using RNA Immunoprecipitation (RIP) in hAoSMCs. IgG was used as negative control. Enrichment of
NUDT6 was observed in qRT-PCR analysis (left graph) compared to UBC Housekeeping and IgG
negative control. CSRP1 protein was found only in CSRP1 elution fraction and Input but not in IgG
negative control using western blot (right blot). n=3 (Winter et al. 2023).
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5. Discussion

For a very long time, ncRNAs were considered non-functional junk. However, in recent
years, more attention was drawn to the various classes of ncRNAs like microRNAs,
circular RNAs, IncRNAs, and others. It seems that even though evolutionary complex
organisms have similar numbers of protein-coding genes, they differ from simpler
organisms in the size of their non-coding transcriptome (Deveson et al. 2017).
Nowadays, it is known that ncRNAs indeed are functional — they do not only regulate
transcriptional noise, imprint genetic loci, or modulate chromatin architecture, but they
also become crucial in maintaining a healthy organism.

In many cases, abnormal ncRNA expression is involved in the initiation,
progression, and outcome of several human diseases — even though ncRNAs are
usually lower expressed than proteins. In vascular diseases, INcCRNAs like ANRIL,
MEG3, HOTAIR, GASS, H19, or MIAT show their significance in maintaining a healthy
balance by regulating disease-specific cells like endothelial cells, smooth muscle cells,
or myeloid cells.

NUDTS6, the NAT of FGF2, also known as gfg or FGF2-AS, is one of the first
IncRNAs we identified to play important regulatory roles not only in carotid
atherosclerosis but also in AAA. We chose to target FGF2 expression via NUDT6
modulation, using the NAT-activity of NUDTG6 to re-establish FGF2 mRNA and protein
levels in late-stage vascular diseases. As mentioned earlier, the reaction between
NATs and their sense transcript happens faster compared to interaction with
transcription factors (Shimoni et al. 2007).

FGF2 is also a well-known protein in cancer, where it is regarded as an
oncogene (MacFarlane et al. 2010, Sukhthankar et al. 2010, Baguma-Nibasheka et
al. 2012). It is abnormally expressed in cancers like Hodgkin's Lymphoma (Gharbaran
et al. 2013), breast cancer (Lee et al. 2014), or colorectal cancer (Akl et al. 2016),
where it is associated with metastases, recurrence, or aggressiveness.

Hence, we show that it can be possible to target molecules that were previously
thought to be “undruggable” via NAT modulation (if available). However, the off-target
effects of a global FGF2 de-repression cannot be neglected. FGF2 has been shown
to promote cardiac fibrosis and hypertrophy (House et al. 2015, Itoh et al. 2016).

Therefore, a site-specific inhibition must be considered.
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5.1. NUDT6 and FGF2 imbalance in human late-stage vascular

diseases
To confirm the laser-capture microdissection performed on human carotid fibrous
caps, IHC for protein detection and in situ hybridization for RNA detection were
combined with whole tissue PCR analysis.
In the human atherosclerotic plaques, NUDT6 expression was limited to the region of
the fibrous cap, while FGF2 expression was found throughout the plaque tissue but
not in the fibrous cap. This observation suggests a site-specific inhibition of FGF2 by
its NAT NUDT®6. Even though the PCR analysis of FGF2 in whole plaque tissue was
not statistically significant, it indicates a remaining robust FGF2 baseline expression
in areas apart from the fibrous cap. Therefore, the in situ analysis of human specimens
need to be taken into account to see the signal's localization.
Consequently, the FGF2 — NUDT6 imbalance seems to play a more critical role in
fibrous cap formation and stability. The formation of a thick fibrous cap in advanced-
stage carotid artery stenosis is crucial to prevent plaque rupture (Redgrave et al.
2008). Several groups have shown that SMCs lose their ability to migrate into the
fibrous cap or undergo apoptosis (Lindner and Reidy 1991, Tsuji-Tamura and Tamura
2022). Autocrine FGF2 expression is crucial for SMC survival (Miyamoto et al. 1998),
and its inhibition was shown to induce apoptosis in SMCs (Fox and Shanley 1996).

This inhibitory effect in the fibrous cap / smooth muscle cells could also be
observed in another vascular disease: AAA. Due to the highly specific expression of
NUDTE in the fibrous cap, which mainly consists of SMCs, we decided to try to detect
NUDTG6 in AAA, where SMCs are also the most affected cell type (Lopez-Candales et
al. 1997, Rombouts et al. 2022). Here, we saw similar patterns as in carotid plaques.
NUDTG6 expression was increased in the media in AAA tissue, whereas FGF2 was
strongly downregulated. In general, the effect was not specific to a particular site of
the aneurysm, which was also mirrored by the robust PCR-derived results.

Interestingly, NUDT6 ISH-signal in the healthy aorta is restricted to the nucleus,
whereas in AAA, it can also be found in the cytoplasm. The nuclear signal might
indicate that NUDT6 is involved in processes like chromatin organization or
transcriptional gene expression regulation (Sun et al. 2018). Its cytoplasmic
expression in the disease context can be a result of differential polyadenylation signals

or differential isoform expression patterns (Statello et al. 2021). IncRNAs expressed
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in the cytoplasm can also influence mRNA stability and turnover (Sebastian-delaCruz
et al. 2021).

The staining and PCR analyses showed a clear NUDT6 NAT activity towards
FGF2. But what do the genomic organization and complementarity of these two genes
look like? The NUDT6 gene can be transcribed into eight variants; 7 of them include
the site of conserved FGF2 complementarity. The designed human locked nucleic acid
(LNA) detection probe targeted exon 1; and 6 variants in total (Figure 22). At the start
of this project, the most recent human assembly stemmed from December 2013
(GRCh38/hg38), describing only two variants of NUDT6. However, eight variants were
annotated in the latest release (January 2022, T2T CHM13v2.0/hs1).

UCSC Genome Browser on Human Jan. 2022 (T2T CHM13v2.0/hs1) (hs1)
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Figure 22 NUDT6 variant distribution. (screenshot of UCSC Genome Browser release January
2022)

Despite being discovered in oocytes of Xenopus laevis, NUDT6 was also found
to be expressed in various fetal and postnatal rat tissues (liver, kidney, heart, intestine;
dynamically regulated in early development, (Li et al. 1996), adult rat liver (Knee et al.
1997)). It is also expressed in various cancer cell lines (HepG2, Seg-1, T98, U87, rat
C6 glioma cells) and -tissue (esophageal adenocarcinoma) (Baguma-Nibasheka et al.
2007, Zhang et al. 2007, McEachern and Murphy 2014). According to the GTEXx portal
v8, NUDTE6 is mainly expressed in cultured fibroblasts, followed by the testis, thyroid,
and adrenal gland, with 5-6 transcripts per million (TPM). At the same time, in the
aorta, 2.6 TPM are detected.

5.2. Nudt6 and Fgf2 are deregulated in two experimental murine

models for vascular diseases

We further wanted to see if an effect is visible that resembles the patterns observed

in human vascular tissue. Two cardiovascular experimental models were used to
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explore Nudt6 and Fgf2 expression in a murine context and to evaluate if a modulation
study would be feasible. An inducible plaque rupture model that functions via carotid
artery ligation and — later on —placement of a conical cuff to induce turbulent flow
conditions was used (Sasaki et al. 2006). As a AAA model, the Angll model was
chosen, which causes an aneurysm over the time course of 28 days after the initial
insertion of an Angll-releasing osmotic minipump (Daugherty and Cassis 1999).

Indeed, the patterns in both mouse models were similar to the staining
performed in human carotids and aorta. The initial Fgf2 solid signal in the fibrous cap
disappeared in the murine-ruptured carotids, accompanied by increased Nudt6 levels.
Currently, no other groups have attempted to detect Nudt6 expression in situ. Also,
there is no availability of a Nudt6 knockout mouse.

However, as mentioned in chapter 5.1, NUDT6 is expressed in various cell and
tissue types, and it is also highly conserved between species. According to Ensembl,
180 orthologues were detected, ranging from fish, birds, and reptiles to mammals,
including rodents and primates (Ensembl Release 69). Even though a lack of
conservation does not indicate that the IncRNA is not functional (Johnsson et al. 2014),
conservation still estimates significant regions and functions of a IncRNA (Diederichs
2014).

5.3. NUDT6 modulation affects SMC proliferation rate, apoptosis

events, and migration capacity in vitro
After we observed the described pattern in human and murine mouse tissue, we aimed
to reproduce this state in vitro. Therefore, context-relevant primary cells, hCtSMCs,
and hAoSMCs were used. These cells have a limited capacity to divide and eventually
lose this capacity upon a particular passage and undergo senescence, as observed
in our laboratory. However, they are physiologically more relevant; further, there is a
lack of a vSMC line, and previous attempts by our group to immortalize primary cells
have failed.

To facilitate a disease-like trigger in either aortic or carotid SMCs in vitro, oxLDL
and Angll were used (Daugherty and Cassis 1999, Berliner et al. 2009). The
stimulation outcome showed a dose-dependent increase of NUDT6 and a dose-
dependent decrease of FGF2 in hCtSMCs. In Angll-treated hAoSMCs, a similar effect
was observed. These findings suggest that NUDT6 and FGF2 are two dynamically
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regulated genes influenced by external stimuli. As mentioned in the introduction,
oxLDL is a key player in atherogenesis. Also, SMCs can detect and react to oxLDL: It
was shown that oxLDL treatment is associated with vSMC apoptosis in human
atherosclerosis (Okura et al. 2000). Also, as mentioned in the introduction, vSMCs can
differentiate into foam cells which can engulf oxLDL (Allahverdian et al. 2014, Feil et
al. 2014). Taken together, these examples show the utility of oxLDL as a disease-
relevant stimulus in atherosclerosis research.

Angll mainly functions as a vasoconstrictor and affects the contractility and
growth rate of vSMCs via the AT, receptor (Griendling et al. 1997). It was also shown
that Angll could alter enhancers but also IncRNAs in vSMCs, which deregulate crucial
genes (Das et al. 2017). But mainly, its striking effect in the Angll mouse model
(Daugherty et al. 2000) led to the usage of Angll as a stimulus also for in vitro
experiments in vSMCs.

As mentioned earlier, INcRNAs can exert various functions depending on their
cellular localization. Here, NUDT6 was found predominantly in the nucleus of
hCtSMCs, whereas it was equally spread across the cytoplasm and nucleus in
hAoSMCs. The localization of FGF2 in both cell types was also higher in the nucleus
compared to the cytoplasm. This distribution of the two genes suggests a primarily
post-transcriptional inhibition of FGF2 by NUDT6, which takes place in the nucleus.
The bigger proportion of NUDT®6 in the cytoplasm can be explained by the fact that
NUDT6 mRNA also codes for several micropeptides. Indeed, it was reported that the
micropeptides were found both in the nucleus and cytoplasm but also in the
mitochondria (Zhang et al. 2007). This hints towards the presence of NUDT6 mRNA
in these locations — which then was confirmed via PCR (except for mitochondrial
presence).

Next, siRNA- and vector-mediated silencing and overexpression, respectively,
were performed with a readout on both RNA and protein levels to gain insights into
the level of regulation and possible effects of knockdown and overexpression. In both
primary cell sources, NUDT6 downregulation led to restored FGF2 levels, both RNA
and protein. Overexpression of NUDT6 via a plasmid led to FGF2 downregulation in
these cells, also on protein levels.

Already in the paper in which NUDT6 was discovered by Kimelman and
colleagues (Kimelman and Kirschner 1989), NUDT6 cannot entirely repress FGF2

activity on RNA and protein levels. Therefore, especially the results following NUDT6
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overexpression are in line with this observation. NUDT6 was elevated by 80-100 fold
(data not shown), but it was still unable to inhibit FGF2 expression fully. Hence, there
might be a natural threshold of NUDTE6’s inhibitory function. The achieved FGF2 de-
repression upon siRNA showed more promising effects. This led to the decision to
proceed with a Nudt6é ASO designed for in vivo studies. A similar approach with similar
observations by Modarresi and colleagues, who inhibited the NAT of Brain-Derived
Neurotrophic Factor (BDNF), which suggested the use of NAT inhibitors as a new
pharmacological strategy (Modarresi et al. 2012).

Since we can access patient-derived aneurysm vSMCs from the vascular
surgery unit of our clinics, we measured NUDT6 and FGF2 levels in these cells. We
could also successfully replicate the situation observed before in the primary cells after
Angll stimulation. Interestingly, the baseline expression in these diseased vSMCs
depicts the image observed in human vascular tissue samples (comparing Figure 1B
and C with Figure 6 E). Again, this shows that the deregulation in vSMCs of the
NUDT6-FGF2 axis in vascular diseases is relevant, especially in AAAs.

Lastly, dynamic live cell imaging was performed on transfected cells to gain
more physiological insight into vSMC proliferation, apoptosis, and migration. While
siRNA-mediated silenced vSMCs behaved as control cells in terms of proliferation and
migration, in hAoSMCs, proliferation was higher, and apoptosis was lesser in siRNA-
treated cells, overexpressed vSMCs exerted a worsened phenotype characterized by
impaired proliferation, increased apoptosis, and decreased migratory capacity in both,
hCtSMCs and hAoSMCs.

Also, we were able to show that the NUDT6 peptide does not interfere with
apoptosis in the context of vSMCs. Previously, however, it has been reported that
NUDT®6 peptide halted cell proliferation (Asa et al. 2001) and -when stimulated with
cytokines — can increase in expression and translocate to the nucleus (Baguma-
Nibasheka et al. 2005) where it is believed to exert functions crucial in cell survival
and proliferation. However, we could not detect any effects of the NUDT6 peptide on
apoptosis, one of the critical events in AAAs. This, again, supports the hypothesis of
NUDT®6's primary role as the antisense to FGF2 and regulating FGF2 levels and
stability.
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5.4. NUDTG inhibition in four different animal models leads to a

reduction of both rupture rate and AAA growth
We observed a relevant disease-dependent pattern of Nudt6 and Fgf2 expression in
two mouse models and could rescue FGF2 expression in vitro substantially by
inhibiting NUDT6 using siRNA. Therefore, we chose to apply Nudt6 ASOs in four
different animal models and two different species which cover both carotid artery
disease and AAA.

The ASOs were designed in cooperation with Qiagen (Hilden, Germany). They
are equipped with an RNaseH cleavage site which leads to the degradation of the
formed ASO-mRNA duplex. Applying the ASO systemically in vivo in an inducible
plaque rupture model led to a reduced rupture rate and retained aSma and Fgf2
expression within the more stable plaques. We then applied the ASO via a local
delivery technique in the Angll mouse model to limit potential off-target effects in other
organs, such as the liver or heart, and to show translational potential.

UTMD (ultrasound-targeted microbubble destruction) mediated drug delivery
has already demonstrated the first positive results in a study with inoperable
pancreatic cancer patients (Dimcevski et al. 2016). As this system is easily deployable
in a vascular context, we used microbubbles to encapsulate the Nudt6-specific ASO,
which we locally delivered with UTMD. And indeed, the results were striking —
compared to the PPE-induced murine model, we saw smaller diameters and overall,
a better vessel wall morphology. However, it needs to be taken into account that the
Nudt6 ASO was only applied once in the PPE model due to ethics proposal
regulations. But in the PPE model, it seems that aneurysm growth can only be
adequately halted when the ASO is given repetitively.

As already mentioned in the introduction, the Angll model and the PPE model
differ in various aspects of AAA disease, such as the occurrence of rupture, intramural
hemorrhage and dissection, the position of the aneurysm, and the different induction
(hormonal versus mechanical) (Busch et al. 2021). Hence, it is encouraging to see
similar effects in the two different mouse models, which hint toward a robust response
in aneurysm disease upon Nudt6 ASO treatment.

Targeting Fgf2 was shown beneficial in previous studies — applying Fgf2-
containing hydrogel on the aorta limited aneurysm growth while SMC contractility was
retained (Hoshina et al. 2004, Kawai et al. 2018). Further, IncRNA Anril was reported
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to induce SMC proliferation by upregulating Fgf2 in intracranial aneurysms (Hu et al.
2022). While in an aneurysmatic context, the induction of FGF2 in late-stage disease
seems beneficial, little is known about its role in earlier stages or its influence on
growth speed and size.

In CAD, FGF2 involvement in atherogenesis has been detrimental.
Macrophage infiltration, intimal hyperplasia, and intimal thickening are all associated
with increased Fdf levels in the plaques (Liu et al. 2013, Parma et al. 2020). However,
atherosclerosis is a dynamic process. Initially harmful mechanisms or genes can be
crucial in late-stage disease to prevent plaque rupture and to strengthen the fibrous
cap. Indeed, increased Fgf2 content, combined with PDGF-BB, led to normalized
neovessels, which were previously abnormal and thereby contributed to a stable
plaque (Mao et al. 2020). Our discovery of little to no FGF2 in fibrous caps but in the
surrounding, old media parts in human lesions can confirm these findings. Also, in our
plaque rupture mouse model, Fgf2 was enriched in the fibrous cap after Nudt6
inhibition. This hints at a spatially restricted mechanism of action induced by FGF2
limited to the fibrous cap.

Only three years ago, Bianca Nogrady wrote in her Nature article about the
challenges of targeted RNA delivery to their destination (Nogrady 2019). The
COVID-19 pandemic and the resulting developments in RNA therapeutics and delivery
strategies changed that picture entirely within a couple of years. Lipids or lipid-based
particles, as well as various polymers, were shown to deliver RNA successfully to their
cellular destination (neatly reviewed by (Paunovska et al. 2022)). We also
demonstrated successful microbubble-mediated delivery of the ASO to the target cells
(here: vSMCs).
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Figure 23 Lipid profiles of different species. From (Golforoush et al. 2020) Basic Res Cardiol 115,
73 (2020)

Nevertheless, the differences between humans and mice are still comparably
significant, especially regarding circulatory aspects such as flow rate, heart size, and

blood volume but also lipid composition (Figure 23). Also, the lack of spontaneous
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lesion development or let alone spontaneous plaque rupture, makes it difficult to
compare this model organism to humans. This problem, also called the ‘translational
gap’, still prevails in medical research as it is difficult to bridge the gap to human
application and clinical studies.

Fortunately, we had the opportunity to deploy NUDT6 ASO in PPE-induced
aneurysms of LDLR” Yucatan minipigs, thus taking a big leap in translatability. To
reduce side effects and the total costs of the inhibitor, we deployed a vascular stent
typically used in the everyday practice of vascular surgeons in our clinics. The stent
was coated with a custom designed NUDT6 ASO, whose efficiency was tested before
in vitro.

Despite the one-time intervention, we saw robust changes in the abdominal
aorta — cobblestone-like cells, which in the EvG staining appeared as contractile, less
outward remodeling, smaller diameter, and higher FGF2 and aSMA positive cells. This
is — to the best of our current knowledge — the first local application of a IncRNA in the
vasculature of a large animal model (Huang et al. 2020). There have been previous
observational efforts made by the team of Kathryn Moore describing the role of IncCRNA
CHROME in non-human primates (Hennessy et al. 2019). Also, miR-92a inhibitors
were used in the first-in-human trial after showing their efficacy against ischemia-

reperfusion injury in pigs (Hinkel et al. 2013, Abplanalp et al. 2020).

5.5. NUDT6 impacts SMC contractility and migration by interacting
with CDC42 and CSRP1

To elucidate other interaction partners on protein level and respective influence on
underlying mechanisms, we performed RNA Pulldown followed by LC-MS/MS. Thus,
we could identify proteins that were highly enriched in the NUDT6 pulldown fraction
compared to GFP control in hAoSMC lysate: CSRP1 and CDC42.
CSRP1 was higher enriched (32.6-fold) and was chosen for confirmation of interaction
using RNA Immunoprecipitation. Indeed, NUDT6 was significantly enriched in CSRP1
fractions. These results show a verified interaction from both protein and RNA ends.
In disease, we could see that the levels from both proteins were downregulated.
To determine the direction of interaction and hierarchy, we analyzed NUDT6
expression after CSRP1 or CDC42 knockdown. Contrary to the two proteins' response
to NUDT6 knockdown, NUDT6 did not show any significant changes post CSRP1 or
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CDC42 knockdown. This — and the upregulation of the proteins post NUDT6
knockdown — might hint towards a dominant role of NUDT6, which might repress the
two proteins.

CDC42 is a small GTPase within the Rho family that regulates actin
polymerization, smooth muscle cell migration, and cell cycle progression (Tang and
Gunst 2004, Modzelewska et al. 2006, Muto et al. 2007). We found it to be ubiquitously
expressed in many cells within AAA. During migration, CDC42 regulates actomyosin
contraction, microtubule stability, direction, and lamelli- and filopodia formation (Figure
24) (Nobes and Hall 1995, Gerthoffer 2007, Afewerki et al. 2019).
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Figure 24 CDC42 in cell migration. Adapted from (Ridley 2015), Curr Opin Cell Biol 36, 103-12

In a vascular context, CDC42 also enables collagen | secretion, which,
especially in AAA, is a crucial but lowly expressed molecule needed to maintain
vascular bed integrity (Lengfeld et al. 2012, Ge et al. 2018). Further, CDC42 is
involved in SMA promoter activation with Serum Response Factor (SRF) (Sebe et al.
2010). Transfecting a constitutively active CDC42 into smooth muscle cells led to an
active SMA promoter, while an inactive construct prevented its activation (Sebe et al.
2010, Ge et al. 2018).

If all these functions are impaired in AAA, which we saw in human specimens,
crucial smooth muscle cell genes are prevented from activation, and collagen
production is further impaired. Restored CDC42 levels — after NUDT6-ASO — might be

helpful in late-stage AAA and potentially also CAD to prevent aortic and plaque rupture



86

by giving the cells a chance to migrate and produce matrix components to strengthen
the vessel wall or fibrous cap, respectively.
CRP1 (alias CSRP1; in this thesis, it is called CSRP1 while in most literature, CRP1
is more commonly used. That is why in the following part, the name CRP1 is used
instead to be consistent with the existing literature) is a member of the CRP family
possessing 2 LIM domains (Kadrmas and Beckerle 2004). Their function and
regulation could be more well elucidated, but they contribute to actin-related
processes. Pomiés et al. identified a-actinin as a CRP1 interaction partner (Pomies et
al. 1997). Further investigation by Tran et al. revealed that CRP1 regulates the cross-
linking of actin bundles by stabilizing their connection with a-actinin (Tran et al. 2005).
One process where this activity is needed is filopodia formation — it was found
in the growth cones of neurons. However, if CRP1 is knocked down, filopodia
formation in these cells is inhibited (Ma et al. 2011). Interestingly, the group also
performed a co-transfection of a CRP1 overexpression vector and a constitutively
active form of CDC42 with the result of a synergistic increase of filopodia formation

(Ma et al. 2011). However, it is not known by what means CRP1 regulates CDC42.
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Figure 25 CRP1 regulates SRF1 in Smooth Muscle Cell Differentiation. Adapted from (Mack
2011), ATVB 31, 1495-505
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In human vSMCs, where we found CRP1 to be almost exclusively expressed,
it is associated with SMC gene differentiation (Lilly et al. 2010). Of importance, CRP1
holds an internal enhancer that limits its expression to arterial SMCs (Lilly et al. 2001).
This enhancer, in turn, includes and is dependent on a CArG box motif that binds SRF
(Lilly et al. 2001). Chang et al. further verified a mechanism in which CRP1 acts as a
bridging factor together with GATAG to facilitate SRF binding to the CArG box on many
SMC-related genes (SMA, MHC, CNN, SM22a, etc. (Lilly et al. 2001)), thus regulating
SMC differentiation (Figure 25) (Chang et al. 2003).

Besides its involvement in SMC gene expression regulation, CRP1 expression
can be increased by TGF-B1 through Smad and p38 MAPK signaling, leading to
improved contractility of SMCs (Jarvinen et al. 2012). Especially in AAA, TGFpB is
known as a crucial regulator of proliferation, differentiation, and migration (Jarvinen et
al. 2012). Its malfunction/variation is associated with diseases such as the Loeys-Dietz
syndrome (Loeys and Dietz 1993) and the occurrence of AAA (Saratzis and Bown
2014). Also, in CAD, low TGF-f levels associate with a worsened outcome (lkonomidis
et al. 2008) as it was ascribed anti-inflammatory functions, which led to a thicker and
stronger fibrous cap (Amento et al. 1991).

All these functions and associated proteins, such as TGF-$1, imply a crucial
role in healthy SMCs. Once this role is lost, cell differentiation is aberrant, migration
impaired, and vital factors (like Collagen Type 1) are not secreted anymore. Further
experiments must be performed to fully confirm the hypothesized dominant and
repressive role of NUDT6 towards CDC42 and CRP1. Also, pulldown experiments in
patient-derived SMCs or SMCs under Angll stimulation would provide a better and

complementary observation to the IHC images of AAA samples.

5.6. Conclusions

We could show profound deregulation of NUDT6 and FGF2 in two vascular diseases
— AAA and CAD. This deregulation was associated with high NUDT6 levels in
advanced disease stages and poor vSMC survival, proliferation, and migration. Using
NUDT6 ASOs, we were able to restore the balance in four animal models of two
different species. On a cellular level, NUDT6 knockdown induced SMC migration and

proliferation — an event beneficial, especially in an advanced disease setting to
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reactivate SMCs for their migration into the fibrous cap or proliferation in AAA disease
to even out for previous apoptotic events.

We could show two protein interaction partners of NUDT6, CDC42, and CRP1.
These proteins play crucial roles in SMC differentiation, migration, and actin
polymerization. They might provide another insight into the mechanism behind SMC

reactivation after NUDT6 ASO treatment both in vivo and in vitro.
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6. Abstract

Cardiovascular diseases remain the most common cause of death. An underlying
pathology of diseases like carotid artery disease (plaque formation) (CAD) or
abdominal aortic aneurysm (AAA) is atherosclerosis. Plaque or aortic growth
progression and rupture cannot be halted pharmacologically, and therefore, surgery
is required. Considering the advanced age of a cardiovascular patient, surgery can
pose a high risk. Also, there are no available treatments or biomarkers to predict
rupture. Long non-coding RNAs (IncRNAs) orchestrate important functions in the
human organism. Their dysfunction (abnormal increase or decrease) can trigger
diseases.

Here, we identified the antisense INCRNA Nudix Hydrolase 6 (NUDT6) and its
respective sense partner Fibroblast Growth Factor 2 (FGF2) to be deregulated in the
two vascular diseases mentioned above. In ruptured carotid lesions and advanced
AAA lesions, NUDT6 was strongly upregulated. NUDT®6 inhibition in vitro using siRNA
led to FGF2 de-repression. Using dynamic live cell imaging, NUDT®6 inhibition led to
reduced apoptosis and increased migration and proliferation. Hence, we designed an
antisense oligonucleotide (ASO) inhibitor which targets NUDT®6. It was then applied in
the carotid plaque rupture model as well as locally in the AAA-inducing Angiotensin |l
and systemically in the Porcine Pancreatic Elastase (PPE) mouse model. NUDT6
inhibition significantly lowered plaque rupture and abdominal aortic diameter,
respectively. FGF2 was increasingly expressed in the vessel wall alongside alpha
Smooth Muscle Actin (eSMA). With the pursuit to close the ‘translational gap’, we
locally applied a species-specific ASO in LDLR” Yucatan minipigs. We saw halted
abdominal growth in PPE-induced pigs receiving NUDT6-ASO. Further, the vessel
wall composition and appearance were greatly improved by the ASO application.

To understand potential other mechanisms and interactions in which NUDTG6 is
involved, we used RNA pulldown. We identified two significantly enriched proteins,
Cysteine and Glycine Rich Protein 1 (CRP1) and Cell Division Cycle 42 (CDC42).
These proteins were also downregulated in late-stage AAA. NUDTE6 inhibition in
vascular smooth muscle cells (vSMCs) in vitro led to an upregulation of the two
proteins. This points towards a dominant role of NUDT®6 in regulation. Both CRP1 and
CCDA42 were de-repressed in the porcine animal model after NUDT6-ASO treatment.
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The proteins are involved in migration and cell movement as well as SMC
differentiation. The further mechanism and relevance still must be elucidated.

In conclusion, we identified NUDT6 silencing as a potential novel RNA-based
therapeutic approach in advanced vascular diseases. Thus, SMC survival and
migration are induced, crucial mechanisms both lacking in late degenerative

cardiovascular pathologies.
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7. Zusammenfassung

Nach wie vor zahlen Herz-Kreislauf-Krankheiten zur haufigsten Todesursache.
Oftmals liegt eine Erkrankung der Halsschlagader (Plaquebildung) oder dem
abdominellen Aortenaneurysma eine Atherosklerose zugrunde. Eine Plaque-oder
Aortenruptur kann nicht medikamentds behandelt oder verhindert werden, sodass ein
operativer Eingriff vonndten ist. In Anbetracht des fortgeschrittenen Alters eines
typischen kardiovaskularen Patienten kann eine Operation allerdings ein hohes Risiko
darstellen. Aullerdem gibt es keine Behandlungsmoglichkeiten oder Biomarker zur
Vorhersage einer Ruptur. Lange nicht-kodierende RNAs orchestrieren essentielle
Funktionen im menschlichen Organismus. lhre Fehlfunktion (z.B. durch abnormale
Produktion) kann Krankheiten auslésen.

Hier identifizieren und untersuchen wir die Antisense-IncRNA Nudix Hydrolase
6 (NUDT6) und ihren entsprechenden Sense-Partner Fibroblast Growth Factor 2
(FGF2) in den beiden oben genannten Gefalerkrankungen. In rupturierten
Karotislasionen und fortgeschrittenen AAA-Lasionen war NUDT6 stark hochreguliert.
Die Inhibition von NUDT6 mittels siRNA in vaskularen glatten Gefallmuskelzellen
(vSMCs) fuhrte zu einer Derepression von FGF2. Mit Hilfe eines dynamischen
Bildgebungsverfahrens konnten wir feststellen, dass NUDT6 Inhibition zu einer
verringerten Apoptose und erhdhten Migration und Proliferation in vSMCs fuhrte.
Daher haben wir einen Antisense-Oligonukleotid (ASO) Inhibitor gegen NUDT6
entwickelt. Im Karotis-Plaqueruptur Modell sowie lokal appliziert im AAA-induzierten
Angiotensin-Il- und systemisch im Porcine Pancreatic Elastase (PPE) — Mausmodell
wurde er in vivo angewendet. Die Hemmung von NUDTG6 fuhre zu einer signifikanten
Verringerung der Plaqueruptur bzw. des Bauchaortendurchmessers. Fgf2 wurde in
der GefalRwand zusammen mit alpha Smooth Muscle Actin (eSma) erhoht exprimiert.
Im Bestreben, die ,(translationale Lucke’ zu schlieBen, haben wir ein
speziesspezifisches ASO in LDLR’ Yucatan Minischweinen angewendet. Bei den
Tieren, die das ASO erhielten, kam das Bauchaortenwachstum, induziert vor
Inhibitorgabe mit PPE, zum Stillstand. AulRerdem wurden die Zusammensetzung und
das Aussehen der GefalRwande durch die ASO-Anwendung erheblich verbessert.

Um mogliche andere Mechanismen, an denen NUDT6 beteiligt ist, zu
verstehen, verwendeten wir die RNA Pulldown Technik. So konnten wir zwei

signifikant angereicherte Proteine, Cysteine and Glycine Rich Protein 1 (CRP1) und
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Cell Division Cycle 42 (CDC42), identifizieren. Diese waren auch im spaten AAA-
Stadium herunterreguliert. Die Inhibition von NUDT6 mittels siRNA in vSMCs fluhrte
zu einer Hochregulierung der beiden Proteine. Dies deutet auf eine dominante Rolle
von NUDT6 bei der Regulierung hin. Sowohl CRP1 als auch CDC42 wurden im
Schweinemodell nach der Behandlung mit NUDT6-ASO de-reprimiert. Die Proteine
sind an der Migration und Zellbewegung sowie SMC-Differenzierung beteiligt. Der
weitere Mechanismus und die Bedeutung der Interaktion mussen noch aufgeklart
werden.

Zusammenfassend lasst sich sagen, dass die Inhibition von NUDT6 ein potentiell
neuer therapeutischer Ansatz auf RNA-Basis in fortgeschrittenen Gefallerkrankungen
ist. Auf diese Weise werden das Uberleben und die Migration der SMCs geférdert;
beides entscheidende Mechanismen, die in spaten degenerativen Herz-Kreislauf-

Erkrankungen fehlen.
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