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ABSTRACT

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) is the most frequent monogenetic small vessel disease (SVD) and caused by the
mutation-induced accumulation and aggregation of the Notch3 extracellular domain (Notch3E¢P)
in brain vessel walls. The molecular processes linking Notch3E¢P deposition to vessel degeneration
are so far only incompletely understood and therefore, the brain vessel proteome from CADASIL
patient autopsy samples was determined by quantitative mass spectrometry. This revealed a strong
enrichment of secreted and extracellular space proteins including the high temperature requirement
protein A1 (HTRAL), a serine protease genetically inactivated in a SVD with phenotypic similarity
to CADASIL. The colocalization of HTRA1 with Notch3E“P deposits and the accumulation of
several HTRA1 substrates in the CADASIL proteome indicated a sequestration process
accompanied by functional inactivation. Indeed, a comparison with the brain vessel proteome of
HTRAL knockout mice revealed a highly significant overlap suggesting the presence of a
loss-of-function signature. A number of shared proteins were identified as novel HTRA1
substrates using in vitro proteolysis assays. To investigate whether HTRAL is also involved in
cerebral amyloid angiopathy (CAA), a SVD characterized by the vascular deposition of amyloid f,
the proteomic profile of isolated brain vessel from CAA patient autopsy material was determined.
As in the CADASIL study, a significant enrichment of HTRAL, its colocalization with
pathological deposits and the presence of a HTRAL loss-of-function signature was observed. Thus,
this study provides evidence for a loss of HTRAL function as a critical step in the pathological
cascades underlying CADASIL and CAA, and suggests a more general role of HTRAL in SVD

pathogenesis.
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ZUSAMMENFASSUNG

Zerebrale autosomal dominante  Arteriopathie mit  subkortikalen Infarkten und
Leukenzephalopathie (CADASIL) ist die h&ufigste monogenetische Mikroangiopathie und wird
durch die mutationsinduzierte Akkumulation und Aggregation der extrazellularen Domane von
Notch3 (Notch3E<P) in den GefaBwanden des Gehirns ausgeldst. Die molekularen Prozesse, durch
welche Notch3ECP-Ablagerungen zu GefaRdegeneration beitragen, sind bisher nur unvollstindig
verstanden, weshalb das zerebrale Gefalproteom aus CADASIL-Autopsiematerial mit Hilfe
quantitativer Massenspektrometrie bestimmt wurde. Dies zeigte eine starke Anreicherung von
sekretierten Proteinen und Proteinen des Extrazellularraumes, einschliellich der Serinprotease
HTRAZ (high temperature requirement protein A1), bei der eine genetische Inaktivierung zu einer
Mikroangiopathie fuhrt, die phénotypische Ahnlichkeit zu CADASIL aufweist. Die
Kolokalisation von HTRAL1 mit Notch3EP-Ablagerungen und die Akkumulation mehrerer
HTRAL-Substrate im CADASIL-Proteom deuteten auf einen Sequestrierungs-Prozess hin sowie
eine funktionelle Inaktivierung. Tatséchlich zeigte ein Vergleich mit dem zerebralen
GefaRproteom von HTRAZI-Knockout-Méausen eine hochsignifikante Uberlappung, was das
Vorhandensein einer Funktionsverlust-Signatur signalisierte. Eine Reihe der gemeinsamen
Proteine wurde unter Verwendung von invitro Proteolyse-Experimenten als neue HTRAL-
Substrate identifiziert. Um zu untersuchen, ob HTRAL auch bei zerebraler Amyloidangiopathie
(CAA) beteiligt ist, einer Mikroangiopathie gekennzeichnet durch vaskuldre Ablagerung von
Amyloid-f, wurde das proteomische Profil isolierter GehirngeféalRe aus CAA-Autopsiematerial
bestimmt. Wie auch in der CADASIL-Studie wurde eine signifikante Anreicherung von HTRAL,
eine Kolokalisation mit pathologischen Ablagerungen und die Anwesenheit einer HTRAL-
Funktionsverlust-Signatur beobachtet. Diese Studie liefert somit Hinweise auf einen
Funktionsverlust von HTRAZ1 als kritischen Schritt in den Krankheitskaskaden von CADASIL und
CAA, und deutet auf eine allgemeinere Rolle von HTRA1 bei der Entstehung von
Mikroangiopathien hin.
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1 INTRODUCTION

Dementia is defined as a loss of cognitive functions including memory, thinking and behavior and
characterized by the inability to perform daily tasks. The greatest known risk factor for dementia
is age and, as life expectancy increases, it is developing into one of the major public health
problems in our aging society. In the last quarter of a century, the global number of individuals
who lived with dementia more than doubled from 20.2 million in 1990 to 48.3 million in 2016
(Nichols et al. 2019) and is expected to reach more than 115 million by 2050 (Prince et al. 2013).

Vascular dementia (VD) is the second most common cause of dementia after Alzheimer's disease
(AD) and thought to arise from defects in cerebral blood flow (Kalaria 2018). When blood supply
is interrupted, either by the blockage (ischemic stroke) or the rupture of a blood vessel
(hemorrhagic stroke), brain tissue is immediately deprived of oxygen and nutrients. In principle
every stroke subtype can cause VD (Dichgans et al. 2017), but cerebral small vessel disease (SVD),
which accounts for about 20% of all ischemic strokes, is considered as the most common cause
and includes arteriolosclerosis, cerebral amyloid angiopathy (CAA), but also genetic disorder such
as cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL) (Pantoni 2010).

1.1 The cerebral vasculature

SVD primarily affects the intracerebral vasculature, which shows a unique architecture (ladecola
2017). Blood supply of the brain is ensured by two pairs of large arteries (internal carotid and
vertebral arteries; left and right) merging into a unique circular arrangement of blood vessels, the
so-called Circle of Willis (Figure 1.1). Branching from this, the three main cerebral arteries
(anterior, middle and posterior artery) progressively divide into smaller resistance arteries and
arterioles that run along the surface until penetrating arterioles submerge into the corresponding
regions of the cerebral cortex as a further branched network of capillaries. Penetrating arterioles
are longer and less extensively branched, so that the occlusion of an individual arteriole results in

reduced blood supply and subsequent tissue damage.



INTRODUCTION

Superficial perforating Anterior
arterioles cerebral
Anterior Anterior
cerebral communicating
artery artery
Middle Internal
cerebral carotid
artery artery
Posterior ' 3 ] Posterior \
cerebral communicating . \V .
artery - - artery Middle { -
%,\\‘\\‘9 7 R v,)”’// -‘ cr?trebral \ 1N
Basilar {@ﬁi TR\ 2253 Vertebral artery .
artery f(( { ‘nl‘}ﬁ;ﬂl}'”}“j‘ artery ‘_ (")
4] llléj}/}/ -
l“:—— : Basal ganglia

|

Figure 1.1: The brain vascular network. (left): Main cerebral arteries including the Circle of Willis (highlighted in green).
(right): Coronal section illustrating perforating arterioles supplying the white and deep gray matter. (adapted from Wardlaw et al.
2019)

perforating arterioles

The structure of cerebral vessels depends on their type and size but in principle always consists of
three distinct layers. The tunica intima, the innermost lining of a vessel, is composed of a single
layer of endothelial cells and the basement membrane. Its main function is the sealing of the vessel
lumen and thereby the maintenance of the blood-brain barrier. The basement membrane, a thin
layer of connective tissue, is composed of collagen type 1V, heparin sulfate proteoglycans, laminin,
fibronectin, and other extracellular matrix (ECM) proteins and links the endothelial cell layer to
the underlying tissue. The tunica media, the middle layer of the vessel wall, is mainly composed
of mural cells (vascular smooth muscle cells, pericytes) supported by a framework of collagenous
and elastic fibers. Through contraction or relaxation, vascular smooth muscle cells are able to
control the vessel lumen diameter and thereby blood pressure and blood flow. The tunica
adventitia, the outermost layer of a blood vessel, is mainly composed of connective tissue produced

by fibroblasts and is important for the integration of the blood vessel in the surrounding tissue.

Capillaries are the smallest blood vessels (5-10 um) and serve as the primary site of oxygen and
nutrient exchange with a total length of about 650 km in a human brain (Begley et al. 2003). They
are composed of a single layer of endothelial cells, wrapped by pericytes and encased by the
basement membrane (Figure 1.2). In the brain, they are continuously covered by astrocytic endfeet
which have an important influence on capillary function by regulating cerebral blood flow and
representing an interface to neurons known as the neurovascular unit. This crosstalk between all
different cell types is important for the maintenance of vessel function and may provide a primary

site for neurovascular diseases (ladecola 2017).
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Figure 1.2: Structure of a brain capillary. A single layer of endothelial cells (sealed by tight junctions) and pericytes are encased
by the basement membrane and continuously covered by astrocytic endfeet.

1.2 Cerebral small vessel disease (SVD)

SVD describes a group of neuroimaging and neuropathological abnormalities, originating from
pathological changes in the structure and function of perforating cerebral arterioles, capillaries and
venules (Wardlaw et al. 2019; Pantoni 2010). Although the patients’ symptoms are diverse and
show a high variability, clinical or radiologic manifestations of SVD can be detected in about 80%
of 65-years old adults and in almost 100% of 90-years old individuals, classifying SVD as the

most common age-related condition of the brain (Haffner et al. 2016).

Since small vessels are difficult to investigate in vivo, SVD can remain clinically unnoticed for
years (Wardlaw et al. 2013). First evidence for the disease is usually provided by brain imaging
techniques, showing white matter hyperintensities (WMH), cerebral microbleeds, lacunes,
enlarged perivascular spaces, superficial siderosis or small subcortical infarcts in the white or
subcortical gray matter (Wardlaw et al. 2019). On histopathological examination of small
perforating arteries, thickening of the vessel walls due to the deposition of fibro-hyaline material,
narrowing of the vessel lumen and a loss of smooth muscle cells in the tunica media are observed.
In addition, several manifestations of endothelial dysfunction have been identified including
impaired vasodilation, vessel stiffening as well as blood-brain barrier leakage and increased
interstitial fluid content (Wardlaw et al. 2019). Mechanistically, SVD pathogenesis is still
relatively poorly understood. One reason might be that the majority of pathological data is
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provided by studies on post-mortem tissue, which represents the end stage of the disease, making

it difficult to identify causative mechanisms (Pantoni 2010).

While SVD risk is mainly attributed to common vascular risk factors such as age, hypertension,
hypercholesterolemia, diabetes mellitus, myocardial infarction and smoking (Wardlaw et al.
2019), the contribution of genetic factors is significant. However, genome-wide association studies
in sporadic patient cohorts have so far revealed only a few risk loci (Rutten-Jacobs et al. 2019;
Dichgans et al. 2019). In contrast, the investigation of rare Mendelian SVD forms with defined
genetic origin have provided significant advancements with regard to the molecular mechanisms
underlying vascular pathological changes and contributors to stroke and dementia (Haffner et al.
2016).

Advancements in linkage analysis and DNA sequencing technologies have allowed more efficient
analyses of genes underlying hereditary SVD and led to the identification of a variety of causative
genes (Table 1.1). Albeit genetically heterogeneous, the hereditary forms share multiple features
with sporadic SVD, including a progressive arteriopathy, subcortical infarcts and white matter

hyperintensities as well as stroke and dementia (Haffner et al. 2016).

Table 1.1: Monogenetic small vessel diseases

Mode of Clinical features Clinical features
Name Gene . . . .
inheritance (neurological) (extra-neurological)
CADASIL NOTCH3 dominant stroke, dementia, migraine with -
aura, psychiatric disorders
CARASIL HTRA1 recessive stroke, dementia spondylosis, alopecia
late-onset HTRA1- HTRA1 dominant stroke, dementia -
related SVD
COL4Al/A2- COL4Al/ dominant stroke, dementia, intracerebral infantile hemiparesis,
related SVD COL4A2 hemorrhages, congenital kidney defects, ophthal-
porencephalopathy mologic malformations
PADMAL COL4A1 dominant stroke, dementia, lacunar -
infarcts of the pons
RVCL TREX1 dominant stroke, dementia, psychiatric retinopathy,
disturbance, migraine pseudotumors, Raynaud
syndrome
CARASAL CTSA dominant stroke, cognitive deterioration -
FOXC1- FOXC1  dominant stroke, white matter- Axenfeld-Rieger
related SVD hyperintensities syndrome

CADASIL: Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy; CARASIL: Cerebral
autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy; PADMAL: Pontine autosomal dominant
microangiopathy with leukoencephalopathy; RVCL: Retinal vasculopathy with cerebral leukodystrophy; CARASAL:
Cathepsin A-related arteriopathy with strokes and leukoencephalopathy
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Cathepsin A-related arteriopathy with strokes and leukoencephalopathy (CARASAL) (Bugiani et
al. 2016), retinal vasculopathy with cerebral leukodystrophy (RVCL) (Richards et al. 2007) and
FOXC1-related SVD (French et al. 2014) are extremely rare monogenetic SVD forms identified
in isolated cases only. So far their disease mechanisms are mostly elusive. Several SVD forms are
caused by mutations in COL4A1 and COL4A2 encoding subunits of collagen type 1V, an important
component of the vascular basement membrane (Kuo et al. 2012). While coding region mutations
are associated with systemic SVD involving not only the brain, but also the eyes, muscles and
kidneys and lead to a disruption of basement membrane integrity, mutations in the COL4A1
3’-untranslated region interrupt a miRNA binding site and result in pontine autosomal dominant
microangiopathy with leukoencephalopathy (PADMAL), a stroke disorder primarily characterized
by a pathology in the pons (Verdura et al. 2016).

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy
(CADASIL), and the phenotypically related syndrome cerebral autosomal recessive arteriopathy
with subcortical infarcts and leukoencephalopathy (CARASIL) are the currently most intensely
investigated hereditary SVD forms. CADASIL is the main topic of this thesis and its features are

discussed in detail in chapter 1.4.

1.3 HTRAI1-related SVD

CARASIL, initially called Maeda syndrome, is characterized by typical SVD symptoms, including
white matter hyperintensities, lacunar infarcts and a vasculopathy of penetrating arteries and
arterioles (Maeda et al. 1976; Fukutake 2011; Oide et al. 2008). Striking for CARASIL is the early
age of onset (10 to 30 years) and the presence of spondylosis and alopecia as extra-neurological
symptoms (Dichgans et al. 2019). By linkage analysis and sequencing of candidate genes
CARASIL was found to be caused by homozygous mutations in the HTRAL gene encoding for
high temperature requirement protein A1. Most mutations are causing missense variants leading
to a loss of HTRAL function, in agreement with the recessive inheritance pattern. But recently,
heterozygous HTRA1 mutations were identified as cause for a dominant SVD form, which is
clinically related to CARASIL, but lacks the extra-neurological symptoms and shows a delayed
age of onset (Nozaki et al. 2016; Verdura et al. 2015). The molecular mechanism underlying the

dominant inheritance pattern has not been clearly elucidated yet (see below).
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HTRAL belongs to the highly conserved family of HTRA serine proteases, distinguishable from
other serine proteases by the presence of a C-terminal PDZ (postsynaptic density of 95 kDa discs
large and zonula occludens 1) domain, responsible for the allosteric activation upon substrate
interaction (Clausen et al. 2011). In a variety of species including bacteria and plants, HTRA
proteases have been implicated in protein quality control, such as the degradation of misfolded
and mislocalized proteins and the maintenance of extracellular protein homeostasis (Clausen et al.
2011). However, the role of the four mammalian family members (HTRAZ1-4) is less well
understood. Important for their catalytic activity is the formation of pyramidal trimers (Hansen et
al. 2013). In addition to HTRAZ2, a mitochondrial protein involved in Parkinson’s disease, HTRA1
is the best characterized family member in humans. It is predominantly secreted (Clausen et al.
2011) and, although it is globally expressed, recent studies provided evidence that in the brain, it
is mainly produced by astrocytes (Chen et al. 2018; He et al. 2018; Vanlandewijck et al. 2018).
HTRAL mutations resulting in CARASIL are mainly located in the protease domain, directly
affecting catalytic activity (Beaufort et al. 2014; Hara et al. 2009; Nozaki et al. 2016; Verdura et
al. 2015). Mutations located outside the protease domain were reported to affect HTRAL secretion,
MRNA expression, and/or protein stability (Hara et al. 2009; Shiga et al. 2011; Ziaei et al. 2019).
The pathomechanism underlying heterozygous mutations is not fully understood. While
haploinsufficiency cannot be completely ruled out, a dominant-negative effect was proposed on
the basis of in vitro experiments showing an interference of some heterozygous mutations with
wild-type HTRAZ1 activity by affecting the oligomeric state of the protease (Nozaki et al. 2016;
Verdura et al. 2015).

A variety of studies have suggested an involvement of HTRAL in transforming growth factor beta
(TGF-p) signaling by mechanisms including the extracellular cleavage of mature TGF- (Oka et
al. 2004; Launay et al. 2008), cleavage of TGF-p receptors (Graham et al. 2013) or intracellular
cleavage of the TGF-p prodomain (Shiga et al. 2011). In contrast, another study revealed a
facilitating role of HTRAL on the TGF-§ signaling pathway by the processing of latent TGFf3-
binding protein 1 (LTBP-1) and thereby mediating the release of TGF-B from the ECM (Beaufort

et al. 2014). Thus, it is still controversial whether pathway activity is promoted or attenuated.

Over the last years increasing numbers of HTRAL substrates have been identified, the majority of
them secreted or located in the ECM such as fibronectin, type Il collagen, biglycan, clusterin,
vitronectin, aggrecan, decorin, fiboromodulin and LTBP-1 (Beaufort et al. 2014; Grau et al. 2006;
An et al. 2010; Tsuchiya et al. 2005). This suggested that impaired processing of ECM proteins
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and a dysregulation of ECM protein homeostasis is a key pathomechanism underlying HTRA1-
related SVD. In addition to SVD, HTRAL has been associated with various other diseases,
including osteoarthritis and cancer (Skorko-Glonek et al. 2013), age-related macular degeneration
(Coleman et al. 2008), lattice corneal dystrophy (Venkatraman et al. 2017) as well as Alzheimer’s
disease (Grau et al. 2005; Grau et al. 2006; Poepsel et al. 2015; Tennstaedt et al. 2012).

1.4 CADASIL

Among all monogenetic SVD forms, CADASIL is by far the most prevalent one and was possibly
already described in 1955 by Van Bogaert as a familial and rapidly progressive form of
Binswanger's disease (Bousser et al. 1994) (a form of small vessel vascular dementia known since
1894) (Caplan 1995). This report stayed unnoticed for many years until the 1980s and early 1990s,
when a number of cases of an autosomal-dominant cerebral SVD were described (Stevens et al.
1977; Sonninen et al. 1987; Davous et al. 1991; Tournier-Lasserve et al. 1991; Mas et al. 1992;
Salvi et al. 1992; Baudrimont et al. 1993). The acronym CADASIL was coined based on the main
features of the disease (Joutel et al. 1996). Its prevalence was reported to be up to 5 cases in
100,000 individuals (Razvi et al. 2005; Narayan et al. 2012), however this number is widely
considered as underestimated particularly in countries were magnetic resonance imaging (MRI)
and genetic testing are not available (Chabriat 2017). Originally documented in European families,

it is now recognized worldwide and in all ethnic groups.

1.4.1 Clinical features

Clinically, CADASIL is characterized by recurrent subcortical infarcts, migraine with aura, mood
disturbances and cognitive impairment (Chabriat et al. 2009). Migraine with aura is typically one
of the first symptoms of the disease, starting at around 30 years of age, but can vary from early
childhood to mid adult age (Chabriat et al. 1995; Vahedi et al. 2004). During the course of the
disease cognitive decline as well as motor disabilities progress continuously leading to deficits in
episodic memory and executive dysfunction (Dichgans 2002). Many patients develop mood
disturbances, severe depressive or manic episodes, bipolar disorders or apathy (Tikka et al. 2014).
The phenotypical variations are large, even within affected members of the same family
(Di Donato et al. 2017), but the end-stage of the disease is reported around the age of 65 years,
where about 80% of the patients are fully demented (Kalimo et al. 2002). Brain MRI abnormalities
can be detected in CADASIL patients around the age of 20 years (Chabriat et al. 1998).
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Symptomatic but also asymptomatic patients display characteristic MRI features, however their
frequency and severity are correlating with the clinical status and dramatically increasing with age
(Mizuta et al. 2017). White matter hyperintensities in T2-weighted images as well as lacunar
infarctions on T1-weighted or FLAIR MRI located in the deep white matter, basal ganglia and
brain stem are the most frequent findings (Chabriat et al. 1998). To date, there is no cure for the
disease and treatment options are restricted to symptomatic and secondary preventive treatment
(Sondergaard et al. 2017). Therefore, the control of vascular risk factors, particularly smoking and

hypertension, is an important part of CADASIL management (Di Donato et al. 2017).

1.4.2 Genetics

The identification of two large French families allowed the localization of the genetic defect of
CADASIL to the short arm of chromosome 19 and subsequently the identification of NOTCH3 as
causative gene (Joutel et al. 1996). It consists of 33 exons, encodes a single-pass type |
transmembrane receptor of the evolutionary highly conserved Notch family and is primarily
expressed by vascular smooth muscle cells and pericytes. In mammals the Notch family consists
of four highly homologous members which are indispensable during development of most organs
(Louvi et al. 2012). All Notch receptors are initially synthetized as precursor proteins and after
cleavage by a furin-like convertase in the Golgi apparatus (S1-cleavage), the non-covalently linked
heterodimers are transported to the cell surface (Kopan et al. 2009). The mature Notch3 receptor
consists of a large extracellular domain containing 34 epidermal growth factor (EGF)-like repeats
(EGFr), a negative regulatory region (NRR), comprising three Lin12/Notch repeats (LNR), a
transmembrane domain and an intracellular domain (ICD) containing seven ankyrin repeats and a
PEST motif (Figure 1.3).
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Figure 1.3: Scheme of Notch3. The structure of Notch3 is composed of an extracellular domain (ECD) with 34 epidermal growth
factor (EGF)-like repeats and a negative regulatory region (NRR) composed of three Lin12/Notch repeats (LNR) and two
heterodimerization domains (HD). The transmembrane domain (TM) is followed by the intracellular domain (ICD) comprising
several ankyrin repeats (ANKR) and a PEST motif. LRS: ligand recognition site
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Ligands of Notch3 in mammals belong either to the Jagged (Jagl or Jag2) or Delta-like (DLL)
family (DLL1, 3 or 4) with an interaction site reported to be located at EGFr 10-11 (Peters et al.
2004; Joutel et al. 2004). Upon ligand binding, a conformational change in the NRR uncovers the
S2 cleavage site for the metalloproteases ADAM10 or ADAML17 and results in the release of the
ECD. This enables a third cleavage by y-secretase within the Notch3 transmembrane domain
(S3-cleavage) (Xu et al. 2015), leading to nuclear translocation of the ICD and regulation of

transcriptional downstream targets (Fouillade et al. 2013).

1.4.3 Pathomechanism

The core structure of each of the individual Notch3 EGFrs is formed by six conserved cysteine
residues, forming three distinct disulfide bridges between cysteines 1 and 3, 2 and 4, and 5 and 6
(Figure 1.4). Pathogenic Notch3 mutations are exclusively located within one of the EGFrs
(Chabriat et al. 2009) and are typically missense mutations affecting the conserved cysteine
pattern, causing either the addition or the loss of a cysteine, and thereby resulting in an unpaired
sulfhydryl group (Figure 1.4). Among diagnosed patients more than 230 different Notch3 cysteine
mutations have been reported (Tikka et al. 2014) with the highest prevalence within EGFrs 1-6
(Coupland et al. 2018) (Figure 1.4). Recently, Rutten and colleagues have shown that mutations
outside this region are associated with a milder phenotype and a significant lower MRI lesion load
(Rutten et al. 2019). For some mutations within the EGFrs 7-34 they found an unexpected high
frequency in the general population (1:300), suggesting that these mutations are less pathogenic

or even non-penetrating.

20 EGF-like typical CADASIL
- repeat missense mutations

additional loss of a
cysteine cysteine

reported number of CADASIL

missense mutations

Figure 1.4: Frequency of CADASIL mutations in individual Notch3 EGF-like repeats (EGFrs) and typical mutation
pattern. (left): Reported number of Notch3 missense mutations in the corresponding EGFr. (adapted from Coupland et al. 2018)
(right): Within individual EGFrs six cysteine residues form three disulfide bridges between cysteines 1-3, 2-4 and 5-6. This pattern
is lost by CADASIL-typical mutations causing either an addition (red circle) or a loss of a cysteine (dotted circle).
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So far, the molecular mechanism underlying the pathological processes in CADASIL is only
incompletely understood. Some findings argue for an involvement of Notch3 signaling in the
disease mechanism. A recent study from Rutten and coworkers showed that mutations located in
EGFr domains 10 and 11, comprising the ligand-binding domain and causing reduced Notch3
signaling, are associated with a higher white matter lesion load when compared to mutations in all
other EGFr domains (Rutten et al. 2019). However, only 3.4% (14/ 412) of CADASIL patients of
this cohort exhibited mutations in the ligand binding domain and the observed effect size was
rather small. The majority of mutations are located outside the ligand binding domain, and for
those, it is still controversial if and how these mutations affect Notch3 downstream signaling.
While the R169C mutation was recently shown to result in increased Notch signaling in cerebral
arteries of transgenic mice (Baron-Menguy et al. 2017), the C455R and R1031C mutations reduced
signaling activity in isolated mouse fibroblasts (Arboleda-Velasquez et al. 2011). For several other
CADASIL-typical Notch3 mutations no change in signaling activity could be observed in vitro
(Cognat et al. 2014; Peters et al. 2004; Joutel et al. 2004). Interestingly, Notch3-knockout mice
show vascular smooth muscle cell abnormalities (Fouillade et al. 2012), however this phenotype
differs fundamentally from transgenic mice with a typical CADASIL mutation and can even be
rescued by CADASIL-mutant Notch3 (Henshall et al. 2015; Liu et al. 2010; Monet et al. 2007).
In patients, null mutations (frame-shift insertions/ deletions or nonsense mutations) have been
identified only in very rare cases with leukoencephalopathy, but an otherwise incomplete
CADASIL phenotype (Dotti et al. 2004; Pippucci et al. 2015; Schubert et al. 2018; Rutten et al.
2013). Strikingly, a compound heterozygous patient carrying a NOTCH3 null mutation on one
allele and a cysteine-altering Notch3 mutation (Y710C) on the other allele did not show a more
severe phenotype (Rutten et al. 2013). In summary, a contribution of altered Notch3 signaling in
CADASIL cannot be fully excluded, however, a loss-of-function mechanism as the sole or main

cause of the disease disagrees with the majority of observations.

The stereotypic nature of CADASIL cysteine mutations, affecting the structure of Notch35¢P and
promoting its multimerization and aberrant accumulation around vascular smooth muscle cells and
pericytes, is in line with a neomorphic effect (Chabriat et al. 2009; Monet-Lepretre et al. 2013)
(Figure 1.5). As the formation of protein aggregates is a hallmark of several neurodegenerative
diseases, including Alzheimer’s disease, Parkinson disease, Huntington's disease, cerebral amyloid
angiopathy, amyotrophic lateral sclerosis and frontotemporal dementia, it is reasonable to ask

whether CADASIL could be a protein aggregation disease as well.
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control CADASIL

Figure 1.5: Accumulation of Notch3ECP in brain vessels of a CADASIL patient. (left): Bright-field microscopy images of
immunohistochemical stainings for Notch35¢P of a CADASIL patient and a control subject vessel counterstained with hematoxylin.
(right): Immunofluorescence staining for Notch3E¢P of a CADASIL patient vessel analyzed by confocal microscopy. (adapted
from Kast et al., 2014)

Various observations support the involvement of pathological protein deposits in the molecular
mechanism of the disease. The presence of so called granular osmiophilic material (GOM) located
around vascular smooth muscle cells and pericytes (Baudrimont et al. 1993; Joutel et al. 2000) is
a pathognomonic feature of CADASIL (Figure 1.6). GOM deposits can be visualized by electron
microscopy as amyloid-negative structures of typically 0.2 to 0.8 um composed of 10 to 15 nm
granules (Kalimo et al. 2002). Although the exact distribution of GOM deposits is still elusive, a
combination of immunolabeling and electron microscopy (immunogold EM) revealed that the
ECD of Notch3 is a major component (Joutel et al. 2000; Ishiko et al. 2006) (Figure 1.6).

250 nm

e — i

Figure 1.6: GOM deposition in CADASIL. (left): Electron microscopy of a dermal artery of a CADASIL patient depicts the
deposition of granular osmiophilic material (GOM) at the plasma membrane of smooth muscle cells. (right): Immunogold labeling
using an antibody against Notch3®CP shows a distribution within GOM deposits. Arrows are pointing towards GOM deposits.
(adapted from Ishiko et al., 2006)

In patients, GOM deposits appear more than a decade prior to neurological symptoms, presenting
an early manifestation of the disease (Chabriat et al. 2009). This hypothesis is supported by data
from a transgenic mouse model expressing rat Notch3R¢°C which develop Notch3EP and GOM
deposits much earlier than white matter lesions and cerebral blood flow deficits (Joutel et al. 2010).

In the same model, Notch3EP deposition was reported to correlate with a reduction of pericyte
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coverage and to be followed by reduced expression of endothelial adherens junction proteins,

blood-brain barrier leakage and reduced microvascular CO»-reactivity (Ghosh et al. 2015).

Recent evidence suggests that the aggregation of Notch3ECP facilitates the interaction with
additional proteins, promoting its accumulation and sequestration into GOM deposits. It has been
reported that various ECM factors, including tissue inhibitor of metalloproteinases 3 (TIMP3),
vitronectin, LTBP-1, endostatin, clusterin, decorin, biglycan and serum amyloid P-component
(APCS) are enriched in CADASIL patient vessels and colocalize with Notch3E°P deposits (Craggs
et al. 2016; Kast et al. 2014; Lee et al. 2014; Monet-Lepretre et al. 2013; Nagatoshi et al. 2017,
Zhang et al. 2015; Arboleda-Velasquez et al. 2011). Their recruitment suggests a dysregulation of
their biological activity and a contribution of impaired ECM homeostasis in CADASIL

pathogenesis (Monet-Lepretre et al. 2013; Joutel et al. 2016).

1.5 CAA

Cerebral amyloid angiopathy (CAA) is a common, age-related cerebral SVD characterized by the
deposition of amyloid  (ApB) peptide in the walls of small and medium-sized leptomeningeal and
cortical arteries, arterioles, capillaries and less frequently also veins (Charidimou et al. 2017). Its
prevalence is 20-40% in non-demented and 50-60% in the demented elderly population (Keage et
al. 2009). In addition, CAA can be detected in 85-95% of patients with Alzheimer’s disease
(Charidimou et al. 2017). The main clinical manifestations are intracerebral hemorrhage, cognitive
impairment and dementia (Viswanathan et al. 2011). Typical MRI features include multiple,

strictly lobar cerebral microbleeds, white matter hyperintensities and cortical microinfarcts.

Depending on the size of the affected vessels, CAA can be divided in two subtypes: type 1,
characterized by AP deposits in cortical capillaries (with or without the involvement of
leptomeningeal, and cortical arteries, arterioles, veins, and venules) and type 2, showing A
pathology exclusively in leptomeningeal and cortical vessels, without the involvement of
capillaries (Thal et al. 2002). Apart from AB accumulation, fibrinoid necrosis, a loss of vascular
smooth muscle cells and vessel wall thickening, degenerative processes also observed in ischemic
SVD, can be detected upon neuropathological examination (Attems et al. 2011). CAA occurs
mostly sporadic, but similar to AD, it is strongly associated with variants of apoliprotein E
(APOE). APOE plays a crucial role in lipid metabolism and occurs in three isoforms (g2, €3 and
e4) differing at two amino acid positions due to two common polymorphisms. APOE ¢4 and, to a
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lesser extent APOE €2, have been shown to increase both vascular amyloid accumulation as well
as the risk of developing CAA-related hemorrhages (Greenberg et al. 1998; Nelson et al. 2013).

AP peptides are derived by sequential cleavage of the amyloid precursor protein (APP) by - and
y-secretase (Figure 1.7) and are highly prone to form oligomers, fibrils and finally amyloid plaques
(Selkoe 2001). While in AD, these plaques are predominantly composed of the 42-amino acid
fragment (Aa2), the vascular amyloid deposits in CAA mainly consist of ABso (Charidimou et al.
2012).
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Figure 1.7: AP generation and accumulation in CAA. (left): Processing of amyloid precursor protein (APP) first by B-secretase
and then y-secretase releases the amyloid beta (AB) peptides ABao and APaz. (right): Deposition of AP peptides in brain vessel
walls of a CAA patient. (adapted from Hondius et al., 2018)

Experimental studies in transgenic mouse models provided evidence that vascular A is primarily
of neuronal origin and its accumulation largely the result of an impaired clearance rather than
increased production (Charidimou et al. 2017). The so-called drainage hypothesis suggests that
under normal conditions neuronal produced A drains with the interstitial fluid along the basement
membrane and between smooth muscle cells out of the brain. It is proposed, that with aging or
under pathological conditions this clearance mechanism can fail, initiating an increase in trapping
and finally the deposition of AP in brain vessel walls (Carare et al. 2013; Weller et al. 2015;

Rasmussen et al. 2018).

Recent proteomic studies have identified several proteins enriched in CAA. Among these, APOE
and clusterin (also known as apoliprotein J), which were reported to interact with Af and influence
its aggregation and clearance (Endo et al. 2019; DeMattos et al. 2004; Wojtas et al. 2017). Sushi
repeat-containing protein X-linked (SRPX) has just recently been shown to directly interact with
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AP invitro and to accumulate in vascular, but not in parenchymal amyloid deposits (Inoue et al.
2017). In addition, SRPX mRNA levels were found to be increased after A stimulation and to
promote Ap-induced apoptosis in cerebrovascular smooth muscle cells. APCS is a plasma
glycoprotein which can be found in all forms of amyloid aggregates (Pepys 2018) including A
deposits (Hondius et al. 2018), but was also reported to accumulate in CADASIL (Craggs et al.
2016). The prevention of its accumulation is currently under pharmacological investigation (Pepys
2015). Interestingly, HTRA1 was reported to accumulate in parenchymal (Grau et al. 2005) but
also in cerebrovascular amyloid deposits (Hondius et al. 2018) and was shown to be involvement
in AP degradation (Poepsel et al. 2015; Grau et al. 2005; Tennstaedt et al. 2012). These data
indicate the presence of common mechanisms in cerebral small vessels diseases, but no consistent

picture about pathological pathways has emerged yet.

1.6 Aims of this thesis

In both CADASIL and CAA the formation of insoluble protein deposits in brain vessels is
considered as the initiating event of a pathological cascade of events resulting in vessel
degeneration and dysfunction. The molecular processes mediating the toxicity of protein
aggregates are poorly understood. Previous proteomic studies performed on human samples
aiming at identifying disease-relevant processes were hampered by a number of weaknesses
including limited numbers of samples, varying sources of vascular material, low mass

spectrometry sensitivity and lack of true data quantification.

To overcome these limitations in this study, a vessel isolation technique yielding highly pure
fractions of small and medium-sized brain vessels from post-mortem autopsy samples will be
combined with state-of-the-art liquid chromatography coupled with tandem mass spectrometry
and followed by label-free quantification. Results will be verified by different techniques such as
immunoblotting and immunofluorescence staining as well as in vitro and cellular approaches.
Further, the proteomic signatures obtained from CADASIL and CAA samples will be compared
to search for possible commonalities. Thus, this study aims to elucidate novel molecular pathways
underlying CADASIL and CAA pathogenesis and the identification of molecular targets relevant

for pharmacological intervention.
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2 MATERIAL AND METHODS

2.1 Equipment and consumables

Table 2.1: Equipment

Equipment

Manufacturer

Automated cell counter TC20
Biological safety cabinet class 1l Herasafe KS
C18 column (30 cm/ 50 cm x 75 um ID)
C18 extraction disks (47 mm) Empore
Cell culture CO; incubator CB150

Cell storage tank CryoPlus

Confocal laser scanning microscope LSM 800
Cryostat CM1950

Freeze dryer Coolsafe 110-4

Freezer -20 °C MediLine

Freezer -80 °C HERAfreeze

Freezing container Mr. Frosty

Fridge 4 °C MediLine

Fusion FX7 imaging system

Gel electrophoresis System Mini-Protean
Gel imaging system E-BOX VX2
Gelsystem PerfectBlue Mini L

lon source Nanospray Flex

Liquid chromatograph EASY-nLC 1000
Liquid chromatograph EASY-nLC 1200
Mass spectrometer Q-Exactive

Mass spectrometer Q-Exactive HF
MaXtract High Density 2 ml tubes
Microplate absorbance reader iMark
Microscope (inverted) Eclipse TS100
Microwave

Millipore water machine Milli-Q
Overhead shaker Reax 2

Power supply Pegpower 250

Power supply PowerPac HC

Precellys 24 tissue homogenizer

gPCR system LightCycler 480
Refrigerated centrifuge 5810

Bio-Rad Laboratories
Thermo Fisher Scientific
Dr. Maisch

SUPELCO

Binder

Thermo Fisher Scientific
Carl Zeiss

Leica Biosystems
ScanVac

Liebherr

Thermo Fisher Scientific
Thermo Fisher Scientific
Liebherr

Vilber Lourmat Deutschland
Bio-Rad Laboratories
Vilber Lourmat
PEQLAB

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
QIAGEN

Bio-Rad Laboratories
Nikon Instruments

C. Bomann

Merck

Heidolph Instruments
PEQLAB

Bio-Rad Laboratories
Bertin Instruments
Roche Diagnostics

Eppendorf
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Table 2.1: Equipment (continued)

Equipment

Manufacturer

Refrigerated centrifuge Avanti J25
Refrigerated centrifuge Heraeus Megafuge 40
Refrigerated microcentrifuge 5424
Shaking incubator Certomat BS-1
Simple Western WES

Sonicator VialTweeter

Sonicator water bath S 10/H
Spectrophotometer NanoDrop ND-1000
Thermal cycler C1000 Touch
Thermoshaker basic

Thermoshaker MKR23

Tissue grinder (1 ml) Wheaton

Tissue potter (10 ml) Wheaton

Vacuum centrifuge MaxiVac

Western Blotting cell Mini Trans-Blot

Beckmann-Coulter
Thermo Fisher Scientific
Eppendorf

Sartorius

ProteinSimple

Hielscher Ultrasonic
Elma Schmidbauer
PEQLAB

Bio-Rad Laboratories
CellMedia

DITABIS Digital Biomedical Imaging Systems

DWK Life Sciences
DWK Life Sciences
ScanVac

Bio-Rad Laboratories

Table 2.2: Consumables

Consumable

Manufacturer

6-Well cell culture plate (sterile)

96-Well plate clear flat-bottom (nonsterile)
Cell counting slides for TC20

Cell strainer, nylon (40 pm)

Conical tube (15 ml)

Conical tube (50 ml)

Cryogenic tube Nunc (1.8 ml)

Liquid-repellent slide marker pen

Microscope cover glass Menzel 24 x 50 mm #1
Microscope slide SuperFrost Plus

Microtome Surgipath DB80 LX blades
Nitrocellulose membrane Amersham Protran 0.2 um
Petri dish (10 cm)

Precellys homogenization tubes (CK14/ 0,5 ml)
Protein LoBind tubes 0.5 ml

Protein LoBind tubes 1.5 ml

Scalpel (No. 21)

Serological pipette 10 ml

Serological pipette 25 ml

BD Falcon

Thermo Fisher Scientific
Bio-Rad Laboratories
BD Falcon

BD Falcon

BD Falcon

Thermo Fisher Scientific
Science Services
Thermo Fisher Scientific
Thermo Fisher Scientific
Leica Biosystems

GE Healthcare

Greiner Bio-One

Bertin Instruments
Eppendorf

Eppendorf

FEATHER

Greiner Bio-One

Greiner Bio-One
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Table 2.2: Consumables (continued)

Consumable

Manufacturer

Spin filter Amicon Ultra 0.5 ml (3.000 MWCO)
Spin filters Vivacon 500 (30.000 MWCO)

Tissue culture flask T80 Nunc

Tissue culture flask TripleFlask Nunc

Merck
Sartorius
Thermo Fisher Scientific

Thermo Fisher Scientific

Tubes Safe-Lock 0.5 ml Eppendorf
Tubes Safe-Lock 1.5 ml Eppendorf
2.2 Kits
Table 2.3: Kits
Kit Manufacturer

High Pure PCR product purification kit
lonic detergent compatability reagent
NucleoBond Xtra Midi

NucleoSpin Plasmid

Omniscript RT kit

Pierce 660 nm protein assay reagent
Pierce BCA protein assay kit

RNeasy Mini kit

Roche Diagnostics
Thermo Fisher Scientific
MACHERY-NAGEL
MACHERY-NAGEL
QIAGEN

Thermo Fisher Scientific
Thermo Fisher Scientific
QIAGEN

2.3 Chemicals and reagents

Table 2.4: Chemicals and reagents

Chemical/ Reagent Manufacturer
2-Propanol (Isopropanol) Sigma-Aldrich
4' 6-diamidin-2-phenylindol Sigma-Aldrich
Acetone (99.5% for synthesis) AppliChem
Acetonitrile (ULC/MS — CC/SCF) Biosolve
Acrylamide/Bis solution, 37.5:1 (30%) SERVA
Agarose peqGOLD Universal PEQLAB
Ammonium bicarbonate Sigma-Aldrich
Ammonium persulfate Sigma-Aldrich
Ampicillin Sigma-Aldrich
Antarctic phosphatase New England Biolabs
Aqueous mounting medium Fluoromount Sigma-Aldrich
Bovine serum albumin Sigma-Aldrich
Cryo embedding compound Tissue-Tek OCT Sakura
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Table 2.4: Chemicals and reagents (continued)

Chemical/ Reagent Manufacturer
Dimethyl sulfoxide Sigma-Aldrich
Dithiothreitol Sigma-Aldrich

Dithiothreitol (for SDT buffer)

DMEM high glucose, GlutaMAX supplemented
DNA gel stain SYBR Safe

DNA ladder peqGOLD 1 kb

DNA polymerization mix dNTPs (10 mM each)
Ethanol (gradient grade for liquid chromatography)
Fetal bovine serum

Ficoll PM400

Formic acid 0.1% in water (ULC/MS — CC/SCF)
Gel loading dye, purple (6X)

HaloL.ink resin

HaloTEV protease

Heparin Natrium 5000 (25,000 units/ ml)
HTRAL1 inhibitor NVP-LBG976

IGEPAL CA-630

lodoacetamide

Kanamycin monosulfate

Ketamine hydrochloride Ketavet (100 mg/ ml)
Laemmli sample buffer (4x)

LightCycler 480 probes master mix
Lipofectamin 2000

LysC (mass spec grade)

MEM (no glutamine)

Opti-MEM reduced serum medium
Penicillin-streptomycin (10,000 U/ ml)

Peptone from casein

Pfu DNA polymerase

Phosphate buffered saline

Polyethylenimine (linear, MW 25,000 Da)
Poly-L-lysine solution (0.01%)

Ponceau S solution (0.1%)

Protein marker Precision Plus Protein (prestained)
QIlAzol lysis reagent

Random hexamer primer (50 puM)

ReproSil-Pur 120 C18-AQ, 1.9 pm

GE Healthcare

Thermo Fisher Scientific
Thermo Fisher Scientific
PEQLAB

GE Healthcare

Merck

Thermo Fisher Scientific
Sigma-Aldrich

Biosolve

New England Biolabs
Promega

Promega

Ratiopharm

Novartis

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Pfizer

Bio-Rad Laboratories
Roche Diagnostics
Thermo Fisher Scientific
Promega

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Carl Roth

Agilent

Klinikum der Universitat Miinchen

Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Bio-Rad Laboratories
QIAGEN

Thermo Fisher Scientific
Dr. Maisch
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Table 2.4: Chemicals and reagents (continued)

Chemical/ Reagent

Manufacturer

Restriction enzyme EcoRI-HF

Restriction enzyme Kpnl-HF

Restriction enzyme Notl-HF

Restriction enzyme Xbal

Restriction enzyme Xhol

RNase-Free DNase

Sera-Mag SpeedBead hydrophobic
Sera-Mag SpeedBead hydrophylic

Skim milk powder

Sodium chloride

Sodium dodecyl sulfate

Sodium dodecyl sulfate (for SDT buffer)
T4 DNA ligase

TagMan probe GAPDH (Hs02786624_g1)
TagMan probe HTRAL (Hs01016151_m1)
TagMan probe RPLPO (Hs99999902_m1)
TBE buffer (10x)
Tetramethylethylenediame

Tris base (Trizma)

Tris ultrapure (for SDT buffer)

Trypsin (sequencing grade)
Trypsin-EDTA (0.05%) (phenol red)
Tween 20

UREA (GR for analysis)

Water (ULC/MS — CC/SCF)

Western HRP substrate Immobilon
Xylazinhydrochlorid 20 mg/ ml

Yeast extract

New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
New England Biolabs
QIAGEN

GE Healthcare

GE Healthcare
Sigma-Aldrich

Carl Roth

SERVA

Sigma-Aldrich

New England Biolabs
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Carl Roth

Carl Roth
Sigma-Aldrich
AppliChem

Promega

Thermo Fisher Scientific
Carl Roth

Merck

Biosolve

Merck

Akorn

Carl Roth
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2.4 Software

Table 2.5: Software

Software

Manufacturer

Compass for SW (version 3.1.7)
ImageJ (version 1.60)

Ingenuity Pathway Analysis (version 2.1)
Maxquant software (version 1.5.2.8/ 1.5.4.1/ 1.6.6.0)

SigmaPlot (version 13.0)

ProteinSimple
NIH
QIAGEN N.V.

Systat Software

Max-Planck-Institute of Biochemistry

2.5 DNA techniques

2.5.1 Plasmids

Plasmids used and generated in this thesis are listed in Table 2.6. Subcloning was performed by

restriction digest and ligation. If necessary, restriction sites were added to the insert via overhang-

PCR (see 2.5.2).

Table 2.6: List of plasmids

Name

Gene/ Insert

Source

pcDNA4/TO
pTT5/N3ECF15-Halo

pcDNAG6/HTRAL-V5/His
pcDNAG/HTRA1S38A-V/5/His

pcDNAS3.1/HTRAL-Myc/His
pCDNA3_1/HTRA13270Lfs*69

pcDNAG6/HTRA1S270L"69\/5/His
pTT5/HTRAL-Halo
pTTS5/HTRA12A-Halo
pcDNA3.2/CEMIP

pcDNA4/TO/CEMIP-Myc/His

mammalian expression vector without insert

truncated human Notch3 with EGF repeats 1-5 fused
to a C-terminal Halo tag

human HTRAL1 fused to a C-terminal VV5/His tag

human HTRA1 containing the active-site mutation
S328A (¢.982T>G) fused to a C-terminal VV5/His tag

human HTRAL fused to a C-terminal Myc/His tag

human HTRAL containing the S270Lfs*69 mutation
(c.805_806insG)

human HTRA1 containing the S270Lfs*69 mutation
(c.805_806insG) fused to a C-terminal VV5/His tag

human HTRAL fused to a C-terminal
Halo tag

human HTRA1 containing the active-site mutation
S328A (¢.982T>G) fused to a C-terminal Halo tag

human CEMIP

human CEMIP fused to a C-terminal Myc/His tag

Thermo Fisher
Scientific

Patrizia Fresser

Nathalie Beaufort

Nathalie Beaufort

Mahmoud A. Pouladi
Mahmoud A. Pouladi

Subcloning
(HindlI11/Xhol)

Subcloning
(Xbal/EcoRl)

Subcloning
(Xbal/EcoRl)

Giancarlo Marra
(Tiwari et al. 2013)

Subcloning
(Kpnl/Xhol)
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Table 2.6: List of plasmids (continued)

Name

Gene/ Insert

Source

cDNA/CHRD

pcDNA4/TO/CHRD-Myc/His

pTT3/VTN-Bio/His

pcDNA4/TO/VTN- Myc/His

pcDNA4/TO/LTBP-1AC-Myc/His

cDNA/SEMA3G

pcDNA4/TO/SEMA3G-Myc/His

PCDNA4/TO/N3ECF -15-Myc/His

PRK5M/TIMP3-Myc

PCMV3/OLFML3-Myc

human CHRD (cDNA clone MGC: 133038)
human CHRD fused to a C-terminal Myc/His tag

human VTN fused to a C-terminal rat CD4
d3+4/His tag

human VTN fused to a C-terminal Myc/His tag

C-terminally truncated human LTBP-1 (aal-1689)
fused to a C-terminal Myc/His tag

human SEMA3G (cDNA clone MGC: 119471)
human SEMAS3G fused to a C-terminal Myc/His tag

human Notch3 EGF repeats 1-15 fused to a
C-terminal Myc/His tag

human TIMP3 fused to a C-terminal Myc tag
human OLFML3 fused to a C-terminal Myc tag

Source Bioscience

Subcloning
(EcoRI/Xhol)

Addgene: #53429

Subcloning
(Notl/Xbal)

Nathalie Beaufort
(Beaufort et al. 2014)

Source Bioscience

Subcloning
(EcoRI/Xbal)

Marco Diring
(Duering et al. 2011)

Addgene: #31715

SinoBiologicals

2.5.2 Polymerase chain reaction (PCR)

PCR was used to amplify DNA sequences and to add specific restriction sites using primer

overhangs (Table 2.10). Standard reaction and cycle conditions are shown in Table 2.7 and

Table 2.8. The amplified PCR product was purified using the High Pure PCR product purification

kit (Roche Diagnostics) according to the manufacturer’s instructions. DNA concentration was
determined using the NanoDrop ND-1000 spectrophotometer (PEQLAB).

Table 2.7: PCR reaction mixture

Component

Volume

native Pfu polymerase buffer (10x)

template
dNTPs (10 mM)

forward primer (10 uM)
reverse primer (10 pM)

DMSO

native Pfu polymerase (2.5 U/ ul)

Millipore water

5ul
50 ng
1l
2.5 ul
2.5 ul
2.5 ul
1l
ad 50 pl
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Table 2.8: PCR cycling parameters

Temperature Period
denaturation 95°C 3 min
denaturation 95°C 30s \
annealing 55-60 °C 45s 30 cycles
elongation 72°C 1 min/ 1 kbp /
elongation 72 °C 10 min
storage 4°C 0

2.5.3 DNA restriction digestion

Preparative restriction digestion was performed according to the enzymes manufacturer’s
instructions. All enzymes were purchased from New England Biolabs. Reaction was performed at

37 °C for 1 h. Table 2.9 shows a standard restriction reaction mix.

Table 2.9: Reaction mix for preparative DNA restriction

Component Amount
DNA 1-5 ug
restriction buffer (10x) 2 ul
restriction enzyme 1 10 U/ ug DNA
restriction enzyme 2 10 U/ ug DNA
Millipore water ad 20 pl

2.5.4 Oligonucleotides

Oligonucleotides used for PCR (2.5.2) were synthesized by Metabion International AG, Planegg,

Germany and are listed in Table 2.10.

Table 2.10: List of oligonucleotides

Name Sequence 5’ to 3’

CHRD Fwd-EcoRlI TGGAATTCGCCCTTCACCC

CHRD Rev-Xhol CCCTCGAGAGAGCCTTCGGCTTCTTTCT
HTRAZ1S270L™69 Fyygl GCAGCGACGCCAACACCTAC
HTRAZ1S270L™69 Rey-Xhol GCCTCGAGCCGTCCAGGTTTACTAA
SEMA3G Fwd-EcoRlI CAGAATTCGCCCTTCACCAT

SEMA3G Rev-Xbal CCTCTAGACGTGGCCTCCACCTCCC

VTN Fwd ATGACATCCACTTTGCCTTT

VTN Rev-Xbal CCCTCTAGAGAGATGGCCAGGGGCAGGAC

Underlined base pairs display primer overhangs, bold letters illustrate restriction sites.
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2.5.5 Vector dephosphorylation

To avoid the religation of the restricted vector, its 5’ phosphate groups were removed by Antarctic
phosphatase (New England Biolabs) incubated for 30 min at 37 °C. Table 2.11 shows the reaction
mixture for dephosphorylation. For inactivation of the enzyme, the reaction mixture was

subsequently incubated for 5 min at 65 °C.

Table 2.11: Reaction mixture for dephosphorylation

Component Amount
DNA 1-5pg
Antarctic phosphatase buffer (10x) 3ul
Antarctic phosphatase 1l
Millipore water ad 30 pl

2.5.6 Agarose gel electrophoresis

PCR products and digested vectors were separated by gel electrophoresis to remove template DNA
or uncut vector. Depending on the size of the fragment, DNA was separated in 0.7-1.5% agarose
gels. An appropriate amount of agarose was dissolved in TBE buffer via boiling in the microwave.
Prior gel casting SYBR Safe DNA gel stain (Thermo Fisher Scientific) was added (1:10,000).
DNA samples were supplemented with gel loading dye (New England Biolabs) and separated with
a constant voltage of 100 V for 1-2 h. As a molecular marker peqGOLD DNA ladder mix (100-
10,000 bp) (PEQLAB) was used. DNA bands were visualized by the Gel imaging system E-BOX
VX2 (Vilber Lourmat).

To extract DNA from agarose gel, the GeneJET gel extraction kit (Fermentas) was used according
to the manufacturer’s instructions. Yield and purity were determined by NanoDrop ND-1000
spectrophotometer (PEQLAB).

2.5.7 Ligation

Ligation was performed with 50 ng of vector and a threefold molar excess of insert using T4 DNA
ligase (New England Biolabs) in a total reaction volume of 20 pl incubated for 1 h at RT. Ligation

mixture was either stored at -20 °C or directly used for bacterial transformation (see 2.5.8.)
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2.5.8 Transformation of competent bacteria (Heat Shock Method)

Vector transformation into bacteria was used for the replication of plasmid DNA. Therefore, all
mammalian expression constructs used in this study carry a bacterial origin of replication and an

antibiotic resistance.

Lysogeny broth (LB) medium: 1% (wi/v) peptone, 0.5% (w/v) yeast extract, 0.5% (w/v) NaCl

LB agar plates: LB medium with 1.5% (w/v) agarose

Competent bacteria (50 pl, E. coli DH5a) stored at -80 °C were thawed on ice, mixed with 50 ng
of plasmid DNA or up to 5 pl of ligation mixture and incubated for 30 min on ice. Heat shock was
performed for 90 s at 42 °C followed by a subsequent 2 min incubation on ice. Bacteria were first
outgrown by adding 200 pl of LB medium without antibiotics for 1 h at 37 °C and 900 rpm before
plating onto LB agar containing the appropriate antibiotic (Ampicillin 100 pg/ml; Kanamycin
50 pg/ml). After an overnight incubation at 37 °C, colonies were picked and further grown in
preparation for plasmid isolation (see 2.5.9). Liquid cultures were grown at 37 °C and 230 rpm

agitation in a bacterial shaker.

For long-term storage of transformed bacteria, a glycerol stock was prepared by mixing 1 volume
of 50% (v/v) glycerol in Millipore water to 1 volume of a bacteria suspension and subsequently
transferring to -80 °C. To recover bacteria from a glycerol stock, a pipet tip was used to scratch

some of the frozen bacteria off of the top and to inoculate a culture.

2.5.9 Plasmid DNA isolation of bacteria

Plasmid DNA was isolated from bacteria by using the kits NucleoSpin Plasmid and NucleoBond
Xtra Midi (MACHERY-NAGEL) according to manufacturer’s instructions. The concentration and
purity were determined by NanoDrop ND-1000 spectrophotometer (PEQLAB). Sequencing was
performed by GATC Biotech AG, Konstanz, Germany.

2.5.10 Real-time quantitative PCR

Human brain samples (50-100 mg) were pulverized using liquid nitrogen and RNA was extracted
with QIAzol Lysis Reagent and the MaXtract high density tubes (QIAGEN) according to the
manufacturer’s instructions. Genomic DNA was removed by incubation with RNase-Free DNase
(QIAGEN) for 30 min at 37 °C followed by column purification with the RNeasy Mini kit

24



MATERIAL AND METHODS

(QIAGEN) following the manufacturer’s protocol. Quantity and quality was checked using the
NanoDrop ND-1000 spectrophotometer (PEQLAB). For cDNA synthesis, 750 ng of RNA,
random hexamers (Thermo Fisher Scientific) and the Omniscript RT kit (QIAGEN) were used
according to the manufacturer’s instructions. For qPCR, 1% of cDNA was analyzed in a
LightCycler 480 (Roche Diagnostics) using the following TagMan probes: HTRA1 (#4331182),
RPLPO (#4326314E) and GAPDH (#4331182) (all from Thermo Fisher Scientific). Samples were

run in triplicates and expression levels were normalized to RPLPO and GAPDH.

2.6 Brain tissue

2.6.1 Human brain samples

Cryo-conserved human brain autopsy samples from six CADASIL patients, three patients
diagnosed with sporadic cerebral small vessel disease (SVD), 15 CAA patients as well as 14
control subjects were provided by the Brain-Net Biobank (Ludwig-Maximilians-University
Munich), by A. Joutel (Université Paris-Diderot), by S. Lesnik-Oberstein (Leiden University
Medical Center) and by the Netherlands Brain Bank (Netherlands Institute for Neuroscience,
Amsterdam; www.brainbank.nl). All material has been collected from donors for or from whom a
written informed consent for a brain autopsy and the use of the material and clinical information

for research purposes had been obtained.

The NOTCH3 mutations in the CADASIL patients are genetically confirmed, SVD patients were
clinically diagnosed with vascular dementia and CAA patients are histopathologically
characterized. For the control subjects no cerebrovascular disorder was documented. The presence
of pathogenic HTRAL mutations was excluded in four of the six CADASIL patients (CAD 1-3, 6),
by sequencing all nine exons of the gene. Sequencing was performed by the Medizinisch
Genetisches Zentrum (MGZ), Munich, Germany.

2.6.2 Mouse brain samples

HTRAL deficient brain samples were obtained from a previously described knockout mouse strain
with C57BL/6 J background (Jones et al. 2011). A group of five HTRA1” and five HTRA1**
animals at the age of 20 months was used for proteomic analysis. Matings were performed

heterozygously. For tissue collection, animals were first anesthetized by ketamine/ xylazine
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injection (90-120 mg/ kg ketamine, 6-8 mg/ kg xylazine) and then transcardially perfused with
heparin solution and PBS (5 ml 25 U/ ml followed by 5 ml 12.5 U/ ml and 10 ml PBS). Brains
were harvested, immediately frozen on dry ice and stored at -80 °C until use. Animal experiments
were performed by Dr. Eva Neubauer (ISD, Munich), in accordance with the german animal

welfare law and approved by the government of upper bavaria.

2.6.3 Isolation of brain vessels

The isolation of cerebral vessels from human or murine brains was essentially based on previous
protocols (Monet-Lepretre et al. 2013; Yousif et al. 2007). Briefly, human frontal lobe (100 mg)
or one hemisphere of murine brain was minced with a scalpel and homogenized in 15 ml cold
minimum essential medium (MEM) using a glass tissue potter and 100-150 up and down strokes.
An equal volume of 30% (w/v) Ficoll/ MEM solution was added and centrifuged at 6,000 x g for
20 min at 4 °C. The supernatant was discarded, and the resulting pellet was vigorously
resuspended in 1% (w/v) bovine serum albumin (BSA) diluted in PBS, transferred onto a 40 um
nylon mesh and washed with 250 ml cold PBS. Vessels were collected by flushing the inverted
nylon mesh with PBS and centrifugation at 3,000 x g for 5 min at 4 °C. The pellet was transferred
to a protein LoBind tube and the purity was checked by light microscopy. Impure isolations were
discarded. To prevent adherence of isolated vessels to surfaces, plastic material was coated with a
solution of 1% (w/v) BSA in PBS.

Isolated vessels were further preceded for immunofluorescence staining or for the preparation of
protein extracts. For the latter, isolated vessels were centrifuged at 3,000 x g for 5 min at 4 °C, the
supernatant was removed, and the pellet was immediately frozen on dry ice and stored at -80 °C

until use.

2.6.4 Vessel protein extraction

SDT lysis buffer: 4% (w/v) SDS, 100 mM Tris-HCI pH 7.6, 100 mM DTT

Protein extraction of isolated vessels was performed in SDT lysis buffer. For CADASIL, sporadic
SVD and murine samples, homogenization was performed with a dounce tissue grinder. For the
CAA study, samples were processed by Precellys tissue homogenizer (5x 30 s, 10,000 rpm, 30 s
pause). Homogenates were heated for 3 min at 95 °C and subsequently sonicated (5 times, 30 s,

amplitude 100%, duty cycle 50%) with intermediate cooling using the VialTweeter sonicator
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(Hielscher). Lysates were cleared by centrifugation at 16,000 x g for 15 min and protein
concentration was measured using the colorimetric 660-nm assay supplemented with the ionic
detergent compatibility reagent (Thermo Fisher Scientific) according to the manufacturer’s

instructions.

2.7 Proteomic analysis (LC-MS/MS)

Proteomic measurements were performed in cooperation with Dr. Stephan Mauller, Anna
Berghofer and Prof. Dr. Stefan Lichtenthaler (DZNE, Munich).

A protein amount of 15 pg from human or mouse vessel lysates was subjected to proteolytic
trypsin digestion using the filter-assisted sample preparation (FASP) (Wisniewski et al. 2009) and
spin filters with a 30-kDa cut-off (Sartorius) (for CADASIL and mouse samples) or a modified
single-pot solid-phase-enhanced sample preparation (SP3) protocol (Cox et al. 2014; Hughes et al.
2019) (for CAA samples). Resulting peptides were desalted, dried by vacuum centrifugation and
dissolved in 20 pl 0.1% (v/v) formic acid.

For the analysis of CADASIL or mouse samples, 1.3 ug peptides were separated on a nanoLC
system (EASY-nLC 1000, Thermo Fisher Scientific) using an in-house packed C18 column
(30 cm column length for human and 50 cm for mouse samples) with a binary gradient of water
and acetonitrile (ACN) containing 0.1% (v/v) formic acid: 0 min, 2% (v/v) ACN; 5 min, 5% (v/v)
ACN; 185 min, 25% (v/v) ACN; 230 min, 35% (v/v) ACN; 250 min, 60% (v/v) ACN; 255 min,
95% (v/v) ACN; 270 min, 95% (v/v) ACN. For the analysis of CAA samples, 1.0 ug of peptides
were separated on an advanced nanoLC system (EASY-nLC 1200, Thermo Fisher Scientific),
using the C18 column with 30 cm column length and a shortened binary gradient: 0 min,
2.4% (v/v) ACN; 2 min, 4.8% (v/v) ACN; 92 min, 24% (v/v) ACN; 112 min, 35.2% (v/v) ACN;
121 min, 60% (v/v) ACN. For all, column temperature was set to 50 °C and flow rate to
250 nl/ min. Chromatography was coupled online to a Q-Exactive (or Q-Exative HF for the
analysis of CAA samples) mass spectrometer via a nanospray flex ion source equipped with a
column oven (Sonation). Using the Q-Exactive, full MS spectra were acquired at a resolution of
70,000. The top 10 peptide ions, exceeding an intensity of 1.5 x 10* were chosen for collision
induced dissociation and fragment ion spectra were acquired at a resolution of 17,500. With the
Q-Exactive HF, full MS spectra were acquired at a resolution of 120,000 and the top 15 peptide

ions were chosen for higher-energy c-trap dissociation with a normalized collision energy of 26%.
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Resulting fragment ions spectra were acquired at a resolution of 15,000. For all, a dynamic

exclusion of 120 s was used for peptide fragmentation.

For data analysis, the Maxquant software (Cox et al. 2014) (version 1.5.4.1 [CADASIL]/ 1.5.2.8
[mouse]/ 1.6.6.0 [CAA]) was used, searching against a reviewed canonical FASTA database of
Homo sapiens (UniProt, download: CADASIL [July 11th, 2016; 20,203 entries], CAA [June 12th
2019; 20962 entries]) or Mus musculus (UniProt, download: December 12th, 2014; 16,685
entries). Two missed trypsin cleavages were allowed for database search. To recalibrate the
peptide masses within a window of 20 ppm, the option first search was used. Main search was
performed for peptides and peptide fragments within a mass tolerances of 4.5 and 20 ppm
respectively. N-terminal acetylation and oxidation of methionine were set as variable
modifications, carbamidomethylation of cysteine as static modifications. The false discovery rate
(FDR) was adjusted to less than 1% for both peptides and proteins. For label-free quantification
(LFQ) of proteins, at least two ratio counts of unique peptides were required. To determine the
significance of protein abundance changes, LFQ intensities were logz-transformed and a two-sided
Student’s t-test was applied (in the mouse experiment mean LFQ intensities of two technical
replicates were calculated beforehand). Relative quantification and statistical analysis were
performed for proteins identified in at least three samples of each group using the following
significance threshold: p-value <0.05 and log. LFQ ratios> 0.4 and <-0.4 (corresponding
to ~1.32-fold and ~0.76-fold changes). Multivariate statistical analysis was performed as indicated
using a FDR threshold of 0.05. Over-representation of UniProt subcellular location information
was analyzed by a two-tailed Fisher’s exact test and significance of the protein overlap using the

hypergeometric test.

2.8 Cell culture

2.8.1 Cell maintenance and cryo-conservation

Human embryonic kidney (HEK) 293 cells (ATCC CRL-1573) and HEK293E cells (Duering et
al. 2011) were maintained in high glucose dulbecco’s modified eagle’s medium (DMEM),
supplemented with GlutaMAX and sodium pyruvate, 10% (v/v) fetal bovine serum (FBS) and
100 U/ ml penicillin—streptomycin at 37 °C and 5% CO,. Cells were sub-cultured when 80-90%
confluency was reached using the following procedure: Medium was removed, and the cell layer

was washed with PBS. Trypsin-EDTA solution was added and incubated for 2 min at 37 °C.
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Detached cells were centrifuged at 400 x g for 5 min and resuspended in fresh media. Finally, an
appropriate number of cells were seeded in a new culture flask. The typical split ratio for HEK293
cells was 1:10 every 3-4 days. If a distinct number of cells was required for the experiment, cell

number was determined using the automated cell counter TC20 (Bio-Rad Laboratories).

For long-term storage, cells were resuspended in culture medium supplemented with 10% (v/v)
DMSO and 50% (v/v) FBS (final concentrations), subsequently transferred into cryogenic tubes
and gradually frozen in a freezing container (Mr. Frosty, Thermo Fisher Scientific) placed
at -80 °C for 24 h. The next day, tubes were transferred into liquid nitrogen tank. For thawing,
cryogenic tubes were placed in a water bath at 37 °C and subsequently diluted (1:10) in culture
medium as soon as the last ice crystal has melted. After centrifugation at 400 x g for 5 min cells

were resuspended in culture medium, plated in a cell culture flask and maintained routinely.

2.8.2 Cell transfection

2.8.2.1 Small-scale transfection

HEK293 cells were seeded on poly-I-lysine-coated 6-well plates. Coating was performed by
adding 0.01% (w/v) poly-I-lysine solution for 15 min at RT, followed by two washes with
autoclaved Millipore water and subsequent drying. A number of 1.3 x 10° cells were seeded 24 h
prior to transfection. The next day, medium was changed to culture medium without penicillin-
streptomycin supplementation and 1 pg plasmid DNA was transiently transfected using
Lipofectamine 2000 (Thermo Fisher Scientific) according to the manufacturer’s instructions. 5 h
after transfection, medium was replaced by serum-free medium without FBS or penicillin-
streptomycin supplementation and after further 24 to 48 h, conditioned medium was collected and
cleared by centrifugation at 1,000 x g for 5 min. Supernatant was either directly used for

experiments or stored at -20 °C.
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2.8.2.2 Large-scale transfection

Polyethylenimine (1 mg/ ml); 100 mg polyethylenimine dissolved in 100 ml Millipore water, adjusted with
1M HCIl to pH 7.0, sterile filtered (0.2 um), aliquoted and stored at -80 °C

For the purification of proteins, HEK293E cells were seeded in TripleFlasks (Thermo Fisher
Scientific) with a total growth area of 500 cm?. 2.7 x 107 cells were plated in a volume of 90 ml
one day prior to transfection. The next day, medium was changed to culture medium containing
2.5% (v/v) FBS without penicillin-streptomycin supplementation. Transfection procedure was
performed according to the following procedure: 75 pug of plasmid DNA was diluted in 3 ml
OptiMEM medium, mixed with 300 pl polyethylenimine solution (1 mg/ ml) and incubated for
25 min at RT before added to the cell medium. The next day, medium was changed to culture
medium without FBS or penicillin-streptomycin supplementation. Conditioned medium was
collected after further 72 h, cleared by centrifugation at 1,000 x g for 5 min and subsequently used

for purification purpose (see 2.9.6).

2.9 Protein analysis

2.9.1 Antibodies

Primary and secondary antibodies used in this thesis are listed in Table 2.12 and Table 2.13. The
monoclonal antibodies against Notch3E<P (clones 5E1 and 3G6) were kind gifts of A. Joutel and

E. Kremmer respectively.

Table 2.12: List of primary antibodies

Antibody Species Type Dilution Manufacturer

anti-AR (6E10) rouse mAb  IF 1:300; WB 1:1,000 BiolLegend

anti-CEMIP (45750002) rabbit pAb  WB 1:500 Novus Biological
anti-Collagen IV (1340-01)  goat pAb  IF 1:1,000 SouthernBiotech
anti-HTRA1 (HPA036655) rabbit pAb  WES 1:50; WB 1:5,000 Sigma-Aldrich

anti-HTRA1 (MAB2916) mouse  mAb IF 1:50 R&D Systems

anti-LTBP-1 (MAB388) mouse  mAb  WB 1:500 Novus Biological
anti-MYC (9E10) mouse  mAb  WB 1:4,000 Santa Cruz Biotechnology
anti-Notch3 (3G6) rat mAb IF 1:100 E. Kremmer (Duering et al. 2011)
anti-Notch3 (5E1) mouse  mAb IF 1:250 A. Joutel (Joutel et al. 2000)
anti-R-actin (A2066) rabbit pAb  WB 1:1,000 Sigma-Aldrich

anti-TIMP3 (D74B10) rabbit mAb  WB 1:1,000 Cell Signaling

anti-V5 (R960-25) mouse  mAb  WB 1:10,000 Thermo Fisher Scientific

mAb: Monaoclonal antibody; pAb: Polyclonal antibody; WB: Western Blotting; IF: Immunofluorescence; WES: Simple Western
(ProteinSimple)
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Table 2.13: List of secondary antibodies

Antibody Species Conjugate Dilution Manufacturer

anti-goat (ab150135) donkey Alexa 488 IF 1:500 Abcam

anti-mouse (ab150110) donkey Alexa 555 IF 1:500 Abcam

anti-rat (ab2340696) donkey Alexa 647 IF 1:500 Jackson ImmunoResearch
anti-mouse (7076) goat HRP WB 1:10,000 Cell Signaling Technology
anti-rabbit (7074) horse HRP WB 1:10,000 Cell Signaling Technology

WB: Western Blotting; IF: Immunofluorescence; AF: Alexa Fluor

2.9.2 SDS-PAGE

Running buffer: 25 mM Tris, 192 mM glycine, 1% (w/v) SDS

Protein lysates and conditioned supernatants were size-fractioned by sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) under denaturing and reducing conditions using the discontinuous
Mini-Protrean system (Bio-Rad Laboratories) according to the manufacturer’s instructions. The
compositions of the stacking and separation gels are shown in Table 2.14. Prior to electrophoresis,
samples were mixed with 4x Laemmli sample buffer (Bio-Rad Laboratories) and DTT (100 mM
final concentration) and boiled for 5 minat 95 °C. Electrophoresis was performed with 80 to 160 V

in running buffer.

Table 2.14: Composition of stacking and separation gels

Separating gel Stacking gel

Solution 7.5% 10% 12.5% 15% 5%
Acrylamid/ Bis Solution, 37.5:1 (30%) 2.5 ml 33ml 42ml 5.0 ml 0.8 mi
Tris-HCL 1.5M pH 8.8 25ml 25ml 25ml 25ml -
Tris-HCL 0.5M pH 6.8 - - - - 1.3ml
Millipore water 48ml 40ml 31ml  23ml 2.8 ml
SDS (10%) 100wl 100l 100l 200 pl 50 ul
APS (10%) 100 ul - 100l 100l 200 pl 50 pl
TEMED 10 pl 10 pl 10 pl 10 pl 5ul

Volumes are sufficient for two gels. SDS: Sodium dodecyl sulfate; APS: Ammonium persulfat;
TEMED: Tetramethylethylenediame

2.9.3 Western Blotting

Blotting buffer: 25 mM Tris, 192 mM glycine, 20% (v/v) methanol
TBS-T: 10 mM Tris-HCI pH 8.0, 150 mM NacCl, 0.05% (v/v) Tween 20
Blocking buffer: 4% (w/v) skim milk powder in TBS-T

Proteins separated by SDS-PAGE were transferred onto a 0.2 um nitrocellulose membrane using
the Mini Trans-Blot system (Bio-Rad Laboratories) according to the manufacturer’s instructions.

Transfer was performed at 100 V for 90 min at 4 °C. To verify protein transfer, membranes were
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stained using 0.1% (w/v) Ponceau S solution (Sigma-Aldrich) according to the manufacturer’s
instructions. After washing and destaining with TBS-T, membranes were incubated in blocking
buffer for 1 h at RT. Primary antibodies (Table 2.12) were diluted in blocking buffer and incubated
overnight at 4 °C under constant shaking. The next day, membranes were washed tree times for
5 min with TBS-T, followed by a 1 h incubation with the appropriate HRP-conjugated secondary
antibody (Table 2.13) diluted in blocking buffer. After washing 3 times for 5 min with TBS-T,
chemiluminescence signal was detected using the Immobilon western HRP substrat (Merck) and
the chemiluminescence imaging system Fusion FX7 (Vilber Lourmat). For quantification, signal

intensity was analyzed using ImageJ software.

2.9.4 Immunofluorescence staining of isolated vessels and brain sections

Human brain sections of 16 pum thickness were prepared using the cryostat CM1950 (Leica
Biosystems). Cutting temperature was between -17 °C and -21 °C with a temperature difference
between the cutting blade and the specimen holder of -1 °C. Sections were stored at -80 °C until

further analysis.

For immunofluorescence analysis, isolated vessels were supplemented with BSA up to a final
concentration of 0.2% (w/v), transferred onto a microscope slide and dried at room temperature
(RT). Cryosections were removed from -80 °C and thawed at RT for 10 min. For fixation and
permeabilization, an incubation in 100% ice cold aceton (-20 °C) was performed for 10 min
at -20 °C. Subsequently, slides were washed 3 times for 5 min with PBS. Sections or immobilized
vessels were encircled with a liquid-repellent slide marker pen, providing a hydrophobic barrier.
To reduce unspecific binding, blocking buffer (5% (w/v) BSA in PBS) was added for 1 h at RT.
Next, slides were shortly dipped in PBS before applying the primary antibodies diluted in
0.2% (w/v) BSA in PBS. Primary antibody incubation was performed overnight at 4 °C with the
antibodies listed in Table 2.12. The next day, slides were washed 3 times with PBS for 5 min and
fluorophore-coupled secondary antibodies (Table 2.13) were diluted in 0.2% (w/v) BSA in PBS
and added for 1 h at RT. Slides were washed and simultaneously incubated with DAPI solution
using the following procedure: PBS for 5 min, DAPI (1:10,000 in PBS) for 5 min, PBS for 5 min,
Millipore water for 5 min. Finally, slides were mounted with aqueous mounting media
(Fluoromount, Sigma-Aldrich) and images were captured by inverted fluorescence or confocal

microscopy.
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2.9.5 HTRALI proteolysis assays

HTRAL protease as well as the potential substrates was expressed using transiently transfected
HEK?293 cells (see 2.8.2.1). To ensure roughly equal substrate concentrations, protein levels of
conditioned supernatants were first determined by Western Blotting (see 2.9.3) with a Myc tag
specific antibody and then adjusted respectively using Amicon Ultra centrifugal filters with a
3-kDa cut-off (Merck). The coincubation of conditioned supernatants was performed in a
thermoshaker at 300 rpm and 37 °C for 24 h. Protein levels were determined by Western Blotting
(see 2.9.3). Recombinant HTRA1 and HTRA15328A proteins were purified by HaloTag technology
(see 2.9.6) and applied at a final concentration of 100 nM. For some experiments, a HTRA1-
specific inhibitor (NVP-LBG976, Novartis) (Grau et al. 2005) was used at a final concentration of
S5 UM.

2.9.6 Protein purification

Phosphate buffered saline (PBS): 154 mM NaCl, 9.5 mM NazHPOQOg4, 1.7 mM KHPO4, pH 7.4
Purification buffer: 0.01% (v/v) IGEPAL CA-630 in PBS

Cleavage solution: 30 pl HaloTEV Protease in 1 ml purification buffer

Recombinant HTRA1 and HTRA13%A were purified using the HaloTag protein purification
system (Promega) with a modified protocol. Proteins were expressed in HEK293E cells
(see 2.8.2.2) and subsequently purified from the condition media. 750 pl of resuspended HaloLink
resin were centrifuged at 1,000 x g for 5 min at RT, supernatant was discarded, and the settled
beads (25% bed volume) were washed 3 times with 10 ml purification buffer and subsequent
centrifugation at 1,000 x g for 5 min at RT. Beads were than resuspended in the original volume
of 750 pl purification buffer and added to the conditioned supernatant for an overnight incubation
at 4 °C with overhead rotation. The next day, beads were centrifuged at 1,000 x g for 5 minat4 °C
and supernatant was discarded. Washing was performed as described above. For the elution of the
recombinant proteins, settled beads were resuspended in 750 ul of cleavage solution containing
HaloTEV protease and incubated for 1 h at RT with overhead rotation. Supernatant (elution
fraction 1) was collected by centrifugation at 1,000 x g for 5 min at 4 °C and loaded onto a spin
column to remove residual HaloLink resin. Spin columns were centrifuged at 10,000 x g for 5 min
at 4 °C. The settled beads were again resuspended in 750 ul purification buffer and rotated
overhead for 30 min at RT. Supernatant (elution fraction 2) was cleared by centrifugation and spin

column purification was performed as described above. Concentration of purified proteins was
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determined using the BCA protein assay kit (Thermo Fisher Scientific) according to the

manufacturer’s instructions. Proteins were stored at -80 °C for further usage.

2.10 Statistical analysis

For group vise comparative statistical analysis, the two-tailed Student’s t-test was used. For
proteomic analysis, relative quantification as well as statistical analysis was performed for proteins
identified in at least three samples of each group. Protein abundance changes with a log. LFQ ratio
> 0.4 or <-0.4 (corresponding to ~1.32-fold and ~0.76-fold changes) and a p-value below 0.05
were considered as statistically significant. Multiple comparison correction was performed as
indicated using a FDR threshold of 0.05. To determine the statistical significance of the proteomic
profile overlap, hypergeometric test was used and for over-representation analysis according to
UniProt subcellular location information, a two-tailed Fisher’s exact test was applied. The
following UniProt subcellular location information were used (download: May 15th, 2017):
cell membrane (SL-0039), extracellular space (SL-0112), mitochondrion (SL-0173), nucleus
(SL-0191), secreted (SL-0243). Only reviewed entries were considered.
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3 RESULTS

The aggregation of Notch35°P and formation of Notch3EP-containing GOM deposits in brain
vessel walls are defining features of the hereditary stroke disorder CADASIL. While Notch3ECP
is known as major GOM constituent (Joutel et al. 2000; Ishiko et al. 2006), other components of
these large protein deposits as well as the downstream processes resulting in vessel degeneration
and dysfunction are incompletely defined. A major goal of this thesis was the biochemical
characterization of vessels isolated from post-mortem brain samples of CADASIL patients in order
to identify novel proteins and pathways contributing to disease pathogenesis. To that end, a
proteomic approach was applied to quantitatively determine disease-relevant protein abundance

changes.

3.1 CADASIL post-mortem brain samples

Cryopreserved human brain autopsy samples from six CADASIL patients (mean age 64.3+4.6
years) and six age- and sex-matched control subjects (mean age 61.3+6.1 years) were used.

Table 3.1 displays their main characteristics.

Table 3.1: Main characteristics of brain autopsy samples from CADASIL patients and control subjects

Sample ID Sex Age Notch3 mutation affected EGFr Brain region
CADASIL 1 male 64 R110C EGFr 2 frontal lobe
CADASIL 2 female 66 D239 D253del EGFr 6 frontal lobe
CADASIL 3 male 68 C144S EGFr 3 frontal lobe
CADASIL 4 female 60 R153C EGFr 3 frontal lobe
CADASIL S5 female 70 C1261R EGFr 32 frontal lobe
CADASIL 6 female 58 R153C EGFr3 frontal lobe
Control 1 male 61 - - frontal lobe
Control 2 female 55 - - frontal lobe
Control 3 female 60 - - frontal lobe
Control 4 female 73 - - frontal lobe
Control 5 male 60 - - frontal lobe
Control 6 female 59 - - frontal lobe

EGFr: Epidermal growth factor (EGF)-like repeat

Pathogenic Notch3 mutations invariably locate in one of the 34 EGFrs of the Notch35°P and among
diagnosed patients, 70% are found in EGFrs 1-6 (Coupland et al. 2018). Autopsy samples used for
this study were obtained from patients carrying mutations in EGFr 2 (R110C), EGFr 3 (C144S and
R153C), EGFr 6 (D239_D253del) and EGFr 32 (C1261R) and thus display a representative
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spectrum of characteristic mutations. All of them result in an uneven number of cysteine residues,
either by the addition (R110C and R153C) or the loss of a cysteine (C144S and C1261R), and
were previously described to cause typical CADASIL symptoms (Joutel et al. 1997; Dichgans et
al. 2001; Dichgans et al. 2000). The mutation D239 D253del is resulting in the deletion of
15 amino acids (D239 to D253) comprising three cysteine residues (C240, C245 and C251).

3.2 Brain vessel isolation and immunofluorescence staining of Notch3E<P deposits

To isolate vessels from cryopreserved human autopsy samples, a technique was used, which had
been developed previously (Monet-Lepretre et al. 2013; Yousif et al. 2007) and subsequently
established in our lab by Kast and coworkers (Kast et al. 2014). The procedure comprises mild
tissue homogenization, Ficoll gradient centrifugation and nylon mesh filtration and results in the

efficient removal of non-vascular material and the isolation of highly pure vessels (Figure 3.1).

homo- Ficoll
frontal lobe genization gradient wash elution

! we |

o -l - el — & — @
L]
;/ isolated

_vessels + vessels
debris

Figure 3.1: Isolation of human brain vessels. (left): Cerebral vessels were isolated from cryopreserved human autopsy material
by tissue homogenization, Ficoll gradient centrifugation and nylon mesh filtration. (right): Light microscopy image of isolated
vessels demonstrating high purity.

This procedure resulted in the isolation of intact vessels and provided the opportunity for improved
analysis by immunofluorescence staining. Therefore, a labeling protocol was developed which
included the immobilization of isolated vessels on a silica surface, antibody staining and imaging
by high-resolution confocal microscopy. Figure 3.2 shows an immunofluorescence staining from
a control sample for the basement membrane marker collagen type 1V applied to isolated brain
vessels in comparison to whole-brain cryosections. Staining for vascular proteins using isolated
vessels represents a major advancement compared to section-based methods, as it allows three-
dimensional visualization of whole vessels and eliminates background signal usually arising from

surrounding tissue.
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Figure 3.2: Immunofluorescence staining of isolated brain vessels in comparison to cryostat sections. Brain vessels of a
control subject were visualized by staining for the basement membrane marker collagen type IV (pseudo-colored in white) and cell
nuclei (blue) in isolated brain vessels (left) and 16 pum thick cryosections (right) using confocal microscopy.

Using an antibody against Notch3E<P revealed widespread granular immunoreactivity in brain
vessels from a CADASIL patient, while there was no detectable staining in a control subject
(Figure 3.3). Thus, this technique provides a powerful tool to visualize vascular pathological
deposits and to study the spatial relationship of proteins expected to emerge from the proteomic

study.

Figure 3.3: Immunofluorescence staining of Notch3ECP deposits in isolated brain capillaries. Confocal microscopy images
from (left, middle) a CADASIL patient and (right) a control subject stained for collagen IV (pseudocolored in white), Notch3&¢P
(red) and cell nuclei (blue).
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3.3 The CADASIL brain vessel proteome

Recent evidence suggests that the misfolding and aggregation of Notch35¢P cause the recruitment
and sequestration of various additional proteins resulting in their accumulation (Monet-Lepretre
et al. 2013). Over the last years, a number of studies have identified several proteins enriched in
CADASIL (Craggs et al. 2016; Kast et al. 2014; Lee et al. 2014; Monet-Lepretre et al. 2013;
Nagatoshi et al. 2017; Zhang et al. 2015; Arboleda-Velasquez et al. 2011), however a
comprehensive understanding of proteome alterations has not been achieved. Liquid
chromatography coupled with tandem mass spectrometry (LC-MS/MS) was used to analyze

isolated brain vessel extracts from CADASIL patients and control subjects.

3.3.1 LC-MS/MS analysis

Vessels preparations from six CADASIL patients and six age-matched control subjects were
solubilized using a stringent lysis buffer including high concentrations of detergent (4% SDS) and
reducing agent (100 mM DTT), sonication and heat denaturation. 15 pg of total protein extracts
were used for tryptic digestion and peptides were separated by nanoLC and their masses
determined using a quadrupole-Orbitrap mass spectrometer (in collaboration with Dr. Stephan
Miller and Prof. Dr. Stefan Lichtenthaler, DZNE, Munich). Relative abundance changes were
calculated using label-free quantification (LFQ) by the MaxQuant software (Cox et al. 2014). In
total, 5092 proteins were identified by two or more unique peptides. 3339 proteins were detected
in at least three samples of both the patient and the control group and used for calculation of
abundance ratios and for statistical analysis (Figure 3.4). 190 of the quantified proteins (labeled in
red) showed a p-value of <0.05 and a log> abundance ratio (CADASIL vs. control) of > 0.4
(~1.32-fold) or < -0.4 (~0.76-fold), with an equal number of enriched and depleted proteins (for a
complete list of significantly altered proteins see Appendix, Table 5.1). However, the extent of
enrichment (up to 145-fold) was considerably larger than that of depletion (up to 5.9-fold), which

is in agreement with the hypothesis of excessive protein accumulation as key feature in CADASIL.
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Figure 3.4: Proteomic analysis of isolated brain vessels from CADASIL patients and control subjects.
(left): Summary of LC-MS/MS and label-free quantification (LFQ) results. (right): Volcano plot of logz LFQ ratios (CADASIL
vs. control) and —logio p-values of all quantified proteins. Red circles indicate proteins with a significant change in abundance
(p < 0.05, log: ratio < -0.4/ > 0.4). Proteins labeled as green circles passed multivariate statistical analysis (FDR = 0.05, SO = 0.3).

In line with its accumulation in CADASIL brain vessels, the protein with the strongest abundance
increase was Notch3, showing an accumulation of 145-fold in comparison to controls. Mapping
of the identified peptides within its primary sequence revealed coverage of all domains, but clearly
showed that the peptide intensities were much higher in the extracellular domain than in the
intracellular region (Figure 3.5). This for the first time provided mass spectrometry confirmation
of the widely accepted fact that the accumulation of Notch3 is restricted to its extracellular domain,
a finding, which has so far only been shown by antibody-based techniques (Joutel et al. 2000;
Ishiko et al. 2006).
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Figure 3.5: Notch3 accumulation in CADASIL vessels is restricted to its extracellular domain. (top): Domain cartoon of
Notch3 and mapping of peptides identified by LC-MS/MS in CADASIL patients (red) and control subjects (blue). (bottom): Mean

intensities of Notch3 peptides depicted above. ECD: extracellular domain; ICD: intracellular domain

3.3.2 Enrichment of secreted and extracellular matrix proteins

Categorization of all 3339 statistically evaluated proteins according to subcellular localization

information from the UniProt database demonstrated that all major cellular compartments were

represented (Figure 3.6, left panel). A comparison between the group of significantly altered

proteins and all quantified proteins revealed a strong overrepresentation of the categories
“extracellular space” (~6-fold, p=1.3x107%), “secreted” (~4-fold, p=4.1x102% and
“mitochondrion” (~2-fold, p = 6.4 x 10°8) (Figure 3.6, right panel).
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p-value
cytoplasm cytoplasm 3.2E-04
others others 2.7E-02
nucleus nucleus 2.4E-02
cell membrane cell membrane 7.6E-01
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Figure 3.6: Overrepresentation of mitochondrial, secreted and extracellular space proteins in CADASIL brain vessels.
(left): Classification of the 3339 quantified proteins according to UniProt subcellular location information. (right): Over-
/ underrepresentation of significantly altered proteins within each category. p-values were calculated by Fisher’s exact test. The
category of extracellular space proteins represents a subgroup of secreted proteins.

Interestingly, all significantly altered mitochondrial proteins (with only a single exception) were
depleted (Figure 3.7) and Ingenuity pathway analysis revealed “oxidative phosphorylation” as
significantly affected pathway (p = 2.8 x 10 %), indicating a reduction in energy metabolism. In
contrast, the vast majority of secreted (89%, 50/56) and extracellular space proteins (84%, 27/32)
were enriched, including various collagens (COL1A1, COL1A2, COL6A1, COL6A2, COL8AL,
COL12A1), proteoglycans (biglycan, decorin, lumican, mimecan), structural components
(fibrillin-1, fibulin-1, fibulin-2, elastin) and a number of other matrisomal proteins (Figure 3.7).
This was in line with the extracellular location of GOM deposits and the matrisome hypothesis of
CADASIL pathogenesis (Joutel et al. 2016). The small number of secreted and extracellular space
proteins with lower abundance (6.8%, 6/88) included the three hyaluronan-binding proteoglycans
versican, brevican and neurocan as well as the two hyaluronan and proteoglycan link proteins

(HAPLN-1 and HAPLN-2), indicating a role of hyaluronan metabolism in the disease.
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Figure 3.7: Secreted and extracellular space proteins are enriched, mitochondrial proteins are depleted in CADASIL brain
vessels. Boxplots of the logz LFQ values (CADASIL vs. control) of significantly altered proteins. Corresponding gene names are
displayed below.

Within the proteomic CADASIL profile (consisting of the 190 significantly changed proteins),
multivariate statistical analysis revealed significant abundance changes for Notch3 and 16

additional accumulating proteins (Table 3.2).
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Table 3.2: Proteins altered in CADASIL patients which passed
multivariate statistical analysis

Gene names Ratio p-value
NOTCH3 144,51 3.5E-07
CEMIP 130.79 4.8E-04
APCS 65.92 5.8E-04
OLFML3 25.38 8.9E-04
CXCL12 21.16 6.7E-03
TIMP3 15.28 4.6E-04
CHRD 13.34 5.9E-03
COLB8A1 13.05 1.2E-02
MFAP4 11.88 2.2E-03
VTN 7.80 3.7E-03
SERPINE2 6.88 4.1E-03
NDP 6.65 1.5E-04
GPNMB 5.72 1.2E-03
PRSS23 5.31 2.9E-03
HTRA1 4.89 1.6E-03
CLU 4.58 1.6E-03
PCMT1 2.24 4.9E-04

Parameters for multivariate statistical analysis: FDR = 0.05, SO = 0.3
For a complete list of significantly altered proteins see Appendix,
Table 5.1.

Serum amyloid P-component (APCS), tissue inhibitor of metalloproteinases 3 (TIMP3),
vitronectin (VTN) and clusterin (CLU) have previously been reported to be enriched in CADASIL
vessels and to colocalize with Notch35CP deposits (Nagatoshi et al. 2017; Monet-Lepretre et al.
2013; Arboleda-Velasquez et al. 2011). APCS is a plasma protein of the pentraxin family with a
high affinity to amyloid protein deposits (Pepys 2018). TIMP3 and vitronectin are matrisome
components involved in ECM homeostasis and were both proposed to be involved in specific
aspects of CADASIL pathogenesis (Capone, Cognat, et al. 2016; Capone, Dabertrand, et al. 2016).
Clusterin is considered as a molecular chaperone contributing to extracellular protein homeostasis
(Wilson et al. 2017). Among the other proteins were signaling factors (stromal cell-derived factor 1
[CXCL12], chordin [CHRD], norrin [NDP]), proteases and protease inhibitors (serine protease 23
[PRSS23], high-temperature requirement protein Al [HTRAL] and glia-derived nexin
[SERPINE2]) as well as extracellular space proteins (cell migration-inducing and hyaluronan-
binding protein [CEMIP], olfactomedin-like 3 [OLFML3], collagen VIII al chain and microfibril-
associated glycoprotein 4 [MFAPA4]).

CEMIP, the most strongly enriched protein after Notch3, and TIMP3 were selected for
confirmation of their increased abundance by Western Blot analysis using vessel lysates of five
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CADASIL patients and five control subjects. CEMIP staining revealed a band of ~153 kDa,
corresponding to the predicted molecular weight of the full-length protein, and several additional
bands of smaller mass, possibly representing proteolytical cleavage products (Figure 3.8, left
panel). Immunoreactivity was also observed at the height of the stacking gel, likely representing
high-molecular-weight material not efficiently entering the gel. Staining intensities over the full
molecular weight range showed a considerable variation in both groups, but were consistently
stronger in CADASIL than in control samples, and roughly corresponded to the LFQ values
obtained by mass spectrometry (Figure 3.8, right panel). TIMP3 immunoreactivity was detected
as a single band at the expected molecular weight of ~24 kDa in all CADASIL patients, but in
none of the control subjects, and corresponded well with the LFQ values. CEMIP and TIMP3
labeling intensities in individual samples were roughly comparable, with CADASIL patient #2
showing the strongest signals for both proteins. However, Notch3 LFQ values were much more

uniform and provided no clear explanation for the varying CEMIP and TIMP3 levels.
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Figure 3.8: Accumulation of CEMIP and TIMP3 in CADASIL brain vessels. (left): CEMIP and TIMP3 expression levels were
determined in brain vessel protein extracts from CADASIL patients and control subjects by Western Blotting. Expected molecular
weights: CEMIP ~153 kDa, TIMP3 ~24 kDa. Stacking gel is shown to demonstrate CEMIP immunoreactivity of high-molecular-
weight material not efficiently entering the gel. CEMIP bands of lower molecular weight possibly represent processed fragments.
R-actin was used as loading control (expected molecular weight: ~42 kDa). (right): Corresponding logz LFQ values from the
proteomic analysis. n.d.: not detected
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3.4 HTRAI1 accumulates in CADASIL brain vessels

The most intriguing protein emerging from the proteomic study was high temperature requirement
protein Al (HTRAL), as mutations in this conserved serine protease cause CARASIL (Hara et al.
2009), a hereditary small vessel disease with a phenotype very similar to CADASIL. HTRAL
showed a strong enrichment (4.9-fold) and one of the lowest p-values (p = 1.6 x 10°%) in the
proteomic CADASIL profile (Figure 3.9, left panel). For verification, its abundance levels in brain
vessel protein extracts were determined by a capillary-based Simple Western assay, allowing a
precise quantification of immunosignals derived from submicrogram amounts of protein lysates
(Figure 3.9, right panel). While HTRAL levels were close to the detection limit in all but one
control sample, they were clearly measurable in all CADASIL samples and shown to be

significantly elevated.
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Figure 3.9: Enrichment of HTRAL in CADASIL brain vessel extracts. (left): HTRAL log2

LFQ values of the proteomic analysis. (right): HTRA1 protein levels determined by Simple
Western immunoassay including quantification.

To investigate whether HTRAL accumulation also occurs in sporadic SVD, brain samples from
three patients were analyzed, who had been diagnosed with non-familial vascular dementia and
shown by neuropathological analysis to suffer from a severe arteriopathy of small and medium-
sized cerebral vessels including fibrotic thickening of vessel walls. Simple Western immunoassay
analysis revealed, in contrast to a CADASIL sample (4.6-fold), no increase (0.9 + 0.5 -fold)

relative to a control sample (Figure 3.10).
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Figure 3.10: HTRA1 protein levels in brain vessel protein extracts from patients with
sporadic cerebral small vessel disease (SVD). (left): Protein levels were determined by Simple
Western immunoassay including quantification. (right): Main characteristics of brain autopsy
samples from the three SVD patients. CADASIL patient and control subject features are listed in
Table 3.1.

To further substantiate the link between HTRA1 and CADASIL, in situ staining of HTRAL and
Notch3EP was performed in isolated human brain vessels, using the newly established
immunolabeling protocol (see 3.2). While in control vessels HTRAL was hardly detectable, a
strong signal was observed in vessels from patients (Figure 3.11). The significance of the signal
difference was demonstrated by a quantification of the mean gray value, using 11 images from
three different individuals in each group. In addition, immunoreactivity was observed as focal

granules reminiscent of Notch3E<P deposits.
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Figure 3.11: HTRA1 shows focal accumulation in CADASIL vessels. (left): Immunofluorescence staining of HTRAL in an
isolated brain capillary of a control subject and a CADASIL patient. Dashed line indicates wvessel outline.
(right): Quantification of the mean gray values of immunofluorescence images (n = 11) from vessels of three patients and three
controls.

Next, costaining experiments of HTRA1 and Notch3E°P were performed and analyzed by confocal

microscopy. Importantly, immunofluorescence images revealed an almost perfect overlap
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demonstrating a close spatial proximity (Figure 3.12) and strongly suggesting the recruitment and

accumulation of HTRAZ1 within pathological Notch35°P deposits.

Figure 3.12: HTRA1 accumulates within Notch3ECP deposits. Capillary from a CADASIL patient costained for Notch3ECP,
HTRAL, collagen 1V and cell nuclei.

3.5 The CADASIL brain vessel proteome shows a HTRAL loss-of-function profile

The sequestration of proteins into pathological aggregates is often accompanied by an impairment
of their cellular function, primarily by the depletion from their normal cellular locations (Olzscha
etal. 2011; Yang et al. 2016). In the case of proteases such as HTRAL this might result in reduced
processing and accumulation of their substrates. Indeed, several proteins previously reported as
HTRAL substrates (vitronectin, clusterin and elastin) (An et al. 2010; Vierkotten et al. 2011) were
significantly enriched in the CADASIL brain vessel profile (Figure 3.13).
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Figure 3.13: Enrichment of HTRA1 substrates in the CADASIL brain vessel proteome. Boxplots of log2 LFQ values
(normalized to control) for vitronectin (VTN), clusterin (CLU), and elastin (ELN) from the proteomic analysis of isolated brain

vessel from CADASIL patients and control subjects.
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To rule out genetic causes for a reduction in HTRA1 function (as in CARASIL), sequencing of all
nine HTRAL exons in four of the six CADASIL patients was performed, demonstrating the
absence of any pathogenic mutations (data not shown). A transcriptional mechanism as cause for
the increased HTRAL abundance was investigated by quantifying its mRNA levels in full brain

samples using real-time PCR, but no significant differences were observed (Figure 3.14).
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Figure 3.14: HTRA1 mRNA levels are not altered in CADASIL patients.
Real-time PCR analysis was performed in CADASIL and control brain samples (n = 6).
RPLPO (left) and GAPDH (right) were used as housekeeping genes. Control values were
setto 1.

3.5.1 The HTRAL knockout mouse brain vessel proteome

To substantiate the assumption of a reduced HTRA1 activity in CADASIL, a better understanding
of the full range of its substrates in brain vessels was required. This could be achieved by a
comparison of the CADASIL proteome with a HTRAL loss-of-function proteome. In the absence
of post-mortem tissue from CARASIL patients suitable for vessel isolation, the brain vessel
proteome of aged (20 months) HTRAZ1-deficient mice (Jones et al. 2011) was determined in
comparison to wild-type controls (n=35 for each group). HTRA17 mice have a normal life
expectancy, show no clearly detectable vascular phenotype and are thus well suited to determine
proteomic alterations in the absence of overt vessel pathology. The experimental procedures
including the vessel isolation, the extraction of proteins as well as the proteomic analysis were
performed as described earlier (see 3.3). Of the 5,285 proteins identified by two or more unique
peptides, 3,884 were detected in at least three samples of each group and used for calculation of
abundance ratios (HTRA1” vs. HTRA1**) and for statistical analysis (Figure 3.15). HTRA1
peptides were exclusively detected in control animals, validating their absence in the knockout

strain.
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Figure 3.15: Proteomic analysis of isolated brain vessels from HTRA1” and HTRA1"* mice. (left): HTRAL logz LFQ values
in wildtype and knockout animals. n.d.: not detected. (right): Volcano plot of logz LFQ ratios (HTRAL1”- vs. HTRA1**) and -logo
p-values of all quantified proteins. Red circles indicate proteins with a significant change in abundance (p < 0.05, logz ratio < -0.4/
> 0.4). Proteins labeled as green circles passed multivariate statistical analysis (FDR = 0.05, SO = 0.1).

The distribution of all quantified proteins between major cellular compartments (according to the
UniProt subcellular localization information) was very similar to the human study demonstrating
comparable protein extraction efficiencies (Figure 3.16, top left panel, compare with Figure 3.6).
127 proteins were found to be significantly altered in their abundance (p<0.05 and a log
abundance ratio of > 0.4 [~1.32-fold] or <-0.4 [~0.76-fold]) (for a complete list see Appendix,
Table 5.2) and a strong and overall tendency towards protein enrichment was observed
(Figure 3.15). In agreement with the expectation of substrate accumulation in the absence of
HTRAL, the majority of significantly altered proteins (72%; 91/127) exhibited higher abundance.
In addition, the extent of enrichment (up to 17-fold) was much higher than that of depletion (up to
2.8-fold).

Similar to the CADASIL proteome, a strong overrepresentation of secreted and extracellular space
proteins among the significantly altered proteins was observed (Figure 3.16, top right panel). In
these two categories, 92% (54/59) and 100% (27/27) of proteins were enriched (Figure 3.16,
bottom panel), in agreement with HTRAL being a primarily extracellular protease with a

preference for extracellular matrix proteins.
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Figure 3.16: Secreted and extracellular space proteins are enriched in vessels from HTRAL” mice. (top, left): Classification
of the 3,884 quantified proteins according to UniProt subcellular location information. (top, right): Over-/ underrepresentation of
significantly altered proteins within each category. p-values were calculated by Fisher’s exact test. The category of extracellular
space proteins represents a subgroup of secreted proteins. (bottom): Boxplots of logz LFQ ratios (HTRAL1” vs. HTRA1**) of
secreted and extracellular space proteins. Corresponding gene names are displayed below.

The HTRAZL” profile included the well-described substrates vitronectin (VTN) (2.1-fold,
p=8.4x10"), clusterin (CLU) (4.5-fold, p=7.9x107") and elastin (ELN) (7.1-fold,
p=3.8x107%). In addition, elevated levels of LTBP-1 (9.5-fold, p = 2.0 x 107°), an important
HTRAL substrate our group has identified recently (Beaufort et al. 2014), and of its close homolog
LTBP-4 (7.9-fold, p = 7.7 x 10°%) were found. In summary, the data supported the hypothesis that
HTRAL deficiency in mice causes a vascular accumulation of its substrates. The obtained
proteomic profile was therefore used to more precisely determine the status of HTRA1L activity in
the CADASIL brain vasculature.
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3.5.2 Proteomic overlap of brain vessels from CADASIL and HTRAL deficient mice

To determine the overlap of the two proteomic profiles only proteins were considered, for which
abundance ratios and p-values had been calculated in both analyses. A comparison between the
3339 proteins of the CADASIL proteome and the 3884 proteins of the mouse HTRA1” proteome
yielded a shared set of 2509 proteins. Among the proteins with significantly higher abundance, 78
from the CADASIL profile and 50 from the HTRA1” profile were eligible (Figure 3.17, top left
panel). A total number of 18 proteins was present in both profiles representing a highly significant
overlap (p = 2.2 x 10719). In contrast, only one protein (of 76 respectively 20 eligible proteins from
the two profiles) was found to have lower abundance in both datasets, representing a non-
significant overlap. Moreover, overlapping proteins were among the proteins with the highest
abundance changes in each individual dataset, including seven out of the ten most strongly

enriched proteins (Figure 3.17, bottom panel).
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Figure 3.17: Overlap between the CADASIL and the HTRA1” proteomic profiles. (top, left): Venn diagram illustrating the
overlap between all quantified proteins (green outlines) and proteins with significantly higher and lower abundance (red/blue
outlines) of both proteomic analyses. Within the shared set of 2509 quantified proteins (black outline) a comparison of the 78
(CADASIL vs. control) and 50 (HTRAL" vs. HTRA1**) enriched proteins revealed a significant (p = 2.2 x 107%6) overlap of 18
proteins (red filling). No significant overlap was obtained between the 76 and 20 depleted proteins. (right): Circos diagram
illustrating subcellular locations (UniProt) and abundance changes of shared proteins. (bottom): VVolcano plots of log2 LFQ ratios
and —logio p-values of the 154 significantly altered proteins in CADASIL patients vs. control subjects (left) and the 70 significantly
altered proteins in HTRA1”- vs. HTRAL** mice (right). Red filling indicates overlapping proteins. Y-axis starts at 1.

An analysis of the subcellular localization of the overlapping proteins revealed a strong preference
for secreted and extracellular space proteins (Figure 3.17, top right panel), providing further

support for their role as HTRAL substrates.

Collectively, these results suggested that a substantial portion of proteins accumulating in
CADASIL brain vessels represent HTRA1 substrates, an observation compatible with a reduction

in its proteolytic activity.
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3.5.3 Identification of novel HTRAL substrates

Except for vitronectin, clusterin and elastin, none of the overlapping proteins was known to be
processed by HTRAL (An et al. 2010; Vierkotten et al. 2011). To experimentally validate HTRA1-
mediated proteolytic cleavage of some of them, a previously established in vitro assay was used
(Beaufort et al. 2014; Verdura et al. 2015). It is based on the coincubation of conditioned
supernatants from transiently transfected human embryonic kidney (HEK) 293 cells. From the list
of proteins significantly changed in CADASIL patients and HTRA1”" mice, CEMIP,
semaphorin-3G (SEMAS3G), vitronectin (VTN), OLFML3 and TIMP3 were selected for analysis
on the basis of their abundance ratio in the CADASIL profile and their secretion behavior in the
assay. Chordin (CHRD) was additionally included due to its high accumulation in the CADASIL
profile (13.3-fold, p =5.9 x 10°%) and a strong accumulation tendency in the HTRA1™ profile
(detected in all HTRA1™ animals, but only in one out of five HTRA1** animals preventing the
calculation of an abundance ratio). Since HTRA1” mice did not show Notch3 accumulation, the
Notch35¢F 115 fragment, the longest Notch3ECP fragment efficiently secreted from cultured cells,
was used as a negative control. The C-terminally truncated LTBP-1AC variant was selected as a
positive control, as Beaufort and coworkers have recently shown its efficient processing in this
assay (Beaufort et al. 2014).

All constructs were cloned as fusion proteins with a C-terminal Myc tag and transiently transfected
into HEK293 cells. To ensure roughly equal concentrations of potential substrates, the a-Myc
Western Blotting signal intensities of individual conditioned supernatants were used for
adjustment by volume reduction via Amicon Ultra Centrifugal Filters with a 3-kDa cut-off.
Figure 3.18 displays expression levels of adjusted conditioned supernatants used for HTRA1

coincubation experiments.
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Figure 3.18: Adjusted protein levels of potential
HTRALI substrates. a-Myc Western Blot of conditioned
supernatants derived from transiently transfected
HEK293 cells expressing Myc-tagged TIMP3,
OLFML3, VTN, Notch3ECF1-15 SEMA3G, CHRD,
LTBP-1AC and CEMIP.

Potential substrates as well as LTBP-1AC and Notch35¢F 1-1° were incubated with HTRAL or the
active site mutant HTRA15328A (serving as a negative control). While the levels of Notch3¢F -1
did not change detectably after 24 h incubation, LTBP-1AC was almost completely converted from
its full-length form into a truncated fragment (Figure 3.19). Importantly, CEMIP, chordin,
SEMAZ3G, vitronectin and OLFML3 showed a clear degradation in the presence of HTRAL, only
TIMP3 was less efficiently processed. No cleavage was observed with the active-site mutant
HTRA1S3%A,
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Figure 3.19: Validation of novel HTRAL substrates by in vitro cleavage. Immunoblots of conditioned media from HEK293
cells expressing Myc-tagged Notch3F¢F1-15 | TBP-1AC, CEMIP, CHRD, SEMA3G, VTN, OLFML3 and TIMP3 were
coincubated with supernatants containing V5-tagged HTRAL or the active site mutant HTRA15328A, SEMA3G bands of lower
molecular weight likely represent fragments generated by other proteases.

HTRAL-mediated degradation of CEMIP was highly efficient and therefore further analyzed in
time-course coincubations for up to 24 h revealing a time-dependent processing and almost
complete degradation already after 9 h (Figure 3.20, top panel). To exclude CEMIP cleavage by
another protease potentially present in cell supernatants, purified full-length HTRAZ1 was used and
degradation with comparable efficiency observed (Figure 3.20, right bottom panel). Furthermore,
in the presence of a HTRA1-specifc inhibitor (Grau et al. 2005), CEMIP degradation by
conditioned supernatants or purified HTRAL was completely prevented (Figure 3.20, left and right

bottom panels).
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Figure 3.20: CEMIP is efficiently processed by HTRAL. (top): Time dependent coincubation of conditioned supernatants
containing Myc-tagged CEMIP and V5-tagged HTRAL. (bottom): CEMIP processing by HTRA1-containing media (left) or by
recombinant HTRA1 (100 nM) (right) in the presence or absence of a HTRAL-specifc inhibitor (5 pM NVP-LBG976, Novartis)
(Grau et al. 2005).

Thus, by selecting CEMIP, SEMA3G, OLFML3 and chordin from the proteomic profile overlap,
four novel HTRAL substrates with a putative role in CADASIL and CARASIL pathogenesis were
identified. Collectively, the comparison of the two proteomic profiles provided strong evidence
for an impairment of HTRA1 catalytic activity in CADASIL, most likely via recruitment of
HTRAL to pathological Notch3ECP aggregates.

3.6 HTRA1S270Lis*69 cqses a loss-of-function

Genetic HTRAL1 mutations causing dominant and recessive forms of hereditary SVD with
phenotypic similarity to CADASIL primarily represent missense variants (Nozaki et al. 2014).
While it is widely accepted that they result in a reduction of HTRAL catalytic activity, null
mutations resulting in a complete loss of HTRA1L function are rather rare and barely studied in
humans on a molecular level. During the course of this thesis, a novel homozygous HTRA1
mutation was identified in three patients from a consanguineous pedigree in Isfahan province
(Iran) using homozygosity mapping and whole-exome sequencing (Ziaei et al. 2019). In addition
to typical clinical CARASIL manifestations, these patients presented inflammatory-like features

and recurrent rhinitis. They were found to carry an insertion of a guanine at position 805 in the
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HTRAL coding region (c.805_806insG), predicted to result in a 69-amino acid frameshift followed
by a premature stop codon (S270Lfs*69). The encoded protein was expected to represent a
truncation variant lacking a portion of the catalytic domain including the active site serine residue
(Ser-328). To verify whether protein is produced from the mutant mMRNA and to investigate the
expression and secretion behavior of the truncation mutant, plasmids encoding wildtype and
mutated HTRAL were transfected into HEK293 cells and conditioned media and cell lysates were
analyzed by Western Blotting (Figure 3.21).The truncated protein was present at the predicted
molecular weight of ~37 kDa in cell lysates, albeit at strongly reduced levels compared with
wildtype HTRAL. Interestingly, in conditioned supernatants the mutant protein could not be
detected, whereas wildtype HTRA1 was clearly identified. This suggested rapid intracellular
degradation or a defect in secretion of the S270Lfs*69 mutant, a phenomenon observed in the

presence or absence of a C-terminal VV5/His tag, excluding the possibility of differences in antibody

detection.
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Figure 3.21: HTRA15270L%"69 shows low expression and inefficient secretion. Immunoblots of cell lysates and conditioned
media from HEK 293 cells transiently transfected with plasmids encoding wildtype HTRA1 or the truncated variant HTRA1 5270769
with V5/His tag (left), or without epitope tag (right). For the detection of untagged HTRAL, a polyclonal antibody against amino
acids 120-179 of HTRAL was used (Sigma-Aldrich). Equal volumes of conditioned media were analyzed. For the cell lysates,
GAPDH was used as a loading control.

Thus, the S270Lfs*69 variant, in addition to lacking the catalytic active site of HTRAL, is instable

or secretion deficient and can clearly be considered as HTRAL loss-of-function mutation.
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3.7 HTRAL in cerebral amyloid angiopathy (CAA)

CAA is a common, mostly sporadic, age-related cerebral SVD and a major cause of intracerebral
hemorrhage. Similar to CADASIL, it is caused by protein misfolding as well as aggregation, and
IS characterized by protein deposits mainly consisting of amyloid-beta (AP) peptides in brain

vessel walls (Charidimou et al. 2017).

To investigate, whether HTRA1 might also be involved in CAA pathology, pilot experiments were
performed on three samples of a larger collection of brain autopsy material from CAA patients
(Table 3.3), which had been selected on the basis of neuropathological findings compatible with
CAA (e.g. vascular AP and/ or Congo Red reactivity). Brain vessels were isolated from these
samples as described earlier (Figure 3.1) and HTRAL protein levels in vessel extracts were
determined by a quantitative Simple Western immunoassay in comparison to a CADASIL and a
control sample (Figure 3.22). HTRAL signal intensity differed considerably between the CAA
samples, however, two of them showed enrichment (5.7-fold and 82.9-fold) similar to or even
exceeding the levels of the CADASIL sample (4.6-fold).
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Figure 3.22: HTRA1 enrichment in CAA
brain vessel extracts. HTRAL protein levels
in brain vessel protein lysates from three
CAA patients, one CADASIL patient and
one control subject determined by the Simple
Western  immunoassay.  Quantification
relative to the control sample is shown
below.

Next, immunofluorescence costaining of HTRA1 and A was performed using CAA brain sections
from patient #9. In brain vessels with a clearly detectable A signal, an extensive colocalization
between AP and HTRA1 was observed (Figure 3.23), indicating the presence of HTRAL in or very
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close to pathological AP deposits. This finding extended previously reported data (Grau et al. 2005;
Hondius et al. 2018) and strongly suggested a role of HTRAL in CAA.

Collagen IV

Figure 3.23: HTRAL1 colocalizes within vascular Ap deposits. An arteriole from CAA patient #9 costained for collagen 1V, AB
and HTRAL.

3.8 The CAA brain vessel proteome shows a HTRA1 loss-of-function profile

Recruitment of HTRA1 to AB deposits in CAA might, similar as in CADASIL, result in an
impairment of its catalytic function, possibly resulting in an accumulation of its substrates. Several
proteomic studies aimed to identify protein abundance alterations in the cerebral vasculature of
CAA patients had previously been reported (Manousopoulou et al. 2017; Endo et al. 2019; Inoue
et al. 2017; Hondius et al. 2018). However, all of them differed considerably from the mass
spectrometry approach in this study with respect to the tissue isolation procedure, peptide mass
detection sensitivity and quantification methodology. Moreover, only a limited number of altered
proteins had emerged from these studies, so that no proteomic dataset was available which allowed
a meaningful and comprehensive comparison with the CADASIL or HTRA1 loss-of-function
profiles. Therefore, a new attempt was made to determine a quantitative and high-quality CAA
brain vessel proteome using experimental settings fully comparable with the MS analyses
described earlier (3.3 and 3.5.1).
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3.8.1 The CAA brain vessel proteome

The cohort comprised 15 CAA patients (mean age 74.9 + 9.4 years) and nine age-matched control
subjects (mean age 69.8 + 10.9 years) (Table 3.3).

Table 3.3: Main characteristics of brain autopsy samples from CAA patients and
control subjects

Sample ID Sex Age APOE genotype Tissue origin
CAA1l male 70 €3/¢€3 occipital lobe
CAA?2 male 78 €3/¢€3 occipital lobe
CAA3 female 93 €3 /¢4 occipital lobe
CAA4 male 63 €3 /¢4 occipital lobe
CAA5 male 73 €3 /¢4 occipital lobe
CAA®6 female 78 €4/ g4 parietal lobe

CAAT male 68 €3 /¢4 occipital lobe
CAA S8 male 70 €3 /€3 occipital lobe
CAA9 male 61 €3/¢3 parietal lobe

CAA 10 female 88 €2/€3 parietal lobe

CAA 1l male 75 ed /€4 occipital lobe
CAA 12 male 68 €4/ g4 parietal lobe

CAA 13 male 71 €2 /€3 parietal lobe

CAA 14 male 77 €3 /€3 occipital lobe
CAA 15 female 90 €3 /¢4 occipital lobe
Control 1 male 51 €3 /€4 frontal lobe

Control 2 male 67 €3/¢€3 occipital lobe
Control 3 male 59 €3/¢€d occipital lobe
Control 4 male 75 €3 /¢4 occipital lobe
Control 5 female 75 €3 /€3 occipital lobe
Control 6 female 76 €3/¢€3 occipital lobe
Control 7 female 63 €3/¢€3 occipital lobe
Control 8 male 87 €2/¢3 occipital lobe
Control 9 female 64 €3 /€3 occipital lobe

N/A: Information not available

Since AP pathology can differ substantially between CAA patients and even between different
brain regions of the same patient, the AP load of the available samples was determined by
immunoblotting of brain vessel extracts prior to proteomic analysis. As observed in the pilot
experiment, strong individual differences were detected, prompting the classification in three
groups (Figure 3.24). Five samples exhibiting high AB levels (CAAnigh), whereas in seven samples
a considerably lower immunoreactivity was observed (CAAmed). In three samples, AB levels were

below the detection limit and indistinguishable from control subjects (CAAiow).
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Figure 3.24: Vascular Af load is variable in the available CAA autopsy material. A levels in brain
vessel extracts from individual CAA and control samples were determined by Western Blotting and used to
classify them in CAAnigh, CAAmed and CAAww. Ponceau S staining was used as a loading control.

Proteome analysis was performed for all CAA subgroups (Figure 3.25) and individual protein
abundance changes were normalized to the control group. The thresholds used for statistical
analysis (p < 0.05, logz ratio < -0.4/ > 0.4) were identical to CADASIL and HTRA1" studies. The
total number of proteins included in the statistical analyses (CAAiow: 3111, CAAmed: 3739,
CAAnigh: 3312) diverged from group to group due to the differences in group size (CAAIow: 3,
CAAmed: 7, CAAnigh: 5). In the CAAIw group only 3.9% (122) of the proteins were significantly
altered and none of them passed multivariate statistical analysis. In the CAAmed group, 9.6% (360)
of the proteins showed significant abundance differences, but only two remained significant after
multivariate statistical analysis (Table 5.3 and Table 5.4). In the CAAnigh group, 9.7% (322) of the
proteins were significantly altered and 33 of them passed multivariate statistical analysis
(Table 5.5). In addition, the overall extent of enrichment was much higher in the CAAnigh group
(up to 170-fold) compared to CAAmed and CAAiw patients (up to 10-fold and 16-fold)
(Figure 3.25).
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Figure 3.25: Proteomic analysis of isolated brain vessels from CAA patients with low, medium and high A load.
(top): Summary of LC-MS/MS and label-free quantification (LFQ) results from CAAuww patients vs. control subjects (left), CAAmed
patients vs. control subjects (middle) and CAAnigh patients vs. control subjects (right). (bottom): Volcano plots of log. LFQ ratios
and -logio p-values of all quantified proteins. Red circles indicate proteins with a significant change in abundance (p < 0.05, logz
ratio < -0.4/ > 0.4). Proteins labeled as green circles passed multivariate statistical analysis (FDR = 0.05, SO = 0.1).

3.8.2 Overlap with CADASIL and HTRA1" profiles

A comparison of the CADASIL profile with the three individual CAA profiles revealed increasing
degrees of overlap from CAAow and CAAmed to CAAnigh. While only five proteins were shared
with the CAAiow group, 20 and 42 common proteins were found with the CAAmeds and CAAnigh
groups, respectively (Figure 3.26). This trend was further supported by plotting the LFQ values of
the overlapping proteins, visualizing the directionality of the abundance changes; while in the
CAAiow and the CAAmed group only four and ten proteins respectively showed the same
directionality, this was the case for all 42 proteins in the CAAnigh group (Figure 3.26). These results
suggested an increasing proteomic similarity between CAA and CADASIL with increasing AB
load. Moreover, HTRAL, not altered in the CAAiow group, was 2.2-fold enriched in the CAAmed
group (p = 4.8 x 10~%) and 17.4-fold enriched in the CAAigh group (p = 2.5 x 107°) (Figure 3.26),
supporting the hypothesis of an Ap-dependent HTRAL accumulation.
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Figure 3.26: Increasing overlap between the CAAiow, CAAmed, CAAnigh and CADASIL proteomic profiles. (top): Venn
diagrams illustrating the overlap between the CAA and CADASIL profiles for proteins with p < 0.05 and a logz ratio < -0.4/ > 0.4.
(bottom): correlation of log: ratios for each overlapping protein. For each comparison, only proteins identified in at least three
samples of the respective groups were considered.

The enrichment of many HTRAL substrates in the CADASIL profile (Figure 3.17) provided strong
evidence for a loss of HTRA1 proteolytic activity in disease pathogenesis. To investigate whether
this phenomenon can also be observed in CAA, the CAAiow, CAAmed and CAAnigh proteomes were
compared with the HTRA1 knockout mouse (HTRA1"") proteome. While only six overlapping
proteins were found in CAAw, 10 and 17 overlapping proteins were identified in CAAmeds and
CAAnigh, respectively (Figure 3.27). Strikingly, when focusing on proteins with higher abundance,
only one protein was identified in CAAiow, four proteins in CAAmed, but 15 proteins in CAAnigh.
Moreover, all proteins with higher abundance in CAAw (Apolipoprotein E, [APOE]) or in
CAAmed (APOE, CLU, VTN and OLFML3) were also enriched in CAAnigh (Figure 3.27). Thus,
along with HTRA1 accumulation, the degree of overlap with the CADASIL and HTRA1” profiles
appeared to correlate with CAA amyloid severity, suggesting an impairment of HTRAL proteolytic
activity in CAA.
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Figure 3.27: Proteins altered in CAA show a substantial overlap with the HTRAL1” profile. (top): Venn diagrams illustrating
the overlap of significantly altered proteins (p < 0.05, loga ratio < -0.4/ > 0.4) in HTRAL1” and CAAw (left), CAAmed (middle)
and CAAnigh (right). (bottom): correlation of logz ratios for each overlapping protein. For each comparison, only proteins identified
in at least three samples of the respective groups were considered.

To examine whether HTRA1 loss-of-function is a major contributor to the overlap between the
CADASIL and the CAAnigh profile, a three-way comparison with the HTRA1™ profile was

performed resulting in 10 shared proteins (Figure 3.28 and Table 5.6). Strikingly, they included

almost all of the most strongly accumulating proteins in the CADASIL-CAAnigh overlap and the

vast majority of highly enriched proteins in the CAAnigh profile, demonstrating a critical

contribution of the HTRAL loss-of-function profile. Thus, a lack in HTRA1-mediated substrate

cleavage might represent a key process in CADASIL as well as in CAA pathogenesis.
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Figure 3.28: Correlation of abundance changes between CAAnigh and CADASIL. (top): Overlap of significantly altered
proteins (p < 0.05, logz ratio < -0.4/ > 0.4) in CADASIL, HTRAL"- and CAAnigh proteomic profiles. Only proteins were considered
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4 DISCUSSION

The pathomechanisms underlying CADASIL and CAA, two important protein misfolding diseases
of the cerebral microvasculature, are so far only incompletely understood impeding the
development of therapeutic approaches. In this thesis, proteomic analyses of patient autopsy
samples were conducted to determine disease-specific protein abundance profiles, to elucidate

cellular pathways involved in disease pathogenesis and to search for potential therapeutic targets.

4.1 The CADASIL and CAA brain vessel proteomes

In CADASIL, the mutation-induced accumulation and deposition of Notch35CP in small brain
vessels represents an early manifestation and hallmark of the disease (Chabriat et al. 2009). As
this process begins more than a decade prior to the appearance of neurological symptoms, it is
considered as the starting point of pathogenesis followed by the recruitment and sequestration of
functionally important extracellular matrix (ECM) and ECM-associated (matricellular) proteins,
and vascular dysfunction (Joutel 2011). In the past, several studies have aimed to elucidate the
composition of CADASIL-typical protein aggregates by applying proteomic approaches.
However, they all differed fundamentally from the present study and exhibited various limitations.
While Monet-Leprétre and colleagues analyzed Notch35CP enriched samples by performing
sequential biochemical fractionation of whole brain material (Monet-Lepretre et al. 2013),
Arboleda-Velasquez et al. and Nagatoshi et al. used laser capture microdissection to collect brain
arteries and arterioles for proteomic measurement (Arboleda-Velasquez et al. 2011; Nagatoshi et
al. 2017). The overall small sample size (one, two or three patients respectively) and a limited
sensitivity in peptide mass identification precluded a comprehensive quantification and resulted in

the identification of only a short list of disease-associated protein candidates.

In the present study, a vessel isolation technique yielding highly pure fractions of small and
medium-sized brain vessels from post-mortem autopsy samples was combined with state-of-the-
art liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS) and label-free
guantification. The proteomic profile obtained from six patients showed unprecedented depth,
represents the most comprehensive analysis of CADASIL-affected vessels to date and reveals a
detailed view of disease-relevant protein abundance alterations. An overall tendency towards
protein accumulation was observed, with Notch3 exhibiting the highest enrichment and the lowest

p-value. Among the proteins with significantly increased abundance, secreted and extracellular
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space proteins were strongly overrepresented, and almost all proteins previously reported to
accumulate in CADASIL could be confirmed. These data thus provide further evidence for an
essential role of the ECM in CADASIL. Additionally, a number of proteins with reduced
abundance were identified which primarily locate to the mitochondrion. Pathway analysis revealed
oxidative phosphorylation as the most significantly affected pathway and indicated a defect in
energy metabolism. Considering that mitochondrial dysfunction contributes to various
neurological conditions (Karbowski et al. 2012) and that structural and functional mitochondrial
abnormalities have been reported in CADASIL (de la Pena et al. 2001; Malandrini et al. 2002), a
reduction of mitochondrial energy production might contribute to disease progression, but could
also be the result from an adaptation of vascular cells to chronic ischemia. Further studies are

required to reveal the underlying molecular details.

In cerebral amyloid angiopathy (CAA), pathogenesis is initiated by the accumulation of amyloid
beta peptides (AP) in brain vessel walls. To identify proteins coaccumulating with AP deposits in
CAA patients, several proteomic studies have analyzed dissected leptomeningeal arteries or
vascular material obtained by laser capture microdissection (Endo et al. 2019; Inoue et al. 2017;
Manousopoulou et al. 2017; Hondius et al. 2018). However, only a small number of significantly
altered proteins has emerged from these studies and due to the differences in sample material
(predominantly large vessels) and proteomic methodology, a meaningful comparison with the
CADASIL brain vessel proteome was not possible. Therefore, in this thesis a more comprehensive
profile, based on 15 CAA cases and nine control subjects, was determined by using the vessel
isolation procedure and mass spectrometry technique established in the CADASIL study. Since
the amyloid load in CAA is known to vary considerably between different brain regions
(Charidimou et al. 2012), AP levels in individual brain vessel extracts were determined by
immunoblotting prior to proteomic analyses, leading to a classification in three groups (CAAiow,
CAAnmed and CAAnigh). The corresponding proteomes exhibited increasing divergence from the
control group, with CAAnigh showing the highest extent of protein abundance changes, resulting
in the identification of various significantly altered proteins. While the majority of previously
reported proteins were confirmed, a large number of novel candidates was identified. Thus, this
study provides a comprehensive picture of CAA-associated protein abundance changes and the

opportunity to study pathological processes shared by CADASIL and CAA.

A comparison between the CADASIL and CAAnigh brain vessel proteomes revealed a massive

overlap of significantly altered proteins, with the vast majority enriched in both profiles and
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classified as secreted or part of the extracellular space. The most intriguing among the shared
proteins was high temperature requirement protein A1 (HTRAL), a protease genetically linked to
cerebral small vessel disease. Therefore, the potential consequences of HTRAL accumulation in
the protein deposits characterizing CADASIL and CAA pathology were investigated in more
detail.

4.2 HTRAL inactivation in cerebral small vessel diseases

HTRAL belongs to a family of serine proteases which is highly conserved across pro- and
eukaryotes. Genetic data highlight an important role of HTRAL in the human vasculature, as
mutations affecting its catalytic activity (Beaufort et al. 2014, Hara et al. 2009; Nozaki et al. 2016;
Verdura et al. 2015) or mRNA stability (Hara et al. 2009; Shiga et al. 2011) are reported to cause
the cerebral small vessel disease CARASIL. This is now further supported by a biochemical
characterization of a novel HTRA1 mutation (S270Lfs*69) recently identified in patients with
CARASIL symptoms (Ziaei et al. 2019). The variant was shown to lack large parts of the
proteolytic domain and revealed defects in stability and/ or secretion; thus, it can clearly be

considered as a loss-of-function mutation.

In addition to elevated protein levels of HTRAL in brain vessel extracts of CADASIL and CAA
patients, immunostaining experiments revealed a strong colocalization with vascular Notch3E¢P
and AP deposits indicating HTRA1 recruitment. Sequestration of proteins into aggregates
followed by their functional inactivation has been proposed as a critical mechanism in the
pathogeneses of various neurodegenerative diseases (Olzscha et al. 2011; Hartl 2017). Thus,
HTRAL proteolytic capacity might be impaired in CADASIL and CAA, a hypothesis in agreement
with the established genetic loss-of-function of HTRAL in the SVD CARASIL. Indeed, in both
CADASIL and CAAnigh proteomic profiles, the enrichment of several previously reported HTRAL
substrates was observed. Earlier studies using peptide library screenings suggested a broad range
of potential HTRAL substrates including several structural and extracellular matrix proteins
(Runyon et al. 2007; Chien et al. 2009). To learn more about the vascular consequences of a
complete loss of HTRAL activity in humans, the analysis of CARASIL patient brain vessels would
have been desirable, but was not possible due to a lack of suitable autopsy material. Therefore, the
brain vessel proteome of HTRA1 deficient mice was determined revealing a significant enrichment
of nearly hundred proteins, among them various reported substrates. For a number of so far

undescribed substrates, processing was verified in vitro. A comparison of the proteomic HTRA1
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loss-of-function signature with the CADASIL or CAAnigh profiles demonstrated a strong overlap
of 19 and 17 proteins respectively. Strikingly, these proteins included the majority of the most
highly enriched proteins in each individual dataset. Additionally, more than 50% of the
overlapping proteins were shared between the CADASIL and CAA profiles, suggesting common
pathological processes downstream of HTRAL. The strong overrepresentation of extracellular
factors was in agreement with the preferential location of HTRAL and its well described role in
the extracellular space (Clausen et al. 2011; Grau et al. 2005; Tiaden et al. 2013). Collectively,
these data propose an important role of HTRAL in the vasculature and suggest an impairment of
HTRAL catalytic activity in CADASIL and CAA due to its recruitment and sequestration into
pathological protein deposits (Figure 4.1).
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Figure 4.1: HTRAL inactivation as shared pathomechanism in CARASIL, CADASIL and CAA. While in CARASIL genetic
mutations directly affect HTRAL proteolytic activity, in CADASIL and CAA a loss-of-function is caused by HTRAL sequestration
into pathological Notch3ECP or AP aggregates. Impaired substrate processing might represent a key step towards a failure in
maintaining vascular function in SVD pathogenesis.

So far, a loss of HTRAL proteolytic activity in CARASIL was believed to result in the
accumulation of definite substrates with specific roles in disease pathogenesis. The loss of vascular

smooth muscle cells as well as the fibrotic thickening of vessel walls have been suggested to be
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the result of a dysregulation of the TGFp signaling pathway (Nozaki et al. 2014), however, the
molecular details are still an unresolved question. While Beaufort and coworkers previously
demonstrated HTRALl-mediated processing of latent TGFB-binding protein 1 (LTBP-1) and
observed reduced TGFp pathway activity in HTRA1 knockout mice (Beaufort et al. 2014), others
identified TGFp receptors or TGFp itself as a substrate and reported pathway activation under
HTRAL deficiency (Hara et al. 2009; Shiga et al. 2011; Graham et al. 2013).

LTBPs control and regulate the availability of biological active TGFP ligands by sequestration of
their latent forms within the ECM (Hynes 2009). The elevated levels of LTBP-1 and LTBP-4 in
the HTRA1 knockout mouse proteome provided further support for their HTRAL-mediated
processing in vivo. In the CADASIL proteomic profile a strong accumulation of LTBP-1 was
observed, in agreement with a recent study demonstrating its colocalization with Notch3E¢P
deposits in patients and its coaggregation with mutant Notch3E<P in vitro (Kast et al. 2014). All
other LTBP forms were rarely or not at all detected in control samples preventing statistical
evaluation. However, LTBP-2 and LTBP-4 were present in 50% respectively 100% of patient
samples indicating higher abundance in CADASIL. In CAA, the situation is less clear, since none
of the LTBPs was found to be elevated in our study. This is in contrast to the study by
Manousopoulou and coworkers which reported LTBP-1, LTBP-2 and LTBP-4 accumulation in
leptomeningeal arteries (Manousopoulou et al. 2017). Antibody-based detection approaches might
be required to determine their protein levels in CADASIL and CAA conclusively. In both the
CADASIL and the CAA dataset, other components of the TGFf pathway including TGF ligands
and classical TGFR target proteins such as PAI-1 and CTGF were identified only in isolated
samples or not at all preventing conclusions about pathway activity. Further studies assessing the
phosphorylation status of the TGFJ downstream signaling mediators SMAD2/ SMAD3 or

quantifying TGFp target gene transcription are required to address this question in more detail.

HTRAL substrates present in the CADASIL and the CAA profiles included several proteins
previously implicated in both diseases such as TIMP3, vitronectin and clusterin (Endo et al. 2019;
Craggs et al. 2016; Arboleda-Velasquez et al. 2011; Hondius et al. 2018; Inoue et al. 2017; Monet-
Lepretre et al. 2013; Manousopoulou et al. 2017), thus providing a plausible mechanism for their

accumulation.

Clusterin is a secreted extracellular chaperone capable of inhibiting protein aggregation by binding
to hydrophobic regions of misfolded proteins (Humphreys et al. 1999; Poon et al. 2000; Wyatt et

al. 2012). It was found to be associated with numerous pathological conditions including
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age-related macular degeneration (Crabb et al. 2002), Creutzfeldt-Jakob disease (Freixes et al.
2004), Parkinson disease (Sasaki et al. 2002) and Alzheimer disease (AD) (Calero et al. 2000). In
CADASIL, elevated clusterin levels were reported in two independent studies, which however,
provided contradictory data on its precise localization with regard to pathological aggregates
(Arboleda-Velasquez et al. 2011; Craggs et al. 2016). While Arboleda-Velasquez and coworkers
proposed an accumulation in close proximity to Notch35CP deposits in the tunica media, Craggs
and colleagues demonstrated the enrichment in the adventitial layer of blood vessel walls and
excluded a colocalization with Notch3ECP. Further studies are necessary to resolve this
discrepancy. In addition, clusterin levels were reported to correlate with white matter damage,
although the molecular mechanism remains elusive (Craggs et al. 2016). In the context of CAA
and AD, several studies demonstrated its ability to inhibit AP aggregation and fibril formation
invitro (Narayan et al. 2011; Endo et al. 2019; Yerbury et al. 2007). Moreover, in different
transgenic mouse models of AD, clusterin deficiency was reported to be associated with reduced
fibrillary amyloid plaques in the brain parenchyma and a striking increase in amyloid load in the
vasculature (DeMattos et al. 2004; Woijtas et al. 2017). These effects have been reported to be the
result of a change in APa4o/APa42 ratio and the impairment of the perivascular drainage system in the
absence of clusterin. While the mechanistic insights in the pathological role of clusterin have been
reported almost exclusively in the field of AD and CAA, its accumulation in CADASIL and its
involvement in different protein misfolding diseases suggests a more general role in the clearance

of pathological protein deposits.

Elevated TIMP3 levels were recently reported to affect cerebral blood flow and myogenic response
deficits in a mouse model of CADASIL (Capone, Cognat, et al. 2016) by modulating voltage
dependent potassium (Kv) channel number in cerebral arterial myocytes via the ADAM17-HB-
EGF pathway (Capone, Dabertrand, et al. 2016). In the same model, increased vitronectin levels
were suggested to result in white matter lesions, although the underlying mechanism was not
elucidated (Capone, Cognat, et al. 2016). In addition to CADASIL, a role of vitronectin was
suggested in several other diseases characterized by protein deposition including AD (Akiyama et
al. 1991), age-related macular degeneration (AMD) (Crabb et al. 2002) and CAA (Endo et al.
2019). Strikingly, purified vitronectin was reported to form oligomers and amyloid fibrils in vitro,
which were shown to cause cellular toxicity and to disrupt membrane integrity (Shin et al. 2008).
Thus, higher vitronectin levels might facilitate pathological processes contributing to disease

pathogenesis.
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Cell migration-inducing and hyaluronan-binding protein (CEMIP) was the second most strongly
enriched protein in CADASIL and CAAnigh patients with an accumulation of more than 100-fold
in both profiles (for CAA patients, a p-value could not be calculated due to low prevalence in the
control group). In addition, it was found highly accumulated under HTRA1 deficiency and shown
to be efficiently processed by HTRAL invitro. CEMIP has been shown to promote the
depolymerization of the glycosaminoglycan hyaluronan (Yoshida et al. 2013; Yoshida et al. 2018),
a process which is associated with a loss in vascular integrity and vascular barrier disruption
(Lennon et al. 2011). Additionally, a very recent study identified CEMIP to be involved in actin
cytoskeleton organization inducing fibroblast-like cell morphology in human osteoblastic stem
cells (Chen et al. 2019). Fibroblasts produce important structural ECM components and
considering the arteriopathy in SVD, this mechanism might be relevant for the observed fibrotic
processes. It is thus conceivable that the accumulation of CEMIP could cause an impairment of
hyaluronan metabolism, with possible consequences for ECM composition and vessel function.
Further studies are required to elucidate the role of CEMIP and other HTRA1 substrates in the

brain vasculature.

Apolipoprotein E (APOE), one of the most highly enriched proteins in the CAAnigh profile, is
known to be a strong genetic risk factor for both AD and CAA (depending on the combination of
the three human isoforms APOE €2, APOE €3 and APOE &4) (Charidimou et al. 2017; Yamazaki
et al. 2019). It had already been shown to bind A peptides and to be recruited to amyloid deposits
and suggested to modulate AB deposition by several mechanisms including acceleration of A
aggregation, promoting Ap uptake by brain cells, enhancement of enzymatic AB degradation or
facilitation of Ap clearance via transport across the blood-brain barrier or by drainage via the
interstitial fluid and the perivasculature (Yu et al. 2014). The presence of APOE in vascular Ap
deposits has been reported in a previous histological study (Verbeek et al. 1998). Moreover,
enrichment of APOE (and interestingly also HTRAL) has likewise been demonstrated in a
proteomic study in Tg-SwDI mice, a CAA model carrying three human amyloid precursor protein
(APP) mutations (Swedish, Dutch and lowa) (Searcy et al. 2014). APOE accumulation under
HTRAL deficiency is in agreement with a recent study from Chu and coworkers, who
demonstrated APOE processing by HTRAL in vitro (Chu et al. 2016). Interestingly, they observed
an isoform specificity with a preference for the APOE &4 risk allele and provided evidence for a
compensatory inhibition of HTRA1-mediated Tau processing by APOE &4, proposing a new
mechanisms contributing to AD and CAA pathogenesis. The significance of APOE accumulation
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in CADASIL is more difficult to assess, since no detailed experimental analyses have been
reported. The influence of the APOE genotype on clinical CADASIL features was investigated in
two studies, but while in one increased white matter hyperintensity volumes in APOE €2, but not
APOE &4 carriers were reported (Gesierich et al. 2016), in the other no association with MRI lesion
volumes or disease phenotype (age of onset, presence of stroke) could be detected (Singhal et al.
2004). Collectively, APOE is an important player in vascular health, but the precise molecular

mechanisms underlying its contribution to SVD have still to be elucidated.

4.3 Role of HTRAL in the degradation of misfolded proteins

In a variety of species including bacteria and plants, HTRA proteases have been described to be
implicated in protein quality control processes and in the degradation of misfolded proteins
(Clausen et al. 2011). HTRAL is one of the best characterized family members in humans and
besides CARASIL, it has been associated with pathological conditions such as cancer and arthritis
(Skorko-Glonek et al. 2013; Milner et al. 2008)(Milner, Patel, and Rowan 2008), but also with
various protein misfolding diseases including lattice corneal dystrophy (LCD) (Venkatraman et al.
2017), age-related macular degeneration (AMD) (Coleman et al. 2008) and AD (Grau et al. 2005).

In the context of AD, HTRA1 has been reported to be in close proximity to parenchymal plaques
(Grau et al. 2005) and was proposed to be involved in the turnover of Ap deposits and Tau fibrils
by disintegrating its core structure (Poepsel et al. 2015) and degrading both monomers and
multimers (Grau et al. 2005; Tennstaedt et al. 2012). In LCD, which is caused by the mutation-
induced misfolding of transforming growth factor beta induced protein (TGFBI) and the formation
of insoluble aggregates in the cornea, proteomic analysis of microdissected patients’ amyloid
material also revealed a strong accumulation of HTRAL (Venkatraman et al. 2017). Moreover,
Poulsen and coworkers have recently demonstrated that HTRA1 is able to process wildtype TGFBI
but shows a strong preference for amyloidogenic variants (Poulsen et al. 2019). In contrast to AP,
Tau or TGFBI processing, no HTRAL1-mediated cleavage of Notch3 was observed in this study,
however, considering that these experiments were performed with wildtype fragments (containing
the EGF repeats 1-15), one possible explanation could be that HTRAL requires either full length
or misfolded Notch3ECP for its processing. Thus, further experiments including different construct
lengths with CADASIL-typical cysteine mutations are necessary to elucidate the processability of

Notch3E¢P monomers and aggregates.
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Interestingly, Sorsby fundus dystrophy (SFD), an autosomal-dominant macular disease
characterized by amorphous protein deposits and an abnormal accumulation of extracellular
material (Anand-Apte et al. 2019), is caused by mutations in TIMP3, which follow a stereotypic
pattern highly similar to Notch35P® mutations. They also almost exclusively affect cysteine
residues resulting in the disruption of structurally essential disulfide bonds. In this thesis, HTRA1-
mediated TIMP3 processing was demonstrated in vitro, although its efficiency was only moderate.
It is tempting to speculate that, similar to the processing of pathological LCD variants of TGFBI,
SFD-associated mutations in TIMP3 could also increase HTRAL processability, but further

experiments are needed to address this question.

HTRAL is characterized by the presence of a C-terminal PDZ domain, which mediates the
interaction with a broad range of binding partners containing either a C-terminal or internal
hydrophobic stretch (Runyon et al. 2007). Considering that the surface of a correctly folded protein
is typically hydrophilic, whereas misfolded proteins tend to expose hydrophobic regions, HTRAL
might use its PDZ domain for the recognition of misfolded proteins, a process resembling the
mechanism of bacterial HTRA family members (Wilken et al. 2004) as well as the proposed
biological function of HtrA2/ Omi in the mitochondria (Zhang et al. 2007).

Collectively, these data suggest an involvement of HTRAL in the degradation of misfolded
extracellular proteins in a physiological situation. It might be part of an extracellular proteostasis
machinery regulating protein abundance in the vessel wall (and possibly in other tissues). Under
pathophysiological conditions such as mutation-induced increase in protein aggregation or aging,
its capacity may be exceeded, leading to an accumulation of its substrates and eventually resulting
in a collapse of the proteostasis system (Hipp et al. 2019). This is very well in agreement with the
observed HTRAL loss-of-function profile in CADASIL and CAA. Additional support is provided
by proteomic analysis of amyloid plaque material in AD (Drummond et al. 2017), drusen material
in AMD (Wang et al. 2010) and corneal aggregates in LCD (Venkatraman et al. 2017), in all of
which elevated levels of proteins meanwhile known to be HTRAL substrates have been reported.
HTRAL could therefore play a general role in the maintenance of extracellular proteins with

implications in the pathomechanism of various protein misfolding diseases.
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4.4 Conclusion

There is ample evidence for a genetic loss of HTRAL function as cause for rare recessive as well
as dominant forms of hereditary SVDs. The data obtained in this study on CADASIL and CAA
patient autopsy tissue provide strong evidence for a more common role of HTRAL in SVD
pathogenesis and suggest the presence of a novel mechanism of HTRAL inactivation on a protein
level. It likely includes the recruitment of HTRAL to pathological protein deposits in brain vessel
walls and the depletion from its physiological environment. Thus, the findings of this thesis
represent a major advancement in the SVD field and open new avenues for treatment approaches.
HTRAL proteolytic function requires the formation of trimers whose activation is driven by an
allosteric mechanism of intermonomer communication, an elegant way for reversibly regulating
protease activity (Cabrera et al. 2017). This mechanism holds the potential for the discovery or
design of agents modulating HTRAL activity and thus for developing therapeutic approaches

suitable for ameliorating pathologies associated with dysregulated HTRAL function.
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5 APPENDIX

Table 5.1: Proteins significantly altered in CADASIL patients

Gene name Ratio  p-value Gene name Ratio  p-value Gene name Ratio  p-value
NOTCH3 14451 3.53E-07 EGFL8 2.74  1.73E-02 DBT 0.73  4.20E-02
CEMIP 130.79 4.80E-04 F13A1 2,53 1.30E-02 PCCA 0.73  1.75E-02
APCS 65.92 5.79E-04 IQGAP2 2.36  3.08E-02 OGDH 0.73  4.76E-02
OLFML3 25.38 8.87E-04 FDXR 232 2.22E-02 RAB11FIP5 0.72  4.58E-02
CXCL12 21.16 6.68E-03 APOE 2.29  2.86E-02 RELL1 0.72  4.90E-02
CPz 17.11  2.26E-02 PCMT1 2.24  4.88E-04 ATPSH 0.72  4.32E-02
TIMP3 15.28 4.61E-04 FBLN1 2,22 1.99E-02 ZADH?2 0.71  4.34E-02
CHRD 13.34 5.86E-03 DKK3 2.16  3.34E-03 EDC4 0.71  1.65E-02
COL8A1 13.05 1.17E-02 EZR 2.09 4.37E-03 DLST 0.71  1.26E-02
MFAP4 11.88 2.24E-03 STAB1 2.06  4.90E-02 MFN2 0.71  2.95E-02
CHST14 9.95 1.95E-02 CES1 2.05 6.28E-03 BTN3A3 0.71  2.00E-02
ITGB3 8.07  2.97E-02 DSG1 2.04  3.67E-02 FAMG63A 0.70  4.45E-02
VTN 7.80 3.71E-03 NDUFA4L2 2.02  3.53E-02 SLC25A3 0.70  4.54E-02
SERPINE2 6.88 4.12E-03 S100A13 2.00 3.37E-02 USMG5 0.69  3.04E-02
NDP 6.65 1.46E-04 AQP1 1.97 9.85E-03 UQCRC2 0.69  4.75E-02
SEMA3G 6.61 1.56E-02 NTSE 197 8.16E-03 PLXNA2 0.69 4.82E-02
LUM 5.82  2.08E-02 GAS7 1.96 2.40E-02 SPECC1 0.68 2.37E-02
FMOD 580 1.33E-02 DAD1 192 1.66E-02 HSPD1 0.68 2.77E-02
OGN 576  1.64E-02 MLC1 1.82  2.03E-02 SACS 0.67  3.89E-02
GPNMB 572  1.19E-03 FAM26E 1.78  3.79E-02 CTNNA3 0.67  4.95E-02
CTSH 536  1.99E-02 HSPB8 1.78  3.29E-02 GRIAL 0.67 1.64E-02
PRSS23 5.31  2.88E-03 ITGB2 1.70 1.69E-02 UQCRC1 0.66 3.41E-02
FBLN2 518 1.93E-02 ASPH 1.68  4.55E-02 GBE1 0.66  1.25E-02
PRELP 489 1.10E-02 ALYREF 1.67  4.08E-02 TMEM126A 0.66  4.98E-02
HTRA1 489 1.57E-03 PAK2 166  3.81E-02 UQCRQ 0.66 2.11E-02
TGFBI 484 5.70E-03 SLC29A1 1.66  4.45E-02 ATP5B 0.66  3.05E-02
CLU 458 1.59E-03 SND1 1.65 1.80E-02 ATP50 0.66  3.30E-02
AEBP1 437  9.82E-03 PPP3CB 1.63  3.00E-02 NDUFB10 0.65 3.13E-02
OLFML1 425 4.27E-02 JAM2 161 2.67E-02 RHOG 0.65 1.16E-02
COL1A1 422 1.62E-02 DPYSL3 158 1.61E-02 FAHD1 0.65  1.95E-02
SBSPON 418 1.08E-02 MAPK1 158 1.58E-02 STK39 0.64 3.71E-02
FGL2 4.09 1.07E-02 EDNRA 157 2.12E-02 DLD 0.64  2.15E-02
COL1A2 4.08 2.09E-02 GNG12 153 4.23E-02 LONP1 0.64 9.27E-03
DCN 4,05 1.89E-02 PTPRC 153 4.21E-02 IGBP1 0.64 4.87E-02
EFEMP1 3.92 1.16E-02 PLEC 150 2.26E-02 CYC1 0.64  3.74E-02
BGN 3.89  1.65E-02 CORO1C 150 7.43E-03 GLIPR2 0.64  1.55E-02
GFAP 3.85 9.99E-03 NUP205 144  4.92E-02 AFAP1L2 0.64  1.69E-02
C3 3.76  1.08E-02 LUC7L2 144  2.00E-03 ETFDH 0.64 5.44E-03
ELN 3.64  9.19E-03 DDX6 143  3.95E-02 NME2;NME2P1 0.63  4.58E-03
FLT1 3.63  3.80E-03 PPP2R5E 142  2.56E-02 PDHAL 0.63  4.95E-02
EMILIN2 3.57  3.65E-02 PLCD3 141  1.46E-02 VCAN 0.63  4.20E-02
MFGES8 3.53 3.16E-02 DGKA 1.39  3.55E-02 ATP5C1 0.63  1.72E-02
FBN1 3.52 4.25E-02 RAB12 1.37  1.85E-02 TOMM22 0.63  4.82E-03
SOD3 3.44  3.39E-02 PLSCR4 132  3.26E-02 DNAJB4 0.62 8.15E-03
COL6A2 3.41  9.41E-03 FAM171A1 0.76  3.91E-02 UQCRB 0.62 1.43E-02
COL12A1 3.40 2.47E-02 ACAA1 0.75 1.62E-02 ACADS8 0.62  3.59E-02
CELSR2 3.36  4.33E-02 FAM160B1 0.75  2.19E-02 MRPS36 0.62  4.65E-03
COL6A3 3.33  1.31E-02 PURA 0.75  7.81E-03 COQ9 0.62  2.40E-02
C1QC 3.29  7.80E-03 SLC12A2 0.74  2.51E-03 ATP6EV1G1 0.62  1.45E-03
PTGDS 3.17  3.55E-03 ATP5D 0.74  2.88E-03 CHCHD6 0.62 2.34E-02
COL6A1 3.04 1.63E-02 COPZ1 0.73  4.48E-02 STXBP6 0.61 2.42E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
Bold entries passed multivariate statistical testing (FDR = 0.05, SO = 0.3).
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Table 5.1: Proteins significantly altered in CADASIL patients (continued)

Gene name Ratio  p-value Gene name Ratio  p-value Gene name Ratio  p-value
FTL 0.61 4.51E-02 FTH1 0.56  1.05E-02 NCALD 0.46  3.35E-02
USP47 0.61 1.63E-02 SLC27A4 0.56 8.36E-03 GNG7 0.45 2.18E-02
DHRS4 0.60  1.42E-02 NCAN 0.55 2.98E-02 BCAN 045  4.59E-02
IDH2 0.60  4.58E-02 SLC44A1 0.54 1.63E-02 SEP4 0.43 2.91E-02
GNAI1 0.60 4.67E-02 COX4l1 0.54  2.68E-02 CADMA4 0.42  4.45E-02
DLAT 0.60  3.66E-02 PDHX 0.53  3.42E-02 PMP2 0.40 7.22E-03
NDUFA7 0.59 1.54E-02 JAM3 0.53  3.44E-02 SIRT2 0.37  3.68E-02
SLC7A1 0.59 2.11E-02 AKR1C1 0.52 2.15E-02 HAPLN2 0.35 3.47E-02
SLC25A5 0.59 1.74E-02 CISD1 0.51 4.03E-02 HAPLN1 0.34 1.73E-02
NDUFB1 0.57 6.22E-03 MT-ND1 0.49  4.00E-02 MAG 0.33  3.47E-02
BECN1 0.57  3.20E-02 MT-CO2 0.49  3.22E-02 HLA-C 0.17  4.03E-02
HIP1R 0.57 3.17E-02 MBP 0.48  4.95E-02

PDHB 0.56  3.03E-02 LIMS2 0.48 1.05E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:%4)
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Table 5.2: Proteins significantly altered in HTRA1" mice

Gene name Ratio  p-value Gene name Ratio  p-value Gene name Ratio  p-value
C1QTNF4 16.74 3.21E-08 PTPRS 185 2.56E-04 SLC38A2 135 4.85E-02
SVEP1 16.05 1.77E-05 PLOD1 181 1.10E-06 TPP2 133 8.13E-03
PRSS23 1590 6.97E-06 GREM2 1.76  1.48E-02 PEF1 1.33  3.88E-02
CEMIP 1493 2.52E-05 TIMP3 1.75 2.08E-03 PSMB5 133  1.55E-03
EGFLS8 13.89 2.58E-07 NDP 1.74 2.15E-03 LANCL1 132 4.68E-03
ADAMTSL1 12.42 5.38E-06 ITM2B 1.73 1.07E-04 ZBTB20 0.76  2.00E-02
LTBP1 9.54  2.04E-05 MEGF6 171  3.44E-05 RPRD1B 0.76  1.78E-02
LTBP4 7.90 7.67E-06 RAB4B 165 1.29E-03 ADAM9 0.75  1.55E-02
SEMA3G 7.29 5.21E-08 NUTF2 1.64 4.53E-08 CDH2 0.75  2.95E-02
ELN 7.09 3.77E-04 CRTAC1 1.63 2.22E-05 ARID1A 0.75  3.78E-03
OLFML3 5.33  3.31E-03 CD55 1.63 8.86E-04 CBX1 0.74  2.31E-02
FBLN5S 5.08 1.40E-04 VASN 1.63 1.89E-03 LUC7L3 0.74  1.34E-03
WNT6 481 2.67E-06 TGFB2 1.62 1.89E-03 SLC7A1 0.74  4.93E-03
CLU 453  7.93E-07 COL8Al 161 4.52E-02 NHP2 0.73  1.20E-02
NTN3 424  2.64E-04 GAA 161 6.93E-04 CAMKV 0.73  1.93E-02
EGFL7 411 5.56E-06 NTN1 1.60  6.40E-03 GFER 0.72  5.83E-03
H2-Q8 3.97 1.73E-03 PXDN 159 5.23E-04 SERPINA3K 0.72  8.63E-03
PCOLCE 3.33 1.61E-04 HAPLN4 158 1.82E-02 BUD31 0.71  1.11E-02
PDGFB 3.31  4.68E-05 PLTP 157 4.38E-05 APOA1 0.71  4.75E-02
CPXM2 321 2.61E-03 JAG1 157 2.87E-03 CTCF 0.71  1.93E-03
WNT4 3.08 3.07E-04 TGFB1 156 1.07E-03 NTRK2 0.71  1.80E-02
SEMA3B 298 1.87E-03 PLOD3 154 1.38E-03 PSD3 0.70  5.09E-03
THSD4 2.88 2.57E-05 MMRN2 153 4.22E-05 FYN 0.69 6.78E-03
WNT5B 2.75 1.76E-04 SEMA3F 153 5.88E-03 SFPQ 0.68  2.15E-02
CELSR2 2.64 3.61E-04 CRLF1 153 1.22E-02 KLHL22 0.68 4.76E-02
ITM2C 256  2.39E-06 WNT5A 152 2.81E-03 ATP11A 0.68 2.71E-02
SULF1 256  6.41E-04 JAG2 152 5.44E-03 COX17 0.66  2.15E-02
MEST 2.48  1.89E-03 EMILIN1 150 1.05E-02 ZFPL1 0.66  9.17E-03
SERPINE2 2.34  2.16E-07 APOE 150 2.71E-03 RBM4B;RBM4 0.65 3.13E-02
OLFML2A 234 8.32E-04 ARHGDIA 148  1.10E-02 MAZ 0.65  7.69E-03
TSPO 2.30  3.08E-02 SH3D21 148  4.35E-02 DNTTIP1 0.65  3.69E-02
TRIL 2.28  8.85E-06 RAB11A 146  2.77E-03 RPL36 0.63  2.36E-02
FLT1 2.27  1.89E-06 MCTS1;MCTS2 145  9.18E-03 PLSCR1 0.62  7.35E-03
CNTNAP1 2.18 4.33E-04 SH3BGRL 145 6.63E-03 SPTB 0.61 4.26E-02
FBLN2 2.18 6.47E-04 PLD3 145  2.26E-03 MUG1 0.61  3.82E-03
ADAMTSL4 2.18 2.36E-04 SH3GL1 142  2.34E-02 YIPF5 0.60  3.64E-02
MATN2 2.17  1.04E-04 CAB39 140 1.40E-02 D2HGDH 0.60  2.84E-02
EFEMP1 2.09 2.07E-03 ST3GALG6 140 1.06E-02 A2M 0.50 1.03E-02
VTN 2.09 8.35E-05 BZW1 140 2.58E-02 ZNF22 0.44 1.34E-04
EGFLAM 2.03  8.15E-07 PARVA 139  2.49E-02 C1QTNF5 0.43 3.71E-04
DIAl 1.98 5.10E-03 C1QTNF7 1.37 1.36E-02 SLC4A1 0.36  4.75E-02
CXCL12 191 8.38E-05 TPD52 1.36 4.76E-02

FN1 191 2.13E-03 TAGLN 1.35 2.99E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
Bold entries passed multivariate statistical testing (FDR = 0.05, SO = 0.1).
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Table 5.3: Proteins significantly altered in CAAow patients

Gene name Ratio p-value  Gene name Ratio p-value  Gene name Ratio p-value
MAPT 9.56 9.68E-03 HDHD2 1.74 1.64E-02 PCYOX1 0.69 1.86E-02
GFAP 7.31 3.42E-03 LPARL 1.71 456E-02 KIAA1429 0.68 4.02E-02
MLC1 3.99 1.78E-04 APOE 1.70 3.62E-02 NID1 0.68 4.69E-02
CTNND2 3.88 3.50E-02 SDSL 1.69 4.21E-02 SUMF2 0.68 1.33E-02
PSAT1 3.73 2.01E-02 CTNNAZ2 1.68 2.68E-02 TMISF3 0.67 1.25E-02
PITRM1 3.38 2.13E-02 PGK1 167 4.32E-02 SNF8 0.67 2.57E-02
SLC14A1 3.32 1.76E-02 MACROD1 164 1.07E-02 GRM3 0.66 4.59E-02
GJAL 3.28 6.14E-04 ADD3 1.61 1.62E-02 ARAF 0.66 1.84E-02
PLCD3 3.24 1.32E-03 ALDH4A1l 154 3.36E-02 SNRPA 0.66 1.82E-02
CuL3 3.18 4.71E-02 NIT2 1.49 6.29E-03 PNN 0.65 2.40E-02
MAOB 3.18 2.75E-03 PRDX1 149 3.88E-02 STAT1 0.65 2.21E-02
PLXNB1 3.16 2.24E-02 ARHGAPS 146 5.46E-04 PCDH1 0.65 4.35E-02
PLCD1 3.12 296E-02 CASK 145 3.57E-02 MYOF 0.65 4.54E-02
CPNE6 3.06 1.39E-02 ST13;ST13P5;ST13P4 145 4.68E-02 CASP1 0.61 7.52E-03
HEPACAM 3.05 1.90E-02 ADD1 144 4.98E-02 DHRS1 0.60 4.77E-03
SERPINA3 294 1.74E-02 EGFR 142 9.20E-04 MAP6D1 0.60 4.00E-02
PBXIP1 2.78 5.94E-03 CAPNS1 142 2.75E-02 TBC1D24 0.60 2.40E-02
CSRP1 277 3.52E-02 RHEB 141 2.15E-02 LAMA4 0.60 8.51E-03
DDAH1 251 4.99E-02 GRHPR 141 2.66E-02 SLC6A13 0.60 2.07E-02
PHGDH 220 3.65E-02 FYN 140 3.25E-02 AGRN 0.59 1.29E-02
FBXO02 219 4.17E-02 MCCC1 139 249E-02 GGT1;,GGT3P,GGT2 | 0.56 1.20E-02
COTL1 218 3.51E-02 BCKDHB 139 1.09E-02 XPC 0.55 4.23E-02
CD44 213 3.04E-02 BPHL 139 4.42E-02 SULT1A4;SULT1A3 | 0.55 3.86E-02
GLO1 212 456E-02 SEP11 132 451E-03 MCAM 0.54 4.19E-03
GPR37L1 2.10 5.42E-03 STRN4 0.75 1.36E-02 HIST1H1C 0.54 4.89E-04
PGD 2.09 2.26E-02 TRAPPCS8 0.74 1.80E-02 EWSR1 0.53 7.44E-03
AQP4 2.08 4.00E-02 ABCC9 0.74 3.29E-02 FAMI105A 0.52 3.68E-02
ITIH4 2.05 4.18E-02 PRKAB1 0.74 4.25E-02 AMPD2 0.52 1.43E-02
SRR 2.03 2.19E-03 RPS14 0.73 191E-02 CLSTN1 0.51 1.18E-02
BPNT1 2.01 4.42E-02 NEK9 0.73 4.06E-02 ALPL 0.51 4.79E-02
CAPN5 196 3.63E-03 KDELC2 0.72 4.90E-02 ACVRL1 0.48 7.91E-03
ENO1 194 136E-02 LMF1 0.72 2.01E-02 CYP7B1 0.46 1.51E-02
F3 1.94 5.01E-04 NUP37 0.72 2.99E-02 PLCG2 0.46 4.93E-02
PADI2 1.93 4.75E-02 NID2 0.72 4.09E-02 CLEC14A 0.45 5.97E-03
GPDI1L 192 4.12E-02 DNAJC3 0.71 3.11E-02 HMGN4 0.42 3.51E-02
PRDX6 190 1.11E-02 IST1 0.71 5.02E-03 TNXB 0.40 1.50E-02
MTSS1L 1.90 1.37E-02 PLOD3 0.70 3.20E-02 DTX3L 0.39 2.90E-02
FAM171A1 1.85 3.00E-02 PLOD1 0.70 2.61E-02 FN1 0.32 4.20E-03
PYGM 182 1.76E-02 NEK7 0.70 6.84E-03 MMRN2 0.25 1.58E-02
SNTAl 1.77 5.20E-03 RAD23B 0.70 1.48E-02 IGHM 0.16 2.04E-02
AKR7A2 1.76 3.69E-02 RNPS1 0.69 2.20E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:%4)
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Table 5.4: Proteins significantly altered in CAAmed patients

Gene name Ratio p-value Gene name Ratio p-value Gene name Ratio p-value
APOA4 1591 2.33E-02 RAP1GAP2 1.84 1.25E-02 DPYSL2 152 2.84E-02
APOE 7.04 2.68E-08 SRGAP3 1.84 1.94E-02  SLC30A9 152 4.35E-02
PREPL 510 3.23E-02 CBR1 184 4.48E-02 CRKL 152 2.41E-02
NRXN1 5.08 1.16E-05 GAS7 1.83 2.18E-02 NDUFB10 152 2.99E-02
PTN 477 3.32E-02 DDT;DDTL 1.80 2.65E-02 ARLS8SB 151 3.30E-02
APCS 421 1.02E-02 NAGK 179 3.10E-02 AKT3 151 7.93E-03
ALDHI1L1 3.99 1.67E-02 ROGDI 179 3.73E-02 UFC1 151 4.28E-02
USMG5 3.84 4.09E-03 MAP2K1 1.77 255E-02 GRPEL1 151 2.31E-02
FKBP4 3.54 1.05E-02 NIT2 177 6.30E-04 IGSF9B 150 4.80E-02
OLFML3 3.29 4.15E-03 GSK3A 175 233E-02 TOM1 150 3.18E-02
C3 3.15 7.91E-03 PPM1H 1.75 3.10E-02 CDC37 150 1.30E-02
KIF5C 291 4.23E-02 PA2G4 1.74 3.28E-02 PCMT1 150 4.50E-02
UNC13A 2.84 1.26E-02 UBXNL1 174 4.36E-03 IDH3A 150 4.90E-02
GPI 2,78 1.10E-02 TPI1 174 3.14E-02 RABEP1 149 4.30E-02
GSTM2 270 1.60E-02 OSBPL1A 1.73 3.91E-02 ATP5L 149 3.63E-02
CASKIN1 2.68 3.64E-02 FARSB 173 3.44E-02 DPYSL3 148 4.70E-02
GAD1 2.67 4.14E-02 CSRP1 172 4.75E-02 F3 148 1.51E-02
CLASP1 259 8.07E-03  CLIP2 172 4.25E-02 COTL1 148 3.61E-03
DLG2 246 4.04E-02 MVD 1.72 6.42E-03  ATP50 147 4.12E-02
RGS7 241 5.36E-03 LRRC4B 171 491E-02 PYGM 146 3.42E-02
PEA15 239 255E-03 TIAM2 171 1.36E-03 PFN2 146 4.52E-02
CAPG 2.32 3.94E-03 NDUFAF4 171 219E-02 EPN1 146 4.88E-02
ENOPH1 2,23 3.24E-02 ITIH4 170 2.06E-02 FAM84B 146 4.18E-02
SPON1 220 1.24E-03 ENO2 170 2.88E-02 KBTBD11 145 3.20E-02
VTN 220 4.62E-03 LINGO1 170 4.91E-02 MCCC1 145 7.50E-03
HTRAL 2.18 4.85E-03 IDH3B 168 1.76E-02 PMPCA 145 2.31E-02
OLAl 218 3.11E-02 ENO1 167 1.49E-03 DIP2B 144  2.79E-02
TPPP 217 217E-02 YWHAE 1.67 3.50E-02 PEBP1 144 4.64E-02
ARHGAP26 216 1.42E-02 NECAP1 167 5.81E-03 ARMC1 144 3.72E-03
AKR1B1 216 3.13E-02 HCN2 167 6.95E-04 MAP2K2 143 2.65E-03
PLCB1 2.09 1.80E-03 TXNL1 166 3.52E-02 BPHL 143 6.83E-03
RAB3C 2.09 234E-02 NRXN3 166 3.85E-02 AP1G1 142 1.32E-02
PPFIA3 2.08 4.51E-02 MAOB 165 2.39E-02 HEBP1 142 3.87E-03
MPI 2.07 1.95E-02 PRDX5 1.65 4.89E-03  ST13;ST13P5;ST13P4 142 1.77E-02
FKBP5 2.06 3.68E-02 ADCK3 163 3.47E-03 CMPK1 141 3.50E-02
MTSS1L 2.06 9.24E-04 PAK1 163 4.03E-02 NDUFB4 140 4.42E-02
PSAT1 2.03 293E-02 CACNA2D3 1.62 3.86E-02 LPGAT1 140 2.24E-02
C6orf136 2.00 1.35E-02 RAP2A 1.61 3.30E-02 ARHGAPS 139 2.74E-03
HINT1 198 2.13E-02 COPS5 161 3.76E-02 FH 139 2.82E-02
IGSF21 1.98 3.98E-02  KIFAP3 1.61 1.67E-02 TMEMS55A 139 3.53E-02
GSTO1 197 7.86E-03 PLCD1 1.61 4.13E-02 TTLL12 139 7.31E-03
ATP6V1G2 194 3.65E-02 CA2 160 7.02E-03 AKR7A2 1.39 2.40E-02
TPRG1L 193 350E-02 LYPLA2 160 3.21E-02 ALDOA 1.39 3.02E-02
AK1 191 3.23E-02 SH3GLB2 1.60 3.96E-02 PPAP2B 139 2.74E-02
ACLY 191 9.32E-03  XPNPEP1 159 1.19E-02 AK4 1.38 3.74E-02
ALDOC 191 1.04E-02 L2HGDH 158 2.64E-02 DAGLB 1.38 2.62E-02
DDAH1 1.90 4.79E-02 PGK1 158 1.05E-02 PPP1R7 138 3.37E-02
FASN 190 4.66E-02 MACROD1 158 1.85E-03 HDHD2 1.37 2.86E-02
c10QB 188 4.31E-02 APP 158 2.56E-02 ASNAl 1.37 3.38E-03
CLU 188 6.84E-03 FN3K 156 4.58E-03 STAMBP 1.36 1.87E-02
SEC14L2 1.88 3.02E-02 EIF4A2 156 3.66E-02  SLC25A10 1.35 9.96E-03
SLC25A18 188 2.06E-02 CCDC132 155 1.85E-02 NUDCD2 1.34 4.85E-02
ADRBK1 1.87 3.22E-02 HAGH 155 1.39E-02 GRHPR 1.34 3.50E-02
RAPGEF4 185 2.99E-03 OGT 154 4.69E-02 ATP6V1G1 1.34 1.66E-02
SULT4Al 185 2.07E-02 CKAP5 154 3.89E-02 TMEMI126A 133 2.27E-02
HECTD4 1.84 6.05E-05 ACAN 153 2.88E-02 NDUFS2 1.33 3.92E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
Bold entries passed multivariate statistical testing (FDR = 0.05, SO = 0.1).
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Table 5.4: Proteins significantly altered in CAAmed patients (continued)

Gene name Ratio  p-value Gene name Ratio  p-value Gene name Ratio p-value
OSBPL2 1.32 3.69E-02 NUP155 0.68 1.80E-02 TRIP12 0.63 3.53E-02
EIF2AK2 0.76  4.85E-02 WDFY1 0.68 2.58E-02 ESAM 0.63 4.10E-02
KHDRBS1 0.76  2.29E-02  ILF2 0.68 3.00E-02 MCAM 0.63 6.16E-03
DNASE1L1 0.76  4.17E-02 SNAP23 0.68 3.54E-02 ZFR 0.62 3.21E-03
SF3B1 0.76  4.53E-02 ZAK 0.68 4.92E-02 SLCO2B1 0.62 4.38E-02
PRDX4 0.75 3.84E-02 SGPL1 0.68 1.91E-02 SYPL1 0.62 8.11E-03
RPL7A 0.75 3.89E-02 RPL35A 0.67 2.57E-02 CD2AP 0.61 3.87E-02
RPN2 0.75 2.98E-02 RPL32 0.67 3.21E-02 MECP2 0.61 2.60E-03
UNC45A 0.75 2.62E-02 TPR 0.67 1.76E-02 IGHG3 0.61 1.49E-02
DNM2 0.74 3.87E-02 ERC1 0.67 4.69E-02 EGFL7 0.61 2.15E-02
GHDC 0.74  1.28E-02 PRPF6 0.67 3.32E-02 PODXL 0.61 2.52E-02
AGT 0.74  2.82E-02 FUBP3 0.67 1.85E-02 OCIAD2 0.61 2.23E-02
DNAJB11 0.74 1.21E-03 CTSz 0.67 3.64E-02 RAPH1 0.61 1.57E-02
CKAP4 0.74 9.86E-03 MYO1B 0.67 3.87E-02 ITIH5 0.60 1.14E-02
RPL6 0.74  3.72E-02 PRKD2 0.66 4.82E-02 CD151 0.60 2.46E-02
STX7 0.74 4.75E-02 RPS2 0.66 3.83E-02 HIST1H1B 0.60 4.53E-02
SF3B3 0.73  3.15E-02 NID1 0.66 5.50E-03 LEMD2 0.60 3.61E-02
HNRNPUL1 0.73 1.58E-02 CDH5 0.66 3.61E-02 PALMD 0.60 2.33E-02
LAMC1 0.73 256E-02  SPCS2 0.66 3.95E-02 CALD1 0.59 4.29E-02
PECAM1 0.73  3.53E-02 KANK3 0.66 2.69E-02 ITGAL 0.59 1.04E-02
STT3B 0.72 3.37E-02 RAI14 0.66 4.25E-02 GGT1,GGT3P;GGT2 0.59 1.27E-02
TRIM28 0.72 8.83E-03 GIMAP1 0.66 2.35E-02 KIAA1462 0.59 2.50E-02
ARIH2 0.72 8.28E-03 LAMA2 0.66 1.06E-02  SLCY9A3R2 0.59 3.92E-02
RPL24 0.72  3.48E-02 RBMX 0.66 2.38E-02 MSH2 0.59 1.65E-02
SNRNP200 0.72 232E-02 HSPG2 0.65 6.50E-03 MXRA7 0.59 3.55E-03
SRPRB 0.72 3.62E-02 MYL6 0.65 8.45E-03 AKAP2 0.59 1.92E-02
PREB 0.72 9.44E-04 ACTN4 0.65 3.81E-02 MAP4K?2 0.58 2.65E-02
JAM2 0.71 1.97E-02 RPS12 0.65 1.90E-02 DNMT1 0.58 1.57E-03
ARHGEF12 0.71 1.44E-02 NID2 0.65 5.32E-03 TF 0.58 2.65E-03
SNRNP40 0.71 3.29E-02 EMILIN1 0.65 4.13E-02 CD74 0.58 1.66E-02
CTSB 0.71 3.62E-02 PSIP1 0.65 1.05E-02 LAMAL 0.58 3.26E-02
GRM3 0.71 3.78E-02 CYP4X1 0.65 1.92E-02 RAD50 0.58 4.03E-02
MYH9 0.71 3.62E-02 SCARB2 0.65 4.23E-02 TFRC 0.58 1.68E-03
SEC11A 0.71 4.72E-02 ANO6 0.65 3.74E-02 PPP1R12C 0.58 5.46E-03
SHROOM1 0.71  2.59E-02 BANF1 0.65 2.12E-02 GNG4 0.57 8.68E-03
HNRNPUL2 0.71 2.04E-02 DIABLO 0.65 3.67E-02 H1FO 0.57 1.59E-02
NOS3 0.71 4.93E-02 PDLIM7 0.64 1.31E-02 SF3Al 0.56 2.13E-02
EFTUD2 0.71 4.32E-02 THRAP3 0.64 1.60E-02 LAMA4 0.56 7.73E-04
ITGAB 0.70  2.46E-02 NUP93 0.64 1.70E-02 COL18A1 0.56 6.11E-03
ANXA1l 0.70  3.95E-02 DHX38 0.64 3.49E-02 SLC16A2 0.55 4.37E-02
HSD17B11 0.70  3.23E-02 PCDH1 0.64 1.26E-02 AGRN 0.55 4.08E-04
SLC20A2 0.70 4.67E-02 RANBP2 0.64 4.03E-02 STT3A 0.54 1.78E-02
MTA2 0.70 1.16E-02 ITPR3 0.64 4.05E-02 SMC3 0.54 4.25E-02
ALDH16A1 0.70  4.96E-02 SNRPD1 0.64 1.13E-02 UACA 0.54 3.36E-02
RRAS2 0.70  3.75E-03 GABPA 0.64 1.94E-02 GPR116 0.54 3.06E-02
RPL19 0.70 1.77E-02 RALY 0.64 1.27E-02 FBLN2 0.54 4.14E-03
SNF8 0.70 8.51E-03 NUMAL 0.64 1.05E-02 ENG 0.54 1.85E-02
SRSF1 0.70 4.55E-02 WFS1 0.64 4.85E-02 SGCD 0.53 4.89E-02
TRIP6 0.69 3.62E-02 CGNL1 0.64 2.89E-02 TNXB 0.53 4.15E-02
PML 0.69 2.31E-02 FAM26E 0.63 4.77E-02 CLEC14A 0.53 3.11E-03
ITGB1 0.69 1.58E-02 FGF2 0.63  9.64E-03 VWAL 0.52 2.15E-03
KIF3B 0.69 2.11E-02 ZNF512 0.63 3.19E-02 MMRN2 0.52 1.63E-03
LAMB2 0.69 1.20E-02 NOP56 0.63 4.56E-02 LSR 0.51 3.39E-02
KANK2 0.69 3.30E-02 CYB5A 0.63 3.16E-03 ADAMTSLS 0.50 8.22E-03
HSPA12B 0.69 3.81E-02 ILF3 0.63 2.35E-02 EWSR1 0.50 5.97E-03
MPRIP 0.68 1.63E-02 SAFB 0.63  2.55E-03 ELTD1 0.50 2.69E-02
HP1BP3 0.68 3.89E-02 NUMB 0.63 1.59E-02 GIMAP8 0.50 1.66E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
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Table 5.4: Proteins significantly altered in CAAmed patients (continued)

Gene name Ratio  p-value Gene name Ratio  p-value Gene name Ratio  p-value
COL1A1 0.49  2.96E-02 TOP2B 0.46 2.01E-02 NOTCH3 0.36  3.53E-03
BPI 0.48 1.12E-02 CHD4 0.46  2.53E-02 JUP 0.33  1.75E-02
CSPG4 0.47  4.51E-02 FN1 045 1.49E-04 LAMA3 0.29  8.45E-03
C10orf54 0.46  3.32E-02 ALPL 0.45 1.10E-02 IGHM 0.28 2.17E-02
SCARF1 0.46 1.16E-02 NTN4 0.44  2.40E-02 CYP7B1 0.28 6.73E-04
SET;SETSIP 0.46  4.51E-02 HMGN2;HMGN3 | 0.42  1.39E-02 DSP 0.26  1.84E-02
H1FX 0.46  6.00E-03 PLXDC1 0.37 8.87E-03 FBLNS 0.25 5.52E-03

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
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Table 5.5: Proteins significantly altered in CAAnigh patients

Gene name Ratio p-value  Gene name Ratio p-value  Gene name Ratio p-value
APOA4 169.92 7.62E-04 HAPLN4 2.63 4.41E-02 SLC9A3R1 1.75 3.33E-02
PTN 88.05 4.70E-06 S100A16 2.61 3.66E-02 PPAP2B 1.74 6.45E-03
SERPINE2 5141 6.14E-05 PTGDS 257 3.51E-03 ITGB3 1.73 4.27E-02
SRPX 49.92 3.46E-04 CYBA 256 5.39E-03 COL6Al 1.72 1.68E-02
C3 39.14 8.01E-08 ITGB2 250 1.13E-02 CPLX2 1.70 1.59E-02
APOE 33.41 6.01E-09 TNFRSF6B 245 6.69E-03 ENO1 1.69 8.92E-03
HTRA1 1742 252E-05 HLA-DRA 239 7.27E-03 MVD 1.69 1.79E-02
NRXN1 15.26 6.36E-05 GJAl 235 1.09E-03 SYN1 169 2.73E-02
MGAT1 1485 1.34E-03 SOD3 229 1.25E-02 TRAFR2 1.67 1.10E-03
OLFML3 1455 4.23E-05 APOD 227 4.33E-04 PLOD1 1.66 2.80E-04
PLCB1 13.66 1.28E-05 EPHA4 227 7.97E-03 APRT 1.65 2.35E-02
APCS 13.44 4.43E-03 WNT2B 2.26 8.14E-03 TLN2 1.64 2.77E-03
VTN 1323 281E-05 TTR 225 4.69E-03 PLEC 1.63 1.03E-03
NDP 9.89 1.88E-04 AKR1B1 221 4.63E-02 SLC4A4 1.62 2.97E-02
COL8A1 9.81 1.65E-03 NAGK 2.18 1.12E-02 IPO9 1.60 2.86E-02
C1QB 9.00 3.30E-05 DDAH1 213 3.49E-02 RGS7 1.59 2.35E-02
CLU 8.07 1.83E-05 COTL1 2,10 7.04E-03 KBTBD11 158 7.78E-03
SPON1 743 5.49E-05 PSAT1 210 4.13E-02 PLSCR4 157 1.79E-02
MTSS1L 7.02 8.85E-06 NPTX1 2.09 2.35E-03 FBLN1 155 3.59E-02
GAS7 6.90 6.28E-04 FBXO02 2.09 9.17E-03 RAB31 1.54 3.27E-02
ALDH1L1 6.63 7.52E-03 COL26A1 2.08 129E-02 STAMBP 153 1.68E-02
TIMP3 6.63 6.04E-03 EDIL3 2.08 4.48E-02 EZR 153 1.04E-02
CFH 6.06 6.30E-04 FLT1 2.07 8.48E-05 DIP2B 149 4.97E-02
CHST14 594 1.64E-02 SLC1A4 2.06 155E-02 CYFIP2 148 2.17E-02
SERPINA3 556 8.64E-04 F3 2.06 2.42E-04 PFN2 144 3.59E-02
MLC1 528 4.14E-04 COL12A1 2.05 6.94E-03 PLD3 143 7.93E-03
B3GALT1 519 1.83E-02 SLC14Al 2.05 2.06E-02 SLC6All 143 1.35E-02
CAPG 519 9.84E-04 SRPX2 2.04 4.39E-02 PFKM 142 3.16E-02
FBLN7 5.03 3.46E-02 AQP4 2.03 1.31E-02 CORO2B 142 2.63E-02
CST3 458 153E-03 SYN2 2.03 1.22E-02 CALCOCO2 1.40 1.99E-02
TGFBI 451 9.07E-04 GRN 199 2.09E-02 CTNNA2 1.40 4.26E-02
STAB1 443 1.10E-02 PCMT1 199 140E-02 ELMO2 1.38 1.08E-02
GFAP 3.99 459E-04 LGI4 199 456E-02 PYGB 1.38 3.70E-02
GPC1 3.99 5.84E-03 MPI 1.98 1.44E-02 CAPN5 136 4.60E-02
FGA 3.99 1.69E-03 DPYSL3 195 4.53E-03 ERBB2IP 1.36 2.69E-02
APP 3.99 1.48E-03 SH3GL2 193 1.24E-02 SDCBP 1.35 6.55E-03
C4BPA 3.73 4.12E-03 PTGR1 1.93 3.73E-02 TNS3 132 2.51E-02
ITIH4 356 1.15E-03 CD44 1.93 4.45E-03 TRIM28 0.76  2.87E-02
NQO1 3.52 3.16E-02 OLFM1 193 4.85E-02 RPS13 0.75 2.43E-02
HEPACAM 3.49 4.56E-03 S100A6 191 2.25E-02 RPL9 0.75 3.92E-02
AEBP1 345 1.26E-03 PLCD1 1.88 1.91E-02 DNAJB11 0.75 6.52E-03
CNTNAP1 3.34 2.04E-02 COL1A2 1.88 2.83E-03 SNRNP200 0.75 3.12E-02
FGG 3.31 5.27E-03 PBXIP1 186 1.35E-02 CARKD 0.75 1.00E-02
NRXN3 3.30 243E-02 SLC1A3 1.86 1.31E-02 DNM2 0.75 2.37E-02
FGB 3.26 8.43E-03 COL14Al 186 2.05E-02 SGPL1 0.75 3.27E-02
DKK3 3.18 1.26E-02 COL6A2 186 1.96E-02 FXR2 0.75 8.91E-03
GSTM2 3.15 2.21E-02 ITM2B 1.86 1.31E-03 PACS2 0.75 1.36E-02
DTNA 3.13 7.00E-03 ADH5 1.86 2.39E-02 RPS14 0.75 2.29E-02
PRSS23 290 6.58E-03 CYBB 184 1.17E-02 CTNND1 0.75 4.29E-02
APLP1 288 3.11E-02 SEP3 184 4.13E-02 EDC4 0.75 5.13E-03
CPNE6 2.86 1.42E-03 S100A13 1.83 2.05E-03 ACOX1 0.75 2.00E-02
SNTAL 286 2.95E-03 ACSBG1 182 3.78E-02 EIF2B3 0.75 4.26E-02
Cc1QcC 2.73 3.75E-02 PLCD3 1.81 2.03E-02 HNRNPAIL;HNRNPAI1L2 | 0.75 9.86E-03
CLSTN1 2.70 1.58E-02 PROS1 1.80 4.95E-02 PRKARI1A 0.75 4.47E-02
GBA 2.67 256E-02 SLC1A2 1.77 431E-02 VCL 0.74  4.39E-02
C1QTNF3 2.64 1.26E-02 COL6A3 177 257E-02 RPS16 0.74 2.89E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
Bold entries passed multivariate statistical testing (FDR = 0.05, SO = 0.1).
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Table 5.5: Proteins significantly altered in CAAnigh patients (continued)

Gene name Ratio  p-value Gene name Ratio  p-value Gene name Ratio  p-value
RUVBL2 0.74  5.02E-04 RALY 0.69  2.54E-02 NT5C2 0.62  3.93E-02
TAOK2 0.74  2.99E-02 RAI14 0.69  3.55E-02 RPL11 0.62 5.40E-04
RPL7 0.74  4.62E-02 HIP1 0.69 1.14E-02 PNPT1 0.61 6.04E-04
MYL6 0.74  2.73E-02 PRKAAL 0.69 1.24E-02 HDAC7 0.61 4.22E-02
TMEM245 0.74  3.28E-02 MVP 0.69 2.81E-02 EFHD1 0.61  3.90E-02
SAMM50 0.74  2.06E-02 MYLK 0.69  3.86E-02 CREBL;ATF1 0.60 2.16E-03
TNS1 0.74  3.56E-02 DDHD2 0.69  2.05E-02 RPS9 0.60  3.09E-03
ARHGEF12 0.74  4.14E-02 SRSF1 0.69 3.77E-02 CD2AP 0.60 3.35E-02
PSMD9 0.74  4.84E-02 UACA 0.69  4.79E-02 SNF8 0.60  1.04E-03
LSM3 0.73  4.11E-02 POLR2B 0.68  2.79E-02 RPL35A 0.60 2.67E-03
RPL13A 0.73  1.53E-03 LEMD3 0.68  2.31E-02 ACTN4 0.60 7.28E-03
TECR 0.73  5.03E-03 NADK?2 0.68  2.68E-02 CYP4X1 0.60 9.98E-03
CDC42EP1 0.73  3.09E-02 SKIV2L 0.68 1.01E-02 PTEN 0.59  4.44E-03
PGAM5 0.73  6.47E-03 MRPL37 0.68  6.89E-03 NUCB2 0.59 1.69E-02
SART1 0.73  3.54E-02 PLSCR1 0.68  4.01E-02 EPM2AIP1 0.59  3.05E-02
TMISF2 0.73  1.35E-02 THRAP3 0.68 3.81E-02 ABLIM1 0.58 9.36E-03
RPL28 0.73  4.28E-02 UCHL5 0.68  4.95E-02 ALPL 0.58 1.42E-02
CTTN 0.73 1.13E-02 ESAM 0.68  4.60E-02 TESC 0.57 5.50E-03
PTPN1 0.73  4.74E-02 SUMF2 0.68 1.21E-02 KHSRP 0.56 2.87E-03
CLMN 0.73  4.91E-02 TMED4 0.68 3.73E-02 MAP4K?2 0.56 2.25E-02
RPL19 0.73  1.79E-02 PDLIM7 0.67 3.91E-02 CSRP2 0.56 4.24E-02
RPL23A 0.73  4.36E-02 AKT1 0.67 1.74E-02 OCLN 0.55 2.78E-02
PSMD4 0.73  1.93E-02 NUMB 0.67  4.54E-02 NIPSNAP3B 0.55 4.48E-02
AFAP1L2 0.73  4.13E-02 TOR4A 0.67  3.99E-02 SSFA2 0.54 1.94E-02
STRN3 0.72  2.38E-02 SCARB2 0.67  1.28E-02 SUN1 0.54 2.37E-02
TJIP2 0.72  3.56E-02 RPL24 0.67 6.54E-03 ACADSB 0.53  1.29E-02
RPL17 0.72  7.01E-03 RPL35 0.66  4.06E-02 PLCG2 0.53 6.72E-03
MARC2 0.72  1.28E-02 EWSR1 0.66 1.04E-02 INPP5K 0.53 2.51E-02
GIMAP1 0.72  2.12E-02 SF3A3 0.66 1.70E-02 SORBS2 0.53 1.03E-02
IVD 0.72  2.57E-02 SHANK3 0.66 9.72E-03 PPP1R12C 0.53 1.74E-03
MIA3 0.72  2.58E-02 KANK3 0.66 4.75E-02 TFRC 0.52 1.46E-03
DCAKD 0.72  4.62E-02 SLC9A1 0.66  1.29E-02 CALD1 0.51 5.27E-03
STT3B 0.72  1.24E-02 TJP1 0.66 3.18E-02 PKP4 0.51 9.67E-03
MRPL1 0.72  1.38E-02 FDPS 0.66  2.49E-02 LAMP1 050 1.17E-02
TMISF3 0.72  4.47E-02 NUP98 0.66  1.50E-02 HCFC1 0.50 2.62E-02
RPS3 0.71  1.81E-02 EMD 0.66 4.20E-04 RHAG 049 2.43E-02
DTX3 0.71  2.00E-02 MCAM 0.65 9.28E-03 TSC2 0.49 2.26E-02
PCCB 0.71  9.23E-03 RPL27 0.65 1.62E-02 EML3 0.48 1.12E-02
LIMCH1 0.71  3.53E-02 PICALM 0.65 4.68E-02 H1FX 0.48 8.52E-03
PITPNM1 0.71  5.15E-03 PCDH1 0.65 2.28E-02 SLFN5 0.48 2.72E-02
CAV1 0.71  3.73E-02 KIF3B 0.65 9.25E-03 DKK2 0.47  7.28E-03
CBX1 0.71  4.91E-02 FAM120A 0.65 2.74E-02 GPHN 0.47 1.67E-02
PDP1 0.71  1.99E-02 PSMA7 0.65 4.16E-02 CCAR1 0.46  1.48E-02
HSPA12B 0.71  3.42E-02 ARHGEF10 0.64  3.40E-02 SYNPO2 0.46  2.59E-02
RPL10A 0.71  1.64E-02 TF 0.64  1.58E-02 FUBP1 0.46 2.67E-03
OPA3 0.71  1.53E-03 ATPIF1 0.64  4.15E-02 1ISG15 045 3.22E-02
TUBB 0.70  2.68E-02 SLC9A3R2 0.63  2.03E-02 PLXDC1 0.45 2.90E-02
KHDRBS1 0.70  2.34E-03 MPRIP 0.63 8.18E-03 DIS3 0.45 2.99E-02
PPT1 0.70  2.43E-02 RPL5 0.63  4.48E-04 PALMD 041 4.77E-03
STRN 0.70  4.40E-02 AKAP2 0.63  7.24E-03 LSR 0.38  6.99E-03
PCYT1A 0.70  4.97E-02 WDFY1 0.62 5.20E-03

SLC12A2 0.70  1.05E-02 H1FO 0.62 2.00E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
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Table 5.6: Proteins significantly altered in CADASIL patients, CAAnigh patients and HTRAL- mice

CADASIL vs. control CAAigh vs. control HTRA1” vs. HTRAL **
Gene name Ratio p-value Ratio p-value Ratio p-value
OLFML3 25.38 8.87E-04 14.55 4.23E-05 5.33 3.31E-03
TIMP3 15.28 4.61E-04 6.63 6.04E-03 1.75 2.08E-03
COL8Al 13.05 1.17E-02 9.81 1.65E-03 1.61 4.52E-02
VTN 7.80 3.71E-03 13.23 2.81E-05 2.09 8.35E-05
SERPINE2 6.88 4.12E-03 51.41 6.14E-05 234 2.16E-07
NDP 6.65 1.46E-04 9.89 1.88E-04 1.74 2.15E-03
PRSS23 5.31 2.88E-03 2.90 6.58E-03 15.90 6.97E-06
CLU 4.58 1.59E-03 8.07 1.83E-05 4.53 7.93E-07
FLT1 3.63 3.80E-03 2.07 8.48E-05 2.27 1.89E-06
APOE 2.29 2.86E-02 33.41 6.01E-09 1.50 2.71E-03
CEMIP 130.79 4.80E-04 14.93 2.52E-05
CXCL12 21.16 6.68E-03 1.91 8.38E-05
SEMA3G 6.61 1.56E-02 7.29 5.21E-08
FBLN2 5.18 1.93E-02 2.18 6.47E-04
EFEMP1 3.92 1.16E-02 2.09 2.07E-03
ELN 3.64 9.19E-03 7.09 3.77E-04
CELSR2 3.36 4.33E-02 2.64 3.61E-04
EGFL8 2.74 1.73E-02 13.89 2.58E-07
SLC7A1 0.59 2.11E-02 0.74 4.93E-03
PLOD1 1.66 2.80E-04 1.81 1.10E-06
CBX1 0.71 4.91E-02 0.74 2.31E-02
CNTNAP1 3.34 2.04E-02 2.18 4.33E-04
PLSCR1 0.68 4.01E-02 0.62 7.35E-03
ITM2B 1.86 1.31E-03 1.73 1.07E-04
PLD3 1.43 7.93E-03 1.45 2.26E-03
HAPLN4 2.63 4.41E-02 1.58 1.82E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:04)

Bold entries passed multivariate statistical testing: CADASIL vs. control (FDR = 0.05, SO = 0.3); CAAwigh Vvs. control and
HTRAL" vs. HTRAL1** (FDR = 0.05, SO = 0.1)

a Detected in 5 of 5 CAAnigh patients and 2 of 9 control subjects

b Detected in 5 of 5 CAAnigh patients and 0 of 9 control subjects

¢ Detected in 3 of 5 CAAnign patients and 0 of 9 control subjects
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Table 5.6: Proteins significantly altered in CADASIL patients, CAAnigh patients and HTRAL”- mice (continued)

CADASIL vs. control

CAAigh vs. control

HTRAL" vs. HTRAL **

Gene name Ratio p-value Ratio p-value Ratio p-value
APCS 65.92 5.79E-04 13.44 4.43E-03
CHST14 9.95 1.95E-02 5.94 1.64E-02
HTRA1 4.89 1.57E-03 17.42 2.52E-05
COL6A3 3.33 1.31E-02 1.77 2.57E-02
FBLN1 2.22 1.99E-02 1.55 3.59E-02
DKK3 2.16 3.34E-03 3.18 1.26E-02
ITGB3 8.07 2.97E-02 1.73 4.27E-02
TGFBI 4.84 5.70E-03 451 9.07E-04
AEBP1 4.37 9.82E-03 3.45 1.26E-03
COL1A2 4.08 2.09E-02 1.88 2.83E-03
GFAP 3.85 9.99E-03 3.99 4.59E-04
C3 3.76 1.08E-02 39.14 8.01E-08
SOD3 3.44 3.39E-02 2.29 1.25E-02
COL6A2 3.41 9.41E-03 1.86 1.96E-02
COL12A1 3.40 2.47E-02 2.05 6.94E-03
C1QC 3.29 7.80E-03 2.73 3.75E-02
PTGDS 3.17 3.55E-03 2.57 3.51E-03
COL6Al 3.04 1.63E-02 1.72 1.68E-02
PCMT1 2.24 4.88E-04 1.99 1.40E-02
EZR 2.09 4.37E-03 1.53 1.04E-02
STAB1 2.06 4.90E-02 4.43 1.10E-02
S100A13 2.00 3.37E-02 1.83 2.05E-03
GAS7 1.96 2.40E-02 6.90 6.28E-04
MLC1 1.82 2.03E-02 5.28 4.14E-04
ITGB2 1.70 1.69E-02 2.50 1.13E-02
DPYSL3 1.58 1.61E-02 1.95 4.53E-03
PLEC 1.50 2.26E-02 1.63 1.03E-03
PLCD3 1.41 1.46E-02 1.81 2.03E-02
PLSCR4 1.32 3.26E-02 1.57 1.79E-02
SLC12A2 0.74 2.51E-03 0.70 1.05E-02
EDC4 0.71 1.65E-02 0.75 5.13E-03
AFAP1L2 0.64 1.69E-02 0.73 4.13E-02

Significance threshold: p < 0.05; abundance ratio > 1.32-fold (2°4) or < 0.76-fold (2:94)
Bold entries passed multivariate statistical testing: CADASIL vs. control (FDR =0.05, SO = 0.3); CAAuigh Vs. control and
HTRA1" vs. HTRA1** (FDR = 0.05, SO = 0.1)
d Detected in 0 of 5 HTRAL” and 5 of 5 HTRAL** animals
¢ Detected in 0 of 5 HTRA1”- and 1 of 5 HTRA1** animals
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ABBREVIATIONS

AD
AMD
ANKR
APCS
APOE
APP
APS
AP
BBB
BCA
BSA
CAA
CADASIL

CARASIL

cDNA
CEMIP
CHRD
CLU
C-terminal
CTGF
CXCL12
DAPI
DLL
DMEM
DMSO
DNA
DTT

E. coli
ECD
ECM

Alzheimer’s disease
age-related macular degeneration
ankyrin repeats

serum amyloid P-component
apoliprotein E

amyloid precursor protein
ammonium persulfate
amyloid-beta

blood-brain barrier
bicinchoninic acid

bovine serum albumin
cerebral amyloid angiopathy

cerebral autosomal dominant arteriopathy with subcortical infarcts and
leukoencephalopathy
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