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Abstract
Vasculopathies are a varied group of disorders that affect the vascular tree
resulting in arterial stenosis or dilatation causing multi-organ ischaemia and
significant cardiac and cerebral circulation complications. Commonly,
vasculopathies present in infancy and segregate within families so a genetic
cause is often suspected but not always identified by the current routinely
available genetic tests in the UK National Health Service (NHS). Due to the
overlapping phenotypes of these disorders genetic sequencing is required for
accurate diagnosis and appropriate clinical intervention.
In this thesis, a cohort of children with cerebral and systemic vasculopathies was
subject to next-generation genetic sequencing. Several discoveries were made
and various families are discussed herein. Firstly, a novel heterozygous mutation
in MYH11, a gene affecting smooth muscle myosin heavy chain, was identified
in a child with a moyamoya-like cerebrovascular disease and renal artery
stenosis. This expanded the vasculopathic phenotype associated with MYH11,
which previously was associated with familial aortopathy. Secondly, multiple
members of three families diagnosed with a moyamoya arteriopathy were studied
and were all found to have heterozygous mutations in c-CBL, an E3 ubiquitin
ligase that down regulates various receptor tyrosine kinases. Detailed in vitro
functional expression studies were undertaken in the patients with mutations in cCBL showing impaired CBL-mediated degradation of cell-surface receptors in a
dominant negative fashion. These results were compatible with dysregulated
intracellular signaling through RAS. Lastly, three families with systemic
vasculopathies associated with heterozygous mutations in RNF213 were also
studied. This protein possesses both ubiquitin ligase and ATPase activity and
adversely affects endothelial cell function. For the first time I showed that
heterozygous mutations in RNF213 cause a vasculopathy that is not confined to
the cerebral circulation.
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The observations I made during this PhD project suggest several new geneticphenotypic associations regarding vasculopathic disorders and a novel
mechanism for the aetiopathogenesis of moyamoya arteriopathy. The primary
beneficiaries of this project will be patients with early onset cerebral and
systemic vasculopathies. Commonly, vasculopathies present in infancy and
segregate within families so a genetic cause is often suspected but not always
identified by the current routinely available genetic tests in the UK National
Health Service (NHS). Due to the overlapping phenotypes of these disorders
genetic sequencing is required for accurate diagnosis and appropriate clinical
intervention.
The major way in which patients with this disease will benefit from this study are
summarised below:
(i)

Highlighting the need for a broader than previously suggested vascular
surveillance in patients with mutations in MYH11 to also include the
cerebrovascular circulation. In addition, patients with established
MYH11 mutations should be screened for cerebrovascular involvement
and vascular surveillance should extend beyond the aorta. In this
study, I expanded the phenotype associated with heterozygous
mutations in MYH11 to include cerebrovascular disease similar to
moyamoya arteriopathy. Up until this point MYH11 has been solely
associated with familial thoracic aortic aneurysm.
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Understanding the pathways involved in moyamoya arteriopathy
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several patients diagnosed with a cerebrovascular disease similar to a
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the underlying pathophysiology of the disease in addition to possible
therapeutic targets. My findings also provide evidence that children
with arterial ischaemic stroke and vasculopathy should be screened for
mutations in c-CBL particularly those with early onset moyamoya
arteriopathy.
(iii)

Identifying the potential need for patients with RNF213 mutations who
have early onset moyamoya arteriopathy to have broad vascular
imaging to look for other vascular bed involvement.

Some of the data generated in this PhD has been publicised through open access
peer review journals whilst the remainder is soon to be publicised hence
contributing to significant knowledge enhancement and scientific advancement
about the genetic causes of cerebral and systemic vasculopathies for academic
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vasculopathic syndromes. Lastly, this PhD fellowship enabled my training as a
highly skilled researcher and facilitated my academic career progress. I have
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collaborative environment. My project also contributes towards the health of the
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Chapter 1 Introduction
1.1 Vasculopathy
The term vasculopathy is a general term to describe any pathology that affects
the vascular tree (Berlit, 1994). Vasculopathies often result in structural vessel
wall changes such as stenosis, and/or dilatation, that may cause impaired blood
flow and, therefore, ischaemia to major organs (Markovic, 2012). Clinical
consequences may include myocardial infarction, ischaemic strokes, arterial
hypertension, cutaneous lesions, and renal and intestinal failure (Berlit, 1994).
These conditions are therefore associated with significant morbidity and
mortality (Hoffman and Calabrese, 2014). In terms of aetiopathogenesis,
vasculopathies can be divided into two broad categories: inflammatory and noninflammatory and can affect both children and adults.

1.1.1 Inflammatory vasculopathy
Inflammatory vasculopathies, otherwise known as vasculitides, present with a
broad spectrum of clinical features and usually affect more than one organ
system (Hoffman and Calabrese, 2014). The clinical presentation may be
affected by the size of the affected blood vessel and the organ system(s) involved
(Waller et al., 2013). The inflammatory process targets blood vessels with
histopathologic evidence of mononuclear and/or neutrophilic infiltrate, which
can lead to vessel wall destruction, thrombosis, tissue ischaemia and, ultimately,
organ failure and/or death in severe cases (Carlson and Chen, 2006). In addition
to vascular inflammation there is usually, but not invariably, evidence of
systemic inflammation (Carlson and Chen, 2007). Vasculitis can be classified as
either primary or secondary depending on its developmental history (Suresh,
2006). Secondary vasculitis, as the name suggests, occurs secondary to other
upstream processes such as infection, drug exposure or malignancy (Carlson and
Chen, 2006). Primary vasculitis, on the other hand, is not associated with such
factors

and

is

usually

regarded

as

autoinflammatory condition.
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a

primary

autoimmune

and/or

Excluding the fairly common vasculitides such as Henoch-Schönlein Purpura
(HSP) and Kawasaki Disease (KD), the majority of the primary vasculitic
syndromes are rare in children. Classification criteria for childhood vasculitis
have, until recently, been based on modified adult classification criteria (Waller
et al., 2013, Ozen et al., 2010, Ruperto et al., 2010, Ozen et al., 2006). It should
be noted that these criteria are not the same as diagnostic criteria. Classification
criteria are standardized definitions primarily intended to create well-defined,
relatively homogenous cohorts for clinical research. The current classification
criteria for vasculitides in children are based on the Paediatric Rheumatology
European

Society

(PRES)/European

League

Against

Rheumatism

(EULAR)/Paediatric Rheumatology International Trials Organization (PRINTO)
criteria (Ozen et al., 2010, Ruperto et al., 2010) which, in line with adult
classification criteria, use vessel size as the distinguishing feature (Ozen et al.,
2006) (Table 1-1). The classification criteria for paediatric vasculitides were first
proposed in 2005 (Ozen et al., 2006) and modified and validated, in 2008, using
an international web-based registry (Ozen et al., 2010). Classification criteria for
KD were not included, as they were not validated in the aforementioned study
(Ozen et al., 2010). Instead, the American Heart Association diagnostic criteria
are commonly used in clinical studies of KD (McCrindle et al., 2017). It should
be noted that the PRES/EULAR/PRINTO criteria did not review certain genetic
vasculitides that have been subsequently identified such as deficiency of
adenosine deaminase type 2 (DADA2) (Ozen, 2017).
The subtypes of vasculitis are described in more detail below.
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Table 1-1 Childhood vasculitis subtype categorized by vessel size based on Paediatric
Rheumatology European Society (PRES)/European League Against Rheumatism
(EULAR)/Paediatric Rheumatology International Trials Organization (PRINTO)
criteria. (Ruperto et al., 2010, Ozen et al., 2006, Ozen et al., 2010)

Vessel size
Large
Medium

Vasculitis subtype
Takayasu arteritis
Childhood polyarteritis nodosa
Cutaneous polyarteritis nodosa
Kawasaki disease

Small (Granulomatous)

Granulomatosis with polyangiitis (formerly known
as Wegener’s granulomatosis)
Eosinophilic

granulomatosis

with

polyangiitis

(formerly known as Churg Strauss)
Small

Microscopic polyangiitis

(Non-granulomatous)

Henoch-Schönlein purpura
Cutaneous leucocytoclastic vasculitis
Hypocomplementaemic urticarial vasculitis

Other

Behçet’s disease
Vasculitis secondary to infection, malignancies, and
drugs, including hypersensitivity vasculitis
Isolated vasculitis of the central nervous system
Cogan syndrome
Unclassified vasculitis

1.1.1.1 Henoch-Schönlein purpura or IgA vasculitis
Henoch-Schönlein purpura (HSP), also referred to as IgA vasculitis, is a small
vessel vasculitis with immunoglobulin (Ig) A-dominant immune deposits
(Jennette et al., 1994). Classification criteria are: palpable purpura with a lower
limb predominance and at least 1 of the following 4: diffuse abdominal pain;
biopsy showing IgA deposition; arthritis and/or arthralgia; haematuria and/or
proteinuria.

Patients

may

develop

glomerulonephritis,

gastrointestinal

haemorrhage and abdominal pain (Punnoose et al., 2012, Brogan and
Eleftheriou, 2017). It is the most common vasculitis in children under 17 years of
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age affecting 13-20 per 100,000 (Yang et al., 2005, Gardner-Medwin et al.,
2002). Gastrointestinal involvement accounts for early morbidity whilst renal
involvement results in morbidity later on as well as being the important
determinant of a poor outcome (Eleftheriou et al., 2015a).
1.1.1.2 Antineutrophil cytoplasmic autoantibody associated vasculitides
Antineutrophil cytoplasmic antibody (ANCA)-associated vasculitis (AAV)
include the following diseases: granulomatosis with polyangiitis (GPA),
microscopic polyangiitis (MPA) and eosinophilic granulomatosis with
polyangiitis (EGPA) (Brogan et al., 2010).
GPA is a necrotizing vasculitis characterised by granulomatous inflammation of
the respiratory tract and glomerulonephritis (Brogan et al., 2010). The median
age of disease onset is 14 years. All organs can be affected with the most
frequently involved systems being ear, nose and throat (ENT); respiratory; renal;
musculoskeletal; nervous; eyes; and skin (Belostotsky et al., 2002). Clinically it
can be useful to think of GPA as having two presentations: a mainly
granulomatous form, which is localized and chronic; and a florid, acute small
vessel vasculitic form with patients susceptible to severe pulmonary
haemorrhage and/or rapidly progressive vasculitis. These two forms can co-exist
or develop sequentially.
MPA is a systemic, necrotizing vasculitis that affects the small vessels without
clinical or pathological evidence of granulomatous inflammation. A number of
systems are involved in the majority of patients: renal (75%), gastrointestinal
(58%), musculoskeletal (52%) and cutaneous (52%) (Cabral et al., 2016). Other
commonly observed features include rapidly progressive glomerulonephritis
(94%) and pulmonary capillaritis (44%) (Jennette et al., 1994, Cabral et al.,
2016). Now a recognised and distinct disease, MPA was initially thought of as
the ‘microscopic’ form of childhood polyarteritis nodosa (PAN) with several
symptoms resembling those of PAN (Jennette et al., 1994). The mean age of
disease onset is 10.8 years with a predominance of patients being female (73%)
(Cabral et al., 2016). This is in contrast to adult populations where the majority
of patients are male (55-60%) (Mohammad et al., 2007, Guillevin et al., 1999).
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EGPA is defined as an eosinophil-rich granulomatous inflammation involving
the respiratory tract and a necrotizing vasculitis affecting small and mediumsized vessels (Jennette et al., 1994). Most patients have significant peripheral
blood eosinophilia and asthma as well as the involvement of various other
systems: renal (83%), pulmonary (74%), upper airways/ENT (70%) and
musculoskeletal (65%) (Zwerina et al., 2009, Cabral et al., 2016). A recent case
series from the UK indicated that the presence of cardiomyopathy is associated
with increased mortality (Zwerina et al., 2009).
1.1.1.3 Kawasaki disease
Kawasaki disease (KD) is an acute, self-limiting vasculitis that predominantly
affects infants and children and nowadays is regarded as the commonest cause of
acquired heart disease in children (Pinna et al., 2008). KD is much more
common in Asian countries compared to the rest of the world (Park et al., 2005,
Newburger et al., 2004, Newburger and Fulton, 2004, Chang et al., 2004). The
highest incidence rate, observed in Japanese children under the age of 5, is
estimated at 134/100,000 (Newburger et al., 2004), whilst incidence in the UK is
reported to be 4.55/100,000 (Tulloh et al., 2016). Additional characteristic
symptoms include prolonged fever, which is unresponsive to antibiotics; bilateral
non-purulent conjunctivitis; gastroenteritis; arthritis; aseptic meningitis; cervical
lymphadenopathy; polymorphous rash; and erythema of the oral mucosa, lips,
tongue, palms and soles (Eleftheriou et al., 2015a). The cardiovascular features
of KD are secondary to widespread vasculitis, which causes formation of
coronary artery aneurysms (Newburger et al., 2004). There is currently no
diagnostic test for KD, which hampers efficient diagnosis and treatment. To
further complicate matters, KD can be mistaken for other common childhood
illnesses such as scarlet fever or viral infections. Nevertheless, it is essential to
diagnose and treat KD to prevent lifelong coronary consequences (Eleftheriou et
al., 2015a).
1.1.1.4 Childhood polyarteritis nodosa
Childhood polyarteritis nodosa (PAN) is a necrotizing systemic vasculitis
affecting medium size muscular arteries and presents with skin; gastrointestinal
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tract; and musculoskeletal and renal system involvement (Ozen et al., 2004). The
peak age of onset for childhood PAN is ~9 – 10 years of age with males and
females being equally affected (Ozen et al., 2004, Eleftheriou et al., 2013).
Although estimated annual incidence in adults is 2 – 9 per million, this figure is
likely to be lower in children (Eleftheriou et al., 2015a). Regardless of this fact,
PAN is still regarded as the most common systemic vasculitis in children after
HSP and KD (Ozen et al., 2004, Ozen et al., 2007). Characteristic symptoms
include fever (87%), myalgia (83%), weight loss (10%), livedo racemosa or
reticularis

(88%),

hypertension,

necrotizing

glomerulonephritis

(19%),

polyneuritis (10%) and ischaemic cardiac disease (Eleftheriou et al., 2013). A
monogenic form of PAN has been recently identified and is discussed in more
detail below.
1.1.1.5 Cutaneous polyarteritis nodosa
Cutaneous polyarteritis nodosa (cPAN) can be described as PAN limited to the
skin. Although the predominant clinical manifestations are cutaneous, such as
livedo reticularis, ulcers, petechiae, purpura and cutaneous necrosis, extracutaneous symptoms may include fever, malaise, neuropathy, arthralgia and
myalgia (Morgan and Schwartz, 2010). An essential distinction between PAN
and its cutaneous counterpart is that multi-organ involvement is not observed in
cPAN (Morgan and Schwartz, 2010).
1.1.1.6 Takayasu arteritis
Takayasu arteritis (TA) is a chronic granulomatous large vessel vasculitis that
predominantly affects the aorta and its main branches. TA can affect patients up
to 50 years of age with a significant proportion of them being female (80 – 90%)
(Chatterjee et al., 2014). The typical age of onset is between 10 – 40 years
although cases as young as 18 months have been reported (Singh et al., 2013).
Initially considered to be a disease that affected predominantly Asian women,
cases all over the world have now been reported (Richards et al., 2010,
Maksimowicz-McKinnon and Hoffman, 2007). In Japan, where the disease was
first described (Takayasu, 1908), there is an unusually high prevalence rate: 40
cases per million (Toshihiko, 1996). The prevalence rate around the rest of the
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world is lower with the UK, for example, reporting 4.7 cases per million (Watts
et al., 2009).
Vascular inflammation initially causes thickening of the arterial wall, which can
lead to stenosis, fibrosis, dilatation, and thrombus formation (Kerr et al., 1994).
In severe acute cases the inflammatory process can destroy the arterial media
causing aneurysm formation (Numano et al., 2000). There are two phases to the
illness: an initial florid inflammatory phase followed by a fibrotic phase
(Eleftheriou et al., 2015b, Morales et al., 1991, Brunner et al., 2010). Due to
symptoms being non-specific there is often a significant diagnostic delay,
sometimes spanning many years. At initial presentation, patients may suffer from
non-specific symptoms such as fever, anorexia, malaise and myalgia (Kerr et al.,
1994, Maksimowicz-McKinnon et al., 2007, Johnston et al., 2002, Mason, 2010,
Freitas et al., 2012). As the vascular lesions progress more characteristic features
may emerge such as limb claudication, vascular bruits, absent peripheral pulses,
hypertension and discrepancies in blood pressure between limbs (Kerr et al.,
1994, Maksimowicz-McKinnon et al., 2007, Johnston et al., 2002, Mason, 2010,
Freitas et al., 2012). Fatal consequences may eventually develop including heart
failure, vessel occlusion and aortic rupture (Rav-Acha et al., 2007, Watson et al.,
2014).

1.1.2 Aetiopathogenesis of primary systemic vasculitis
The cause of most childhood primary systemic vasculitides (PSV) is unknown
but it is likely be the consequence of a complex interaction between
environmental triggers, such as infectious pathogens, and the genetic
predisposition of the affected host. Increasingly, monogenic causes of
inflammatory vasculitis are recognized, due to the more widespread use of nextgeneration genetic sequencing technology.
Due to the seasonal variation associated with some types of PSV (KD and HSP)
it is possible that these diseases are infection-related (Yang et al., 2005, Kim and
Dedeoglu, 2005). Various pathogens (viruses, fungi and bacteria) are known to
either directly cause or potentially trigger pathogenesis of primary systemic
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vasculitis (Pagnoux et al., 2006). For example, the hepatitis B virus has a wellknown causal relationship with PAN whilst parvovirus B19 results in a vasculitis
reminiscent of HSP (Pagnoux et al., 2006). Other suggested causative agents
include Staphylococcus aureus but only in relation to GPA and superantigens
(SAgs), a group of immune-stimulatory agents of viral or bacterial origin that
have the ability to stimulate a large proportion of the T cell population (Li et al.,
1998, Brogan et al., 2004, Popa and Tervaert, 2003). The most convincing
evidence relating to SAgs and vasculitis is that bacterial SAgs potentially trigger
KD (Yamashiro et al., 1996, Leung et al., 1995, Curtis et al., 1995). Finally
ANCAs have been established as directly pathogenic resulting in small vessel
vasculitis. The most accepted theory as to how they cause disease is that the
ANCAs activate neutrophils, which in turn damage endothelial cells, and trigger
an inflammatory response with mononuclear cell recruitment (Pendergraft and
Nachman, 2015, Jennette et al., 2006, Morgan et al., 2006).
Over the last two decades identification of familial and early onset cases of PSV
have raised questions as to the genetic component of these disorders (Mason et
al., 1994, Manganelli et al., 2003, Dergun et al., 2005). Due to developments in
technology and increased sample sizes, significant advances have been made in
elucidating their genetic basis. One of the first studies to be published regarding
the genetics of vasculitis was a genome-wide linkage analysis study conducted
on a KD Japanese cohort and their families (Onouchi et al., 2007). It identified
ten chromosomal regions (4q35, 5q34, 6q27, 7p15, 8q24, 12q24, 18q23, 19q13,
Xp22 and Xq27) with the most significant being 12q24 (Onouchi et al., 2007).
Six subsequent genome wide association studies (GWAS), in different
populations (including Japanese, European, Korean, Taiwanese, and Han
Chinese), corroborated some of the findings from the original linkage study as
well as identifying several new loci (Tsai et al., 2011, Onouchi et al., 2012, Lee
et al., 2012, Kim et al., 2011, Khor et al., 2011, Burgner et al., 2009, Onouchi et
al., 2008). Of interest were five loci that reached genome-wide significance level
and have been replicated in subsequent studies. They are: inositol 1,4,5triphosphate 3-kinase C (ITPKC, a regulator of T-cell activation), caspase 3
(CASP3, which is involved in cellular apoptosis), Fc gamma receptor 2A
(FCGR2A, which encodes a cell-surface protein of the immunoglobulin
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superfamily), B lymphoid tyrosine kinase (BLK, plays a role in B-cell receptor
signaling and B-cell development) and cluster domain 40 (CD40, functions as a
receptor on antigen-presenting cells) (Onouchi et al., 2012, Lee et al., 2012, Khor
et al., 2011, Kuo et al., 2011a, Kuo et al., 2011b, Onouchi et al., 2010, Onouchi
et al., 2008). Several additional associations that have been observed but not
confirmed

include

N-acetylated

alpha-linked

acidic

dipeptidase-like

2

(NAALADL2, unknown function), zinc finger homeobox 3 (ZFHX3, a
transcription factor that regulates myogenic differentiation), Dab reelin signal
transducer homolog 1 (DAB1, plays a role in brain development) and pellino E3
ubiquitin protein ligase 1 (PELI1, involved in toll like receptor and interferon
signaling) (Burgner et al., 2009, Kim et al., 2011).
In comparison to the wealth of GWAS data on KD only a handful of GWAS
have been conducted in AAV populations (Xie et al., 2013, Lyons et al., 2012,
Iwahashi et al., 2017, Kawasaki et al., 2017). Nevertheless they have
significantly increased current knowledge on the genetic aspect of AAV. Two
studies have revealed significantly associated loci within the major
histocompatibility (MHC) class II region, the most significant one being HLADPB1 (Lyons et al., 2012, Xie et al., 2013). Outside of this region serpin
peptidase inhibitor, clade A (alpha-1 antiproteinase, antitrypsin), member 1
(SERPINA1, a serine protease inhibitor), proteinase 3 (PRTN3) and semaphorin
6A (SEMA6A, which has potential involvement in vasculogenesis, cardiogenesis
and immune regulation) are associated with proteinase 3-ANCA associated
vasculitis (Lyons et al., 2012, Carmona et al., 2015, Xie et al., 2013). This
provides preliminary evidence that the type of human leukocyte antigen
determines the type of AAV (Lyons et al., 2012, Xie et al., 2013). More recent
studies have revealed an association between a TNFSF4 polymorphism and
proteinase 3-ANCA vasculitis and an ETS1 polymorphism and GPA (Iwahashi et
al., 2017, Kawasaki et al., 2017).
Lastly, the genetic component of TA has been partly elucidated after the
publication of various Immunochip studies: a study that performed genome
scanning and GWAS (Terao et al., 2013, Saruhan-Direskeneli et al., 2013,
Renauer et al., 2015). The most consistent genetic risk factor across all three
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studies was HLA-B*5201 which was observed in several different populations,
including Japanese, Turkish and North American populations (Terao et al., 2013,
Saruhan-Direskeneli et al., 2013, Renauer et al., 2015). Outside of the MHC
region the most pertinent loci with a genome-wide level of significance were
interleukin 12B (IL12B, a cytokine) (Terao et al., 2013, Saruhan-Direskeneli et
al., 2013), FCGR2A (Saruhan-Direskeneli et al., 2013), interleukin 6 (IL6, a
cytokine) (Renauer et al., 2015) and ribosomal protein S9/leukocyte
immunoglobulin-like receptor, subfamily B, member 3 (RPS9/LILRB3) (Renauer
et al., 2015). The mechanisms linking these potential genetic components and the
disease have yet to be discovered.
1.1.2.1 Monogenic vasculitides
As demonstrated above the systemic vasculitides were largely considered
sporadic diseases, but more recently monogenic forms have been described.
Firstly, a new group of Mendelian disorders known as type I interferonopathies
some of which are associated with vasculitis have started to emerge (Liu et al.,
2014, Jeremiah et al., 2014, Rice et al., 2007, Crow et al., 2006a) and secondly,
the first true cases of monogenic PAN were recently discovered (Navon Elkan et
al., 2014, Zhou et al., 2014).
In 2014 two separate studies investigated PAN patients, of different ancestries
(European and Georgian Jewish), using whole exome sequencing (Navon Elkan
et al., 2014, Zhou et al., 2014). Both independently discovered deleterious
mutations in the cat eye syndrome chromosome region candidate 1 gene
(CECR1) (Navon Elkan et al., 2014, Zhou et al., 2014). All the Georgian Jewish
patients from one study and three patients from the other study were found to be
homozygous for the same damaging mutation (p.G47R) (Navon Elkan et al.,
2014, Zhou et al., 2014). Out of the remaining patients eleven were confirmed as
compound heterozygous for eleven mutations in CECR1 (Navon Elkan et al.,
2014, Zhou et al., 2014). All mutations resulted in the loss-of-function of
CECR1, which encodes adenosine deaminase 2 (ADA2). The functional
consequence was a significantly reduced level of ADA2 activity in the
haematopoietic stem cell populations of patients (Navon Elkan et al., 2014, Zhou
et al., 2014). The disease now termed deficiency of ADA2 (DADA2) was shown
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to lead to cerebral and systemic vasculitis by affecting the adenosine
inflammatory-response pathway (Navon Elkan et al., 2014, Zhou et al., 2014).
DADA2 is thus the first example of a monogenic disease causing PAN, a
systemic vasculitis previously considered to be polygenic (Navon Elkan et al.,
2014, Zhou et al., 2014). Since the initial discovery a number of studies have
identified additional novel mutations in CECR1 (Garg et al., 2014, Caorsi et al.,
2017, Batu et al., 2015, Nanthapisal et al., 2016). For example, an 11-year-old
Caucasian female, originally diagnosed with PAN, was found to harbour a novel
CECR1 deletion (c.144delG) resulting in a frameshift and insertion of a
premature stop codon (Nanthapisal et al., 2016). The proband was found to have
low enzymatic function of serum ADA2 and low CECR1 mRNA expression
(Nanthapisal et al., 2016).
The new group of Mendelian diseases termed type I interferonopathies are a
growing group characterised by defective regulation of type I interferons and
include diseases such as stimulator of interferon genes (STING)-associated
vasculitis

of

infancy

(SAVI);

Chronic atypical neutrophilic dermatosis

with lipodystrophy and elevated temperature (CANDLE) syndrome; and AicardiGoutieres syndrome (AGS) (Volpi et al., 2016). SAVI is caused by sporadic
dominant mutations in the transmembrane protein 17 gene (TMEM17). It has
characteristic cutaneous features (vasculitic rash on the nose, cheeks and
peripheries) as well as systemic involvement and interstitial lung disease (Liu et
al., 2014). Therapeutic options are limited due to the disease’s heterogeneity but
treatment targeting the interferon pathway (e.g. Janus Kinase (JAK) inhibitors) is
currently the best hope for individuals suffering from these conditions (Volpi et
al., 2016).
Taking into account that several other forms of systemic vasculitis present early
on in life and segregate within families, similarly to PAN and diseases such as
SAVI and CANDLE, it is likely that several monogenic causes of primary
systemic vasculitides exist and are yet to be identified (Morishita et al., 2011,
Singh et al., 2013, Watson et al., 2014).
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1.1.3 Non-inflammatory vasculopathy
Non-inflammatory vasculopathies have a significantly different mechanism to
inflammatory vasculopathies but may present clinically in a similar way with
features such as myocardial infarction, skin changes, renal and cerebral
involvement (Callewaert et al., 2008, Scott and Smith, 2009, Hara et al., 2009,
Loeys et al., 2006). Changes such as increased myofibroblast proliferation in the
sub-endothelial layer or defective synthesis and secretion of an extracellular
microfibril constitutive element can lead to occlusive thickening or weakening of
the vessel walls, respectively (Callewaert et al., 2008, Scott and Smith, 2009,
Hara et al., 2009, Loeys et al., 2006). Examples of non-inflammatory
vasculopathies include a number of monogenic aortopathies such as Marfan
syndrome, Loeys-Dietz syndrome and Ehlers-Danlos syndrome type IV; as well
as several cerebral arteriopathies like fibromuscular dysplasia, moyamoya
disease (MMD) and Cerebral Autosomal-Dominant/Recessive Arteriopathy with
Subcortical Infarcts and Leukoencephalopathy (CARASIL and CADASIL), to
name but a few (Callewaert et al., 2008, Scott and Smith, 2009, Hara et al., 2009,
Loeys et al., 2006). Characteristic features of such diseases include large arterial
aneurysms; dilation; tortuosity of the aorta and its major branches; and arterial
stenosis (Callewaert et al., 2008, Scott and Smith, 2009, Hara et al., 2009, Loeys
et al., 2006). Unlike the systemic inflammatory vasculitides, the majority of the
non-inflammatory vasculopathies are monogenic (see Table 1-2). Table 1-2
details the genetic defects that have been identified, to date, in association with
various non-inflammatory vasculopathies. Taking into account the disease
pathogenesis of non-inflammatory vasculopathies, more than half of the reported
genes are involved in collagen homeostasis, smooth muscle function and growth
factor signaling (Table 1-2). The more common diseases and associated
mechanisms are described in more detail below.
Table 1-2 Monogenic causes of non-inflammatory vasculopathies

Disease

Phenotype

Genes

Familial thoracic
aortic aneurysm and
dissection (TAAD)

Aneurysm or dissection of the
aorta due to medial necrosis.
Aortic stenosis.

ACTA2 (Guo et al.,
2007), MFAP5
(Barbier et al., 2014),
MYH11 (Zhu et al.,
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Marfan syndrome

Mitral valve prolapse, mitral
regurgitation, dilatation of the
aortic root and aortic
regurgitation. Aortic aneurysm
and dissection. Tall and slender,
arachnodactyly,
scoliosis/kyphosis and myopia.

Loeys-Dietz
syndrome (LDS)

Arterial tortuosity, enlarged aorta
and aortic aneurysm.
Hypertelorism, bifid uvula, cleft
palate and craniosynostosis.

Ehlers Danlos
syndrome (EDS)
type IV
Congenital
contractural
arachnodactyly

Moyamoya disease
(MMD)

2006), MYLK (Wang
et al., 2010), PRKG1
(Guo et al., 2013) and
TGFBR2 (Pannu et al.,
2005)
FBN1(Lee et al.,
1991)

SMAD3 (Regalado et
al., 2011, van de Laar
et al., 2011), TGFB2
(Boileau et al., 2012),
TGFB3 (Rienhoff et
al., 2013), TGFBR1
(Loeys et al., 2006,
Loeys et al., 2005)
and TGFBR2 (Loeys
et al., 2006, Loeys et
al., 2005)
Spontaneous rupture of large
COL3A1 (Tsipouras et
arteries. Hypermobililty and
al., 1986, Supertistretchy skin.
Furga et al., 1988,
Milewicz et al., 1993,
Leistritz et al., 2011)
Dilatation of the aortic root, mitral FBN2 (Putnam et al.,
valve prolapse and mitral
1995)
regurgitation. Contractures,
arachnodactyly, scoliosis and
crumpled ears.
Bilateral intracranial carotid artery
occlusion. Hemiplegia, epileptic
seizures and subarachnoid
bleeding.

CARASIL syndrome Progressive encephalopathy.
Spastic ataxia, generalised
rigidity, hyper-reflexia and
dementia.
CADASIL syndrome Progressive encephalopathy.
Migraine, recurrent stroke and
cognitive impairment.
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ACTA2 (Guo et al.,
2009), GUCY1A3
(Herve et al., 2014)
and RNF213 (Liu et
al., 2011, Kamada et
al., 2011).
HTRA1 (Hara et al.,
2009)

NOTCH3 (Joutel et
al., 1997)

Other cerebral
arteriopathy

Aneurysms. Cerebral palsy,
migraine, cataracts, nephropathy
and renal cysts.

COL4A1(Shah et al.,
2010)

Aicardi-Goutières
syndrome (AGS)

Occlusive or aneurysmal cerebral
arteriopathy. Epilepsy, basal
ganglia calcification,
leukoencephalopathy, moderate to
severe developmental delay,
agenesis/digenesis of corpus
callosum and chorioretinal
lacunae.

ADAR1 (Rice et al.,
2012), IFIH1 (Rice et
al., 2014), RNASEH2B
(Crow et al., 2006b),
RNASEH2C (Crow et
al., 2006b),
RNASEH2A (Crow et
al., 2006b), SAMHD1
(Rice et al., 2009) and
TREX1 (Crow et al.,
2006a)

Pulmonary
venoocclusive
disease

Pulmonary artery hypertension,
occlusion of pulmonary veins,
occult alveolar haemorrhage.

BMPR2 (Runo et al.,
2003)

Juvenile
polyposis/hereditary
hemorrhagic
telangiectasia
syndrome

Arteriovenous malformations of
the lungs, liver, brain and
gastrointestinal tract.
Teleangiectases of the skin and
epistaxis. Polyps in the
gastrointestinal tract.

SMAD4 (Gallione et
al., 2006)

Supravalvar aortic
stenosis

Stenosis of the aorta.

ELN (Ewart et al.,
1994)

Aortic valve disease

Bicuspid aortic valve. Valve
calcification.

NOTCH1 (Garg et al.,
2005)

Shprintzen Goldberg
syndrome

Valve regurgitation, aortic root
dilation, aneurysm.
Hypertelorism, exophthalmos and
micrognathia. Long slender
fingers and limbs, scoliosis.

SKI (Doyle et al.,
2012)

1.1.4 Vasculopathies with predominant aortic involvement
1.1.4.1 Ehlers-Danlos syndrome
Ehlers-Danlos syndrome (EDS) is a connective tissue disorder that has been
subcategorized into thirteen subtypes: classical, classical-like, cardiac-valvular,
hypermobile, vascular, kyphoscoliotic, arthrochalasia, dermatosparaxis, brittle
cornea syndrome, spondylodysplastic, musculocontractural, myopathic and
periodontal (Malfait et al., 2017). All types share the common features of
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hyperextensibility, articular hypermobility and tissue fragility (Malfait et al.,
2017). The most relevant type of EDS for this report is the vascular type. Unlike
the other types of EDS, vascular EDS is potentially life threatening as there is the
risk of spontaneous vessel rupture due to severe tissue fragility. Vessels at risk of
rupture include the aorta, splenic, iliac and renal arteries. Other phenotypic traits
include translucent skin with abnormally visible veins, increased tendency to
bruise, varicosities and characteristic facial features (thin face, large eyes, thin
lips, thin nose) (Germain and Herrera-Guzman, 2004, Malfait et al., 2017).
Mutations in the pro-alpha1 chain of type III collagen gene (COL3A1) are well
documented as causing vascular EDS, which is an autosomal dominantly
inherited disease (Tsipouras et al., 1986, Superti-Furga et al., 1988, Milewicz et
al., 1993, Leistritz et al., 2011). Shortened pro-alpha1 chains lead to decreased
molecular stability, impaired collagen fibril formation and inefficient procollagen
secretion (Superti-Furga et al., 1988). More than 600 COL3A1 pathogenic
variants have been recorded with the null mutations having reduced penetrance
compared to the missense or splice-site mutations (Leistritz et al., 2011, Pepin et
al., 1993). Individuals harbouring null mutations have an extended life span
where the age at which the first complication is observed is delayed by 15 years
compared to those with protein altering mutations (Leistritz et al., 2011).
1.1.4.2 Marfan syndrome
Marfan syndrome is a fibrous connective tissue disorder mainly affecting the
skeletal, ocular and cardiovascular systems (Gray and Davies, 1996). Skeletal
features include increased height, long limbs, joint laxity and a highly arched
palate leading to overcrowding of the teeth (Gray and Davies, 1996). Ocular
findings consist of myopia and subluxation of the lens (Gray and Davies, 1996).
The cardiovascular traits include mitral valve prolapse, mitral regurgitation,
dilatation of the aortic root and aortic regurgitation (Gray and Davies, 1996).
Life threatening cardiovascular complications may arise such as aortic aneurysm
and dissection.
Marfan syndrome is an autosomal dominant disorder caused by mutations in the
fibrillin-1 (FBN1) gene, 27% of which are spontaneous mutations (Lee et al.,
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1991). Fibrillin-1 is a glycoprotein, which is the major component of microfibrils
in the extracellular matrix. Microfibrils are involved in elastic fiber homeostasis
and structural integrity providing the scaffold onto which elastin is deposited
(Whiteman et al., 2006, Ross and Bornstein, 1969). Individuals suffering from
Marfan syndrome have been documented to have defects in fibrillin synthesis,
secretion and extracellular matrix formation (Milewicz et al., 1992).
1.1.4.3 Loeys-Dietz syndrome
Loeys-Dietz syndrome (LDS) is an aortic aneurysm syndrome with extensive
systemic involvement (Loeys et al., 2005). The characteristic features are
hypertelorism; bifid uvula or cleft palate; and arterial tortuosity and aneurysms.
Other systemic findings include craniosynostosis, mental retardation, congenital
heart disease and structural brain abnormalities (Loeys et al., 2005).
To date five genes, all involved in TGF-β signalling, have been identified in
association with LDS: type I transforming growth factor β receptor (TGFBR1)
(Loeys et al., 2006, Loeys et al., 2005), type II transforming growth factor β
receptor (TGFBR2) (Loeys et al., 2006, Loeys et al., 2005), type II transforming
growth factor β (TGFB2) (Boileau et al., 2012), type III transforming growth
factor β (TGFB3) (Rienhoff et al., 2013) and SMAD family member 3 (SMAD3)
(Regalado et al., 2011). Heterozygous mutations in TGFBR1 and TGFBR2 are
suggested to enhance TGF-β signaling ultimately affecting cell performance
during tissue development and homeostasis (Loeys et al., 2005). Affected
individuals appear to have increased expression of connective tissue growth
factor (Loeys et al., 2005). Regarding TGFB2, causative mutations resulting in
haploinsufficiency have been observed (Boileau et al., 2012). Reduced levels of
TGFβ2 disrupt several developmental processes including the epithelial-tomesenchymal transition and differentiation of neural-crest derived tissues
(Boileau et al., 2012). This affects a wide range of cells/tissues in particular
vascular smooth muscle cell (VSMC) differentiation from neural crest cells
(Boileau et al., 2012, Guo and Chen, 2012). De novo mutations in TGFB3 have
been shown to lead to a non-functional TGFβ3 ligand (Loeys et al., 2005).
Similarly to TGFβ2, a reduced level of TGF-β signalling may affect crucial
embryonic developmental stages such as myogenesis (Loeys et al., 2005). Lastly,
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SMAD3 is a key regulator of the TGF-β pathway with heterozygous SMAD3
mutations affecting its ability to relay TGF-β signals (van de Laar et al., 2011).
Dysregulation of the pathway could be further enhanced by alternative or
compensatory mechanisms being activated (van de Laar et al., 2011).
1.1.4.4 Familial thoracic aortic aneurysm
Individuals with familial thoracic aortic aneurysm and/or aortic dissection
(TAAD) develop aneurysms or dissections of the aorta due to degenerative
changes in the aortic wall (Hanley and Jones, 1967). Aortic tissue has a
histological appearance termed ‘medial necrosis’ where the elastic fibers have
degenerated and fragmented, smooth muscle cells are lost and there is an
accumulation of basophilic ground substance (Hanley and Jones, 1967).
Although thoracic aortic aneurysms can occur in other connective tissue
disorders like Marfan syndrome and EDS, they are more commonly observed in
the absence of any identifiable syndrome (Regalado et al., 2011).
TAAD is inherited in an autosomal dominant fashion with several genes
identified as being causative: smooth muscle myosin heavy chain 11 (MYH11),
actin alpha 2 (ACTA2), myosin light chain kinase (MYLK), protein kinase
CGMP-dependent type 1 (PRKG1), and transforming growth factor beta receptor
2 (TGFBR2) (Pannu et al., 2005). Of these genes, three encode smooth muscle
cell (SMC) contractile proteins (ACTA2, MYH11 and MYLK) indicating the
importance of the SMC contractile unit in vascular integrity, especially in the
aorta. The first SMC contractile protein to be identified in association with
TAAD was MYH11. Mutations in MYH11 are responsible for <2% of cases
(Pannu et al., 2007) and affect the C-terminal region of MYH11 (Zhu et al.,
2006). The mutations cause a conformational change of the α-helical coiled-coil
structure, which affects its stability and thus assembly of myosin thick filaments
resulting in aortic stiffness. On the back of identifying MYH11 as a causative
gene ACTA2 mutations were then reported to be associated with TAAD (Guo et
al., 2007). Accounting for 14% of cases ACTA2 mutations are the most common
cause of TAAD (Guo et al., 2007). Abnormalities in ACTA2 filament assembly
or stability result in dysfunctional SMC contraction (Guo et al., 2007).
Interestingly, in some cases ACTA2 mutations are also associated with livedo
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reticularis, indicating a potential occlusive vascular phenotype (Guo et al., 2007).
The most recent SMC contractile protein to be identified is MYLK (Wang et al.,
2010). MYLK encodes myosin light chain kinase (MLCK) that phosphorylates
the regulatory light chain of smooth muscle myosin II leading to smooth muscle
contraction. Heterozygous loss-of-function mutations in MYLK cause decreased
contractile function of SMCs such that the aorta is unable to withstand the
biomechanical forces imposed on it over an individual’s lifetime. Mutations in
TGFBR2 account for 5% of TAAD and result in the dysregulation of TGF-β
signaling although the precise pathogenic mechanism has yet to be elucidated
(Pannu et al., 2005). The last gene associated with TAAD is PRKG1: a gain-offunction missense mutation (Guo et al., 2013). This mutation increases the
activity

of

the

encoded

PRK-1α

protein,

which

in

turn

increases

dephosphorylation of the SMC regulatory light chain and consequently decreases
SMC contractility (Guo et al., 2013).

1.1.5 Cerebral arteriopathies
Cerebral arteriopathy is a recognised cause of childhood arterial ischaemic stroke
and is a strong predictor of recurrent episodes (Amlie-Lefond et al., 2009).
There are various subtypes of arteriopathy defined by the International Paediatric
Stroke Study such as focal cerebral arteriopathy, sickle cell disease arteriopathy
and post-varicella angiopathy (Amlie-Lefond et al., 2009). For the purposes of
this introductory overview, I will be focusing on arteriopathies with identified
genetic causes.
1.1.5.1 Cerebral Autosomal-Dominant/Recessive Arteriopathy with
Subcortical Infarcts and Leukoencephalopathy
(CARASIL/CADASIL)
CARASIL/CADASIL are non-hypertensive cerebral small vessel arteriopathies.
CARASIL is characterised by alopecia, spondylosis, and progressive motor
dysfunction and dementia (Hara et al., 2009) whilst CADASIL is characterised
by migraine, recurrent stroke and progressive cognitive impairment (Markus et
al., 2002). CARASIL is associated with mutations in HtrA serine peptidase 1
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(HTRA1) (Hara et al., 2009) and CADASIL with NOTCH3 (Joutel et al., 1996).
HTRA1 is involved in the inhibition of TGF-β signaling with mutant HTRA1
resulting in an increase in TGF-β signaling (Hara et al., 2009). However, how the
disinhibition of TGF-β signaling specifically leads to the CARASIL phenotype is
as yet unknown (Hara et al., 2009). CADASIL is associated with mutations in
NOTCH3 although the pathogenic mechanism has yet to be elucidated (Joutel et
al., 1997, Haritunians et al., 2002, Cleves et al., 2010, Granild-Jensen et al.,
2009).
1.1.5.2 Aicardi-Goutieres syndrome
Aicardi-Goutieres syndrome (AGS) is characterised by progressive early-onset
encephalopathy with significant mental and physical disabilities (Goutieres,
2005). Typical clinical features are microcephaly, dystonia and spasticity,
hepatosplenomegaly, sterile pyrexias and chilblain lesions (Crow, 1993).
Neuroimaging displays distinctive traits such as basal ganglia calcifications,
cerebral atrophy, bilateral striatal necrosis and intracerebral vasculopathy (Crow,
1993). There is also a specific cerebral spinal fluid (CSF) phenotype: CSF
leukocytosis, high levels of α-interferon and increased neopterin concentration
(Goutieres, 2005).
AGS is a genetically heterogeneous disorder caused by mutations in a number of
different genes. There are seven forms of AGS (Livingston and Crow, 2016)
each caused by mutations in a different gene: AGS1 is caused by TREX1 (Crow
et al., 2006a); AGS2 by RNASEH2B (Crow et al., 2006b); AGS3 by RNASEH2C
(Crow et al., 2006b); AGS4 by RNASEH2A (Crow et al., 2006b); AGS5 by
SAMHD1 (Rice et al., 2009); AGS6 by ADAR1 (Rice et al., 2012); and AGS7 by
IFIH1 (Oda et al., 2014). However, only one form is associated with a
vasculopathic phenotype: AGS5 caused by mutations in SAM domain and HD
domain 1 (SAMHD1) (Xin et al., 2011, Thiele et al., 2010, Ramesh et al., 2010,
du Moulin et al., 2011). Patients with AGS5 display intracerebral large artery
disease, which causes cerebral artery stenosis and aneurysms, as well as
cutaneous vasculopathic features (Xin et al., 2011, Thiele et al., 2010, Ramesh et
al., 2010, du Moulin et al., 2011). The mechanistic pathways causing AGS are
described as follows. TREX1 encodes a three prime repair exonuclease which
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when dysfunctional is thought to result in the accumulation of unwanted
intracellular DNA that triggers a viral-like innate immune response (Crow et al.,
2006a). Three of the causative genes for AGS encode components of the
ribonuclease H enzyme complex that catalyses cleavage of RNA from
RNA:DNA complexes (Crow et al., 2006b). Reduced activity of this complex
may affect cellular processes but how this causes an immunological response is
as yet unknown (Crow et al., 2006b). The mechanism behind SAMHD1 is
thought to prevent self-activation of innate immunity and abrogation of this leads
to AGS5 (Rice et al., 2009). Its role in vasculopathy development is not clear but
it may be related to the dysregulation of the primary inflammatory stress
response in fibroblasts (Thiele et al., 2010). Similarly to the aforementioned
genes, ADAR1 is hypothesised to affect interferon (IFN) regulation through
aberrant editing of dsRNA (Rice et al., 2012) whilst mutated IFIH1 is unable to
detect nucleic acids leading to their inappropriate accumulation (Rice et al.,
2014).
1.1.5.3 Moyamoya disease
Moyamoya disease (MMD) is a progressive vaso-occlusive disease characterized
by stenosis of the distal internal carotid arteries (ICAs) and their major branches
(Scott and Smith, 2009, Kuroda and Houkin, 2008). To compensate for the
reduced cerebral blood flow and resulting ischaemia numerous small collateral
vessels develop in the bottom of the cerebrum (Kuroda and Houkin, 2008).
When visualized on cerebral angiography the mesh of tiny collateral vessels look
like ‘a puff of smoke’, which in Japanese is referred to as ‘moyamoya’ (Suzuki
and Takaku, 1969).
The angiographic pattern of stenosis and subsequent basal collateral vascular
development in MMD is unfortunately not exclusive to this disease. In some
cases, a moyamoya-like vasculopathy develops in patients with previously
diagnosed diseases or syndromes (Kuroda and Houkin, 2008). In these instances,
the disorder is termed moyamoya syndrome, as opposed to MMD, as alternative
diseases can contribute to the pathogenesis of the cerebral vasculopathy. There
are several moyamoya syndrome-associated diseases, some more common than
others. The more common ones include neurofibromatosis type 1, Down
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syndrome (trisomy 21), thyroid disease and sickle cell anaemia (Scott and Smith,
2009, Kuroda and Houkin, 2008, Dowling and Kirkham, 2017). The disease
generally involves bilateral hemispheres but in some cases arterial stenosis is
only evident in one hemisphere; in this case it is referred to as unilateral
moyamoya syndrome (Kuroda and Houkin, 2008). The consensus definition of
MMD, therefore, is based on its fundamental anatomic characteristics: bilateral,
idiopathic vascular occlusion of the circle of Willis (Scott and Smith, 2009,
Kuroda and Houkin, 2008).
There are two peak ages of onset for MMD: one at ~40 years of age which
commonly presents as intracranial haemorrhage, and another at around 5 years of
age which typically presents as arterial ischaemic stroke (Wakai et al., 1997).
Severity is directly related to age of onset: the younger the child the more severe
the presentation (Kim et al., 2004) with one study demonstrating that MMD has a
poor prognosis in patients under the age of 4 (Papavasiliou et al., 2007). The
incidence of MMD varies between countries. MMD has a higher incidence rate
in Eastern Asian countries, such as Japan, Korea and China, compared to the rest
of the world (Uchino et al., 2005, Kim, 2016). In Japan incidence is as high as 310 cases per 100,000 whilst in the USA it is 0.09 per 100,000 (Fukui et al.,
2000).
Three genes have been linked to MMD: ring finger protein 213 (RNF213) (Liu et
al., 2011, Kamada et al., 2011, Miyatake et al., 2012b, Miyatake et al., 2012a);
guanylate cyclase 1, soluble, alpha 3 (GUCY1A3) (Herve et al., 2014); and
ACTA2 (Guo et al., 2009).
RNF213 was first identified as a susceptibility gene for MMD in a Japanese
patient cohort (Kamada et al., 2011). The mutation that was discovered
(p.R4859K) was thought to be a founder mutation due to the high carrier
frequency in Japan (1/72) and complete absence in a large Caucasian control
population (Kamada et al., 2011). This theoretcially explains the higher
incidence rate in Japanese, and potentially also other Eastern Asian populations.
A further 10 mutations were subsequently identified in East Asian and Caucasian
cases (Liu et al., 2011). The variants discovered were significantly associated
with MMD conferring disease risk with an odds ratio (OR) ranging from 23642

338.9 (Miyatake et al., 2012a, Liu et al., 2011). To determine functional
relevance of RNF213, knockdown in zebrafish using morphilinos resulted in
severely abnormal vessel sprouting in the head region, in addition to irregularly
sized large vessels (lateral dorsal aorta and basilar artery) with aberrant sprouting
(Liu et al., 2011). The morphant phenotype suggested that RNF213 was
somehow involved in intracranial angiogenesis, but the exact mechanism was not
elucidated.
Deleterious mutations in GUCY1A3 were identified in association with an
autosomal recessive disease characterised by severe MMD and early-onset
achalasia (Herve et al., 2014). Patients were homozygous for different variants,
which all resulted in loss-of-function of the α1 subunit of soluble guanylate
cyclase (sGC), a receptor for nitric oxide (NO) and an abundant protein in the
vascular system (Herve et al., 2014). Although it is not known how loss of sGC
causes MMD, it is hypothesized that abnormal vascular remodeling may result
from changes to the NO-sGC pathway (Herve et al., 2014).
Mutations in ACTA2, which encodes alpha smooth muscle actin, were first found
to be associated with familial thoracic aortic aneurysm (Guo et al., 2007). The
mutations affected aortic integrity by disrupting actin filament structure and
stability (Guo et al., 2007). Since then ACTA2 has also been associated with a
variety of other vascular diseases including coronary artery disease, stroke, and
MMD (Guo et al., 2009, Milewicz et al., 2010). Vascular analysis has indicated
that ACTA2 contributes to a vascular occlusive phenotype, like MMD, via
increased SMC proliferation, which is directly modulated by alpha actin (Guo et
al., 2009). However, patients where an ACTA2 mutation was observed and who
were classified as having MMD did not actually display the characteristic
hallmarks of MMD since they had absence of a basal collateral network (Munot
et al., 2012). This would suggest that the cerebral arteriopathy associated with
ACTA2 has a different radiographic phenotype to MMD (Munot et al., 2012).
1.1.5.4 Neurofibromatosis type 1
Neurofibromatosis type 1 (NF1) is an autosomal dominant disease caused by
mutations in the neurofibromin gene (NF1) (Boyd et al., 2009). Due to the high
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rate of spontaneous mutations in this gene the causative mutations can range
from complete gene deletions to insertions and splice mutations. Although not
defined as a cerebral arteriopathy per se, 6-7.4% of individuals diagnosed with
NF1 display cerebral arterial stenosis (Rea et al., 2009, D'Arco et al., 2014). It
should be noted, however, that occlusive or aneurysmal disease can potentially
affect any artery in the body in patients with NF1 (Lie, 1998). Aside from
cerebral arteriopathy, abdominal coarctation of the aorta and renal artery stenosis
are the other most frequently observed vasculopathies in NF1 patients (Lie,
1998). Other characteristic phenotypic traits include plexiform neurofibromas as
well as cutaneous and subcutaneous fibromatous tumors; café-au-lait spots;
intertriginous freckles; Lisch nodules in the eye; and optic gliomas (Szudek et
al., 2003).
NF1 belongs to a group of Mendelian diseases termed RASopathies, which
harbour mutations in genes involved in the RAS/mitogen-activated protein
kinase (MAPK) pathway. Other syndromes that belong to this group include
Noonan

syndrome,

capillary

malformation–arteriovenous

malformation

syndrome, cardiofaciocutaneous syndrome, Legius syndrome and Costello
syndrome to name a few (Rauen, 2013). Ras proteins are small guanosine
nucleotide-bound GTPases that function as an essential signalling hub
(Wennerberg et al., 2005). They are activated by growth factors binding to
receptor tyrosine kinases (RTKs) that in turn activate various critical downstream
signalling pathways. One of these is the MAPK pathway, which is essential to
normal cell development and controlling processes such as cell cycle regulation,
differentiation, growth and cell senescence (Tidyman and Rauen, 2009). NF1
encodes a GTPase activating protein that negatively regulates Ras. Loss-offunction mutations in NF1 reduce RASGTPase activity thus increasing
Ras/MAPK pathway signalling and causing aberrant cell regulation, growth and
proliferation (Tidyman and Rauen, 2009, Bollag et al., 1996). Another gene
associated with a disease that displays similar phenotypic traits to NF1, Noonan,
Costello, cardiofaciocutaneous, and Legius syndromes is c-CBL (Niemeyer et al.,
2010). Patients with mutations in c-CBL displayed traits such as café-au-lait
spots, cardiomyopathy, cryptorchism, hypertension, developmental delay,
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hearing loss, optic atrophy and vasculitis in addition to increased susceptibility to
juvenile myelomonocytic leukaemia (Niemeyer et al., 2010).

1.2 Discovering novel genetic causes of
vasculopathies
As highlighted previously, patients with either vasculitis or non-inflammatory
vasculopathy display a wide range of clinical symptoms and complications
depending on which vascular beds are affected (Eleftheriou et al., 2015a).
Despite the clear-cut differences in the pathogenesis of vasculitis versus noninflammatory vasculopathy, the initial clinical presentation can be similar
causing clinical differentiation for individual patients to be challenging (Moritani
et al., 2004, Berlit, 1994). Nevertheless, it is essential to differentiate vasculitis
from non-inflammatory vasculopathy since the former are treated with
aggressive immunosuppression, which would be ineffective and even harmful to
patients with the latter (Jayne, 2010). That said, non-inflammatory vasculopathy
is also associated with significant cardiovascular and cerebrovascular morbidity
and mortality (Berlit, 1994); a timely genetic diagnosis is therefore essential to
allow prognostication, avoid inappropriate immunosuppression, facilitate genetic
counseling, and relieve the “burden of unknowing” for families afflicted with
these diseases.
As illustrated above, the list of monogenic vasculopathies is growing
highlighting the importance of understanding the genetic basis of disease for
many of these syndromes. The genetic mutations associated with the
vasculopathies can affect a whole range of mechanisms such as disrupting an
artery’s structure during key developmental time points; interfering with
homeostasis; or being triggered by environmental stress (Whiteman et al., 2006,
Guo et al., 2013, Wang et al., 2010, Herve et al., 2014). Due to the overlapping
phenotypes presented by these disorders, genetic sequencing is often required for
accurate diagnosis and appropriate clinical intervention. Notably, technological
advances have led to a revolution in the understanding of the genetics of some of
these vasculopathic disorders (Milewicz et al., 2014).
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High-throughput “next-generation” sequencing (NGS) is a fairly recent
methodological innovation that allows rapid and affordable identification of
mutations in genes associated with genetic disorders (Metzker, 2010), therefore
can impact significantly on clinical care. NGS assays that are targeted to
genomic regions that have been associated with previously identified pathogenic
mutations offer several advantages over traditional sequencing methods such as
lower sequencing cost, and the ability to rapidly assess a large number of regions
(Metzker, 2010). Using such technologies, it is perhaps unsurprising that a
number of genes have been identified in association with vasculopathic diseases
(summarized above in Table 1-2). A major example of how understanding the
genetic basis of a disease can lead to treatment is demonstrated by LDS.
Identifying mutations in genes encoding components of the TGF-β signaling
pathway led to treatment with the angiotensin II type 1 receptor antagonist
losartan that restores SMAD2 phosphorylation and TGF-β1 expression thus
significantly slowing the arteriopathy progression (Habashi et al., 2006, Gallo et
al., 2014). At present a large proportion of patients with severe genetic
vasculopathies do not have a causative mutation identified in any one of the
known genes associated with vasculopathy. NGS however may provide a rapid
way of discovering novel genetic causes for these diseases. Next generation
sequencing techniques are described in more detail below.

1.2.1 Next-generation sequencing
Next-generation sequencing is the term given to non-Sanger-based highthroughput DNA sequencing technologies (Reis-Filho, 2009). This technology
allows billions of DNA strands to be sequenced in parallel, resulting in a
significantly higher throughput and reducing the need for fragment-cloning
methods (Reis-Filho, 2009). Several different next-generation methods for DNA
sequencing were developed in the late 1990s and applied in commercial DNA
sequencers by 2000. Over the past 15 years, the cost of sequencing has
dramatically dropped as technology has advanced in leaps and bounds. In
September 2001, it cost $95,263,072 to sequence a genome or $5,292.39 per Mb.
Today, a genome costs just $4211 or $0.05 per Mb to sequence (Wetterstrand).
NGS provides an unbiased approach to assessing genetic variants in an
46

individual’s genome or exome (Marian, 2012). Clinical phenotypes are
determined by a combination of genetic and environmental factors and it is this
genetic component that can potentially be delineated using NGS methods
(Marian, 2012). There are three well recognised next generation sequencing
methods: whole genome sequencing (WGS), whole exome sequencing (WES)
and targeted enrichment of a set of genes (gene panels). The aim of each
technique is to identify and analyse rare variants, which might have a large effect
size and therefore be potentially pathogenic.
1.2.1.1 Whole genome sequencing
Whole genome sequencing (WGS) provides the most comprehensive analysis of
an individual’s genetic variation capturing rare variants as well as providing
insight into structural anomalies and changes (e.g. copy number variants). WGS
used to be prohibitively expensive but as sequencing costs have fallen WGS has
become a more likely choice when it comes to identifying novel mutations.
However, analysis of the copious amounts of data generated per individual is a
significant hurdle as the time needed to determine which variants are meaningful
or not could prove limiting (Ng and Kirkness, 2010, Sun et al., 2015).
WGS is being used within the NHS at the moment. In 2012 the 100,000
Genomes Project was launched in the UK, which aims to sequence 100,000
genomes from 70,000 patients diagnosed with rare diseases and their families
and patients with cancer. The aim is to use the sequence data to provide patients
with diagnoses and potentially develop new and more effective treatments.
1.2.1.2 Whole exome sequencing
WES was first proposed by Ng et al. (2009) as a feasible method to identify
disease-causing genes. It assesses genetic variants in the protein-coding part of
the genome: ~1% of the total genome (Rabbani et al., 2014). Unsurprisingly,
such an approach is cheaper and simpler than WGS in terms of execution and
analysis.
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Although WES does carry the fundamental caveat that it does not sequence noncoding genomic regions, it is still a well-justified strategy for discovering rare
genetic variants in Mendelian diseases, and potentially even in complex
situations, for two main reasons (Rabbani et al., 2014). Firstly, the majority of
known Mendelian diseases are due to disruptions in the protein-coding sequences
(Stenson et al., 2009); and secondly, a significant proportion of protein-altering
mutations, like non-synonymous substitutions and insertion/deletions, are
predicted to have a deleterious effect on the resulting protein structure and
function (Kryukov et al., 2007). The exome is, therefore, an ideal source of
potential rare causative variants for as yet unexplained diseases. Any findings
through WES and subsequent analyses may, however, need to be confirmed
using Sanger sequencing due to reduced accuracy of reads (Reis-Filho, 2009). As
such WES and Sanger sequencing can be viewed as complementary approaches.
There are two main challenges associated with employing WES in a clinical
context: technical issues and data interpretation. Firstly, due to the size of the
human exome, the error rate of allele calling is fairly significant with a false
positive rate of ~5%. This equates to approximately 50,000 erroneous variants
for every one million variants called. In addition, at the moment WES is only
able to provide adequate coverage for 80-90% of exons leaving the possibility of
missed diagnoses (Kiezun et al., 2012). Secondly, identifying the true causal
allele from the vast number of harmless variants present in any one individual is
extremely difficult.
1.2.1.3 Targeted enrichment of a set of genes (Gene panels)
Gene panels capture a nominated set of genes or gene regions that are associated
with the disease/s under investigation. They provide a cheaper alternative to
WES and WGS and limit the possibility of incidental findings. In addition, due
to the increased depth-of-coverage somatic mosaic mutations can be identified
even if the allelic fraction is only 3% (Omoyinmi et al., 2017). The one caveat is
that the disease-causing gene must be included on the panel (Sun et al., 2015).
The panel can of course be altered after the fact to include additional genes as
they are identified as knowledge accrues over time (Sun et al., 2015).
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1.3 Summary
Vasculopathies are a varied group of disorders that affect the vascular tree
resulting in arterial stenosis or dilatation and causing multi-organ ischaemia
including a prominent cardiac and cerebral involvement (Markovic, 2012, 2009).
Because these diseases commonly present in infancy and segregate within
families a genetic cause is often suspected but not always identified with the
current routinely available genetic tests (Pannu et al., 2007, Milewicz et al.,
2010). However, due to the overlapping phenotypes presented by these disorders
genetic sequencing is required for accurate diagnosis and appropriate clinical
intervention. At present a large proportion of patients with severe genetic
vasculopathies do not have a causative mutation identified in any one of the
known genes associated with vasculopathy (Carmona et al., 2015). Subsequently
children may wait months or even years before receiving a diagnosis and can
accrue organ injury or even die in this pre-diagnostic phase. Obtaining a rapid
and definitive genetic diagnosis would therefore enable improved prognostic
evaluation, genetic counseling, and treatment in these cases (Bersano et al.,
2012).
In this project, I investigated the genetic basis of childhood vasculopathies in
order to facilitate genetic diagnosis and elucidate major disease pathways and
potential novel treatment targets.

1.4 Hypothesis
My project explored the following hypothesis:
Using state of the art genetic mapping and NGS techniques, namely whole
exome sequencing, it is possible to discover novel monogenic diseases resulting
in pathological undefined vasculopathic syndromes.
The aims of my project were therefore:
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1. To identify the disease causing mutation for undefined vasculopathic
syndromes using next generation sequencing technologies.
2. Once potential disease causing mutations were identified, to begin to
elucidate some of the pathogenic mechanisms in these conditions using
a series of functional experiments.
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Chapter 2 Materials and General
Methods
This section predominantly contains the materials and general methods that were
used in more than one chapter. Methods that were applicable to only one chapter
will be discussed in detail in the relevant chapter.

2.1 Subjects
2.1.1 Patients
The majority of patients were seen at Great Ormond Street Hospital for Children
NHS Foundation trust (GOSH) either at the vasculitis clinic (Dr Eleftheriou/Prof
Brogan) or the neurovascular service (Dr Ganesan). Additional informative cases
were identified through international collaborations via vasculitis research
networks (international collaborations with Professors Ozen (Ankara, Turkey);
and Dolezalova (Prague, the Czech Republic); and Dr Kamphuis (Rotterdam, the
Netherlands). Ethical approval for this study was given by Bloomsbury ethics
committee (ethics number: 08/H0713/82), to which all patients were
subsequently enrolled. Informed written consent/assent was obtained from all
parents/subjects included in the study.
Index cases with a severe and unusual vasculopathic phenotype were studied. I
specifically focussed on recruiting patients who developed disease early in life
and/or those with a family history (with or without consanguineous parents).
Sporadic cases were also considered on an individual case basis. The clinical
presentation and relevant family histories are described in detail in the respective
results chapters.
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2.1.2 Healthy controls
Healthy adult controls were fully consented volunteer staff members from within
the Infection, Inflammation and Rheumatology Department at the UCL Great
Ormond Street Institute of Child Health. Healthy children controls (median age
17 years) were recruited through the Arthritis Research UK Centre for adolescent
rheumatology. Informed consent was obtained with local ethics approval
(REC 11/LO/0330). Volunteers had no medical history of acute or chronic
illnesses and specifically no symptoms of current infection at time of sampling.

2.2 Reagents for blood collection
After blood was collected, it was aliquoted into one of two collection tubes
depending on use: either 100 µl of 1% Ethylendiaminetetraacetic acid (EDTA;
International specific supplies) per 1 ml of blood or 10 units of preservative free
sodium heparin (CP pharmaceuticals Ltd, 1000U/ml) per 1 ml of blood.

2.3 Tissue culture media
Culture media for Jurkat cells consisted of RPMI with 10% foetal bovine serum
(FBS) and 100U/ml Penicillin and 100µg/ml Streptomycin (Thermo Fisher
Scientific).
Culture media for human dermal fibroblast cells (HDFCs) consisted of basal
medium (Ham’s F10 Nutrient Mix) supplemented with 10% FBS and 100U/ml
Penicillin and 100µg/ml Streptomycin (LifeTechnologies).
Culture media for peripheral blood mononuclear cells (PBMCs) consisted of
RPMI with 10% FBS and 100U/ml Penicillin and 100µg/ml Streptomycin
(Thermo Fisher Scientific).
Culture media for human umbilical vein endothelial cells (HUVECs) consisted
of endothelial cell growth medium 2 (EGM-2) (Promocell) with 2% FBS.
Supplements were added according to the manufacturer’s instructions.
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Quiescent human umbilical vein endothelial cell (HUVEC) media consisted of
EGM2 (Promocell) with 0.05% FBS and no additional supplements.

2.4 Tissue culture reagents
Trypsin-EDTA (Promo cell) and trypsin neutralizing solution/TNS (0.05%
trypsin inhibitor, 0.1% BSA; Promo cell) were used for detachment of HUVECs
and HDFCs from culture.

2.5 Sample collection
Blood was collected from patients and immediate family members (at least caseparent trios), where possible, in EDTA tubes for deoxyribonucleic acid (DNA)
extraction. A further sample was collected in a 50 ml falcon tube, containing 1 µl
of preservative free sodium heparin (CP Pharmaceuticals) per 1 ml blood, for the
extraction of PBMCs. If blood could not be obtained from family members
saliva was collected in DNA Genotek Oragene saliva pots. Blood samples for
DNA extraction were stored at -20°C unless extraction was done immediately.
Saliva pots were stored at room temperature.

2.6 DNA extraction
DNA was extracted from either blood or saliva samples provided by the proband
and their family members.

2.6.1 DNA extraction from whole blood
DNA was extracted using the Qiagen Gentra Puregene blood kit. Samples were
defrosted at room temperature if frozen. In brief, 900 µl of red blood cell lysis
solution was added to 300 µl whole blood and inverted 10 times. After
incubating at room temperature for 1 minute, the white blood cells were pelleted
by spinning at 13,000 x g for 20 seconds. The supernatant was discarded and the
pellet was resuspended in 10 µl of the remaining supernatant by vigorous
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vortexing. A total of 300 µl of cell lysis solution and 100 µl of protein
precipitation solution was added and vortexed vigorously. After centrifugation
(13,000 x g for 1 minute), the supernatant was poured into a clean eppendorf and
300 µl of isopropanol was added. The eppendorf was inverted 50 times until the
DNA became visible. The DNA was pelleted by centrifugation (13,000 x g for 1
minute) and the supernatant discarded. The DNA pellet was washed with 300 µl
of 70% ethanol and centrifuged (13,000 x g for 1 minute). The supernatant was
discarded and the pellet air-dried for 5 minutes. 100 µl of nuclease free water
was added to the pellet and the sample was briefly vortexed. To ensure the DNA
was fully resuspended the sample was incubated at 65°C for 5 minutes and then
left shaking at room temperature overnight.
Some patient and family DNA was previously extracted by the clinical lab in
Great Ormond Street Hospital NHS Foundation trust (York House) as part of
their routine clinical care. They used 3 methods:
1. Autogen, which is a DNA automator. The method used is a modified
version of salting-out.
2. QuickGene-610L, which is a semiautomator. This method is membranebased.
3. EZ1 which uses magnetic bead technology.

2.6.2 DNA extraction from saliva
DNA was extracted using the DNA Genotek prepIT®L2P kit. The saliva pot was
inverted several times and incubated at 50°C in a water bath for 1 hour. In an
eppendorf, 500 µl of saliva was added to 20 µl of PT-L2P and vortexed. It was
incubated on ice for 10 minutes and centrifuged (15,000 x g for 5 minutes). The
supernatant was kept and mixed with 600 µl of 100% ethanol by inverting the
eppendorf 10 times. After incubating at room temperature for 10 minutes, it was
centrifuged (15,000 x g for 2 minutes). The supernatant was removed and the
pellet washed with 250 µl of 70% ethanol. After removing the ethanol, 100 µl of
nuclease free water was added to resuspend the pellet. To ensure complete
rehydration the resuspended pellet was incubated at room temperature overnight.
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2.7 Nucleic acid quantification
DNA was quantified using a Nanodrop (Thermo Fisher Scientific). DNA purity
was measured by a ratio of the absorbance at 260 and 280nm (A260/280). For pure
DNA A260/280 is ~1.8, and for pure RNA it is ~2. Nucleic acid concentration was
also recorded.

2.8 Preparation of peripheral blood mononuclear
cells (PBMCs)
PBMCs were isolated from whole blood within 2 hours of the blood being
collected (see section 2.5).
Blood was diluted with an equal volume of RPMI and gently layered over an
equal volume of Lymphoprep™ (Axis-Shield). Samples were centrifuged (800 x
g for 20 minutes) leaving the PBMCs in a diffuse interface between the plasma
and Lymphoprep™. The cells were carefully transferred into a new falcon tube
and topped up to 50 ml with RPMI and centrifuged (800 x g for 10 minutes). The
supernatant was removed and the pellet resuspended in RPMI for counting.

2.8.1 Counting of cells
10 µl of the cell/RPMI suspension was mixed with 10 µl of 0.4% trypan blue. 10
µl of the mix was pipetted into a Neubauer counting chamber. Unstained live
cells were counted within a specified 25-box field and the total calculated
according to the formula below:
unstained cells x dilution factor x 104 = viable cells/ml
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2.9 Other primary human cells
Jurkat cells were purchased from ATCC®. They were grown in RPMI. Media
was changed every 2-3 days and cells were split once they reached ~70%
confluency.
HDFCs from a healthy control were gifted from the laboratory of Dr Wei-Li Di.
They were grown in DMEM. Media was changed every 2-3 days and cells were
split once they reached ~70% confluency.
HDFCs from patients were grown from skin punch biopsies in the GOSH clinical
laboratory. They were transferred to our laboratory at passage 4.
HUVECs were purchased from Promocell. They were grown in EGM-2. Media
was changed every 2-3 days and cells were split once they reached ~70%
confluency. They were only used for 8 passages.

2.10 Freezing and thawing of cells
Cells were centrifuged (250 x g for 7 minutes) and the supernatant was
discarded. The cells were resuspended in freezing medium (Bambanker) at a
concentration of 5-10x106 per ml and aliquotted into cryovials. To facilitate slow
cooling, the cryovials were placed at -80°C overnight in a freezing pot filled with
isopropanol, and transferred to liquid nitrogen after 24 hours for long term
storage. Cells were rapidly thawed by resuspending them in 2 ml/l of warm 37°C
FBS.

2.11 Passaging, plating and harvesting of cells
Cells were washed twice in sterile PBS. An appropriate volume of 0.05%
trypsin-EDTA (Thermo Fisher Scientific) was added and left for 5 minutes to
allow the cells to detach from the flask/plate. An equal volume of trypsin
neutralizer solution (TNS) (Thermo Fisher Scientific) was added. For passaging
and plating, cells were plated at an appropriate density in their relevant media.
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Media was changed the following day. For harvesting, cells were transferred into
1.5 ml eppendorfs and centrifuged (12,000 x g for 4 mins) to pellet.

2.12 RNA extraction from peripheral mononuclear
blood cells and human umbilical vein
endothelial cells
RNA was extracted using the Qiagen RNeasy Mini Kit. Cells were pelleted and
350 µl of buffer RLT was added to lyse the cells, followed by 350 µl of 70%
ethanol. This solution was mixed thoroughly by pipetting and transferred to an
RNeasy Mini spin column placed in a 2 ml collection tube. After centrifugation
(15,000 x g for 30 sec), the flow-through was discarded and 700 µl of buffer
RW1 was added. This step was repeated with the addition of 500 µl of buffer
RPE instead. After another centrifugation (15,000 x g for 30 sec) and removal of
the flow through, a final 500 µl of buffer RPE was added and the tube was
centrifuged at 15,000 x g for 2 minutes. The RNeasy spin column was placed in a
new collection tube and 50 µl RNase-free water was added. This was centrifuged
(15,000 x g for 1 minute) to elute the RNA.

2.13 cDNA synthesis
RNA input was 1000 ng for a standard (used to generate a standard curve) and
400 ng for a sample. The Applied Biosystems high capacity cDNA reverse
transcription kit was used. Each reaction required 2 µl 10x RT buffer, 0.8 µl
dNTP mix, 2 µl 10x RT random primers, 1 µl MultiScribe reverse transcriptase
and 4.2 µl in double distilled (dd) H2O. To this mastermix was added either 400
ng (sample) or 1000 ng (standard) of RNA made up to a volume of 10 µl using
ddH2O.
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2.14 Quantitative polymerase chain reaction
(qPCR)
For each sample a target gene and a housekeeping gene were run in triplicate. To
ensure consistency and accuracy within the triplicate a 3.5x mastermix was made
up per sample: 3.5 µl cDNA, 7 µl primer, 35 µl SYBR® Green and 24.5 µl
ddH2O. QuantiTect primers (Qiagen) were used and are listed in Table 2-1. After
thorough mixing, 20 µl of each sample mastermix was pipetted, in triplicate, into
100 µl qPCR strip tubes. Everything was carried out on ice.
Table 2-1 QuantiTect primer assays for qPCR.

Gene name

Product name

ID number

Actin beta

Hs_ACTB_2_SG

NM_001101

Cbl proto-oncogene, E3 Hs_CBL_1_SG
ubiquitin protein ligase

NM_005188

Samples were run on the Rotorgene 6000. The qPCR program is detailed in
Table 2-2. For each primer a standard curve was generated using cDNA
extracted from healthy control PBMCs. The curve dilutions were 1, 1/5, 1/25,
1/125 and 1/625. The target PCR efficiency for each standard curve was 90110% and R2, which represents the coefficient of correlation, was >0.99. A melt
curve analysis was also completed for each gene studied to ensure that the
reaction produced a single, specific product. After generating a standard curve
for each primer the threshold Ct value could be used to evaluate subsequent
samples.
The delta delta Ct (ΔΔCt) method was used to determine the relative
quantification of gene expression. The following formula was used:
Ct target gene – Ct housekeeping gene = ΔCt
ΔCt sample – ΔCt calibrator = ΔΔCt
Expression fold change = 2-ΔΔCt
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Table 2-2 Generic qPCR program using QuantiTect primers.

Temperature (°C)

Time (s)

Number of cycles

60
30
30

x 35

60
5min
∞

2.15 Sanger sequencing
2.15.1 Primer design
Forward and reverse primers were designed using ExonPrimer provided by the
Institute

of

Human

Genetics

at

Helmholtz

Center

Munich

(https://ihg.gsf.de/ihg/ExonPrimer.html). The parameters are outlined in Table
2-3. Primers were ordered from Sigma-Aldrich®, resuspended in ddH2O to a
stock solution of 100 µM and diluted to a working solution of 5 µM for PCR.

2.15.2 Amplification of DNA
DNA was diluted to a concentration of 50 ng/µl with ddH2O. To each well of a
96 well PCR plate was added: 1 µl of DNA, 2 µl of both the forward and reverse
primers and 11 µl of FastStart™ PCR Master (Roche). Most exons were
amplified using a touchdown PCR program, 62°C to 57°C (
Table 2-4). In some cases a single annealing temperature was used (Table 2-5).
Annealing temperature was varied to optimize specific primer binding.
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Table 2-3 Parameters specified for design in Exon Primer.

Parameter

Reason for parameter

Minimal distance between primer
and exon/intron boundary

50 bp

Ensures sequencing of
splice junctions

Primer region

70 bp

Location from exonintron boundary

Maximal target (exon) size

500 bp

Allows good
sequencing reads

Annealing temperature

60°C ± 5°C

Ensures a balance
between specificity and
template binding

GC clamp

Yes

Promotes specificity

Minimum: 18 bp
Primer size

Optimum: 20 bp

Good specificity

Maximum: 23 bp
Maximum length of a
mononucleotide repeat

4

Reduces mispriming.

Masking

Human, score 300

Avoids interspersed
repeats

Table 2-4 Touchdown PCR program, 62°C to 57°C.

Temperature (°C)

Time (s)

95

5min

95

15

62

15

72

60

95

15

62

15

72

60

95

15

57

15

72

60

72

7min

4

∞

Number of cycles

x 10
x 16
62°C decreases
0.3°C per cycle
x 14

60

Table 2-5 Generic PCR program for FastStart™ PCR Master (Roche).

Temperature (°C)

Time (s)

95

60

95

30

60

30

72

60

72

5min

4

∞

Number of cycles

x 35

2.15.3 Sequencing of DNA
PCR product was cleaned in a MinElute 96 UF PCR purification plate using 80
µl of ddH2O (per well) and a vacuum manifold. Once dry the products were
resuspended with 20 µl ddH2O (per well) and shaken at 150 rpm for 15 minutes.
Cleaned products were transferred to a new 96 well PCR plate.
To each well of the new 96 well PCR plate was added: 5 µl cleaned amplification
product, 0.75 µl of either forward or reverse primer, 0.5 µl BigDye® Terminator
v3.1 Ready Reaction Mix (Applied Biosystems), 2 µl BigDye® 5x sequencing
buffer and 8 µl ddH2O. For the sequence reaction forward and reverse primers
were placed in separate wells. The plate was run on a thermocycler according to
the program shown in Table 2-6.
Table 2-6 Sequencing PCR thermocycler program.

Temperature (°C)

Time (s)

96

60

96

10

50

5

60

240

4

∞

Number of cycles

x25
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Sanger sequencing was performed using the Applied Biosystems 3730 DNA
Analyzer and calls were made using Applied Biosystem 5.2 software. Reads
were aligned and visualized using CodonCode Aligner 5.1.

2.15.4 DNA fragment size quantitation
A 2% gel was made using 2 g of agarose dissolved in 100 ml 1x Tris-Borate
EDTA (Sigma). The mixture was melted in the microwave and pre-stained using
10 µl/100 ml of gel red before the gel was poured into a cassette and left to cool.
DNA was loaded with 5x Qiagen loading dye in a 1:4 ratio. DNA ladder was
loaded into the first well. The gel was run at 120 V and visualized under a UV
light.

2.16 Whole exome sequencing
2.16.1 DNA quantification and normalisation
DNA was quantified using a Qubit® dsDNA High Sensitivity kit and a Qubit®
2.0 fluorometer. Two standards were used as calibrators. Sample concentrations
were measured in triplicate. The DNA was subsequently normalised in Tris HCl
10mM pH 8.5 to a final volume of 10 µl at 5 ng/µl.

2.16.2 Whole exome library preparation
The libraries for WES were prepared using the Nextera Rapid Capture Exome
Enrichment Kit following the protocol provided by Illumina. Twelve exome
libraries were prepared in parallel for each WES run. Below is a brief
explanation of each step.
2.16.2.1 Tagmentation of genomic DNA
Using the transponsase Tn5 enzyme, genomic DNA (gDNA) was sheared into
fragments of ≥300 bp with adapters ligated onto the ends of each fragment (i.e.
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tagmented). The adapters enabled additional sequences, such as sequencing
index primers, to be added in later stages.
2.16.2.2 Clean up and amplification of tagmented genomic DNA
The tagmented gDNA was cleaned using magnetic purification beads and 80%
ethanol. After the addition of two sequencing primer-binding sites (which are a
pair of indices and regions complementary to flow cell oligonucleotides) the
gDNA was amplified and cleaned in the aforementioned manner. This produced
a PCR-amplified library.
2.16.2.3 Hybridisation and capture of probes
The libraries were pooled and hybridised with biotinylated exon-specific capture
probes. Probes hybridised to exonic regions were captured using magnetic
streptavidin beads. Hybridisation and capture steps were repeated to enrich the
exome library further. The final exon-enriched library was cleaned using
magnetic purification beads and amplified by PCR.

2.16.3 Quantitation and sizing of whole exome libraries
At several points during the preparation of the whole exome library the Agilent
Bioanalyser 2100 was used to assess the size, quality and quantity of gDNA
fragments. Two Agilent chips were used: DNA1000 and DNA High Sensitivity
(HS). The HS chip was used to verify the size of fragments produced after
tagmentation (i.e. ≥300 bp) whilst the DNA1000 chip was used to assess both the
initial PCR-amplified library and to validate the final exon-enriched library.
The chips were primed and loaded similarly. Firstly, a gel-dye mix was prepared.
For the DNA1000 chip 25 µl of gel dye was added to the gel matrix and for the
HS chip 15 µl of gel dye was added to the gel matrix. The gel-dye mix was
centrifuged (2240 x g for 15 minutes). A chip was inserted into the priming
station and 9 µl of the gel-dye mix pipetted into the syringe gel-dye well. The
syringe was set to 1 ml and the priming station closed. The syringe was
depressed and held by a clip for 1 minute before being released and reset at 1 ml.
63

9 µl of gel dye was added to the indicated wells and 5 µl of marker to any
remaining wells. 1 µl of DNA ladder was pipetted into the ladder well and 1 µl of
sample or deionized water was pipetted into the sample wells. The chip was
shaken on the IKA vortex mixer for 60 sec at 2400 rpm and loaded and run on
the Agilent Bioanalyser immediately.

2.16.4 Sequencing of whole exome libraries
Libraries were sequenced on a NextSeq500 sequencer. The premise for highthroughput sequencers is as follows.
Sequencing occurs within flow cells that are covered in oligonucleotides
complementary to the adapters, which are ligated onto the gDNA during
tagmentation. The oligonucleotides are a mixture of sequences complementary to
either the 3’ or 5’ ends of the single stranded library fragments and enable the
fragments to bind to the inside of a flow cell. These fragments then undergo
solid-phase bridge amplification. Briefly, each bound fragment or strand is
folded over to bind the alternate oligonucleotide, to that which it is already
bound to, on the flow cell surface forming a bridge. A polymerase amplifies the
strand to form a double stranded bridge, which is subsequently denatured into
two single strands. This process is simultaneously repeated over and over to all
the bound fragments resulting in millions of dense DNA clusters. After
amplification, the reverse strands are removed and the residual 3’
oligonucleotides attached to the flow cell surface are blocked to prevent
unwanted priming.
Extension of the first sequencing primer starts the sequencing reaction off.
During each sequencing cycle, four fluorescently labeled reversible terminator
nucleotides are added and one is incorporated to extend the sequence according
to Watson-Crick complementarity. Laser excitation causes fluorescence to be
emitted by the nucleotide, which is captured and the base identified and
recorded. The number of sequencing cycles determines the length of the read and
in this case for the NextSeq500 it is 150. After 150 cycles of sequencing the
forward strand is complete and the process is repeated to sequence the reverse
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strand, the only differences being that the forward strand is removed and the
second sequencing primer initiates the sequencing reaction.
Finally, to differentiate the twelve libraries from each other the indices, added
during initial library amplification, are sequenced as well. Specific index primers
are added and the reads are sequenced as above.

2.16.5 In silico analysis
2.16.5.1 Analysis of whole exome sequence data
Whole exome sequence data was analysed using the free web based genome
analysis tool: Galaxy (Giardine et al., 2005, Goecks et al., 2010, Blankenberg et
al., 2010) and wANNOVAR (an online functional annotation tool). In summary,
WES produces millions of 300 bp reads that need to be accurately mapped to the
human exome. Once mapped, variations from the reference sequence are
assessed for clinical significance and highlighted for further investigation.
2.16.5.2 Dataset concatenation
All samples were run across four flow cell lanes using the NextSeq500 resulting
in four forward and four reverse sequences per sample. Sequences were
concatenated to produce one forward and one reverse sequence.
2.16.5.3 Quality control and trimming of reads
The quality of the concatenated sequences was assessed using the FastQC tool
(Simon Andrews, Babraham Institute). The FastQC tool produces an output for
each of the following:
o Basic Statistics
o Per base sequence quality
o Per sequence quality scores
o Per base sequence content
o Per base GC content
o Per sequence GC content
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o Per base N content
o Sequence Length Distribution
o Sequence Duplication Levels
o Overrepresented sequences
o Kmer Content
Each output assesses different quality aspects of the reads. It should be noted that
FastQC is designed to analyse whole genome data and therefore is based on the
assumption that the sequenced library is random and diverse. However, for
whole exome libraries the exonic regions in the genome have been enriched
violating the aforementioned assumption. As a result, certain outputs have to be
interpreted with caution: sequence duplication levels, overrepresented sequences
and kmer content deviate from expected values and GC content per base and
sequence are higher than expected due to exome enrichment (Lander et al.,
2001). One of the most informative outputs is the per base sequence quality
(Figure 2-1). Each bp position is allocated a score based on the probability that
the position has been incorrectly called. A higher score indicates a more
confident call. Bases with a score of <20 are deemed to be of too low a quality
and need to be trimmed. A score of <20 is indicative of less than a 1 in 100
chance of being called correctly. To facilitate alignment low quality base calls
are trimmed off (Figure 2-1).
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Figure 2-1 Per base sequence quality output from FastQC for a proband from one of
the families studied in this thesis. This graph shows the read quality for each base pair
position within the read. Acceptable read quality score ≥20; reads<20 are trimmed.

The per sequence quality scores highlight whether a subset of sequences within
the WES library are of universally low quality. If a proportion of sequences are
found to have a low quality score it may indicate a systematic error during
library preparation or the sequencing process.
2.16.5.4 Alignment of reads
Trimmed reads were aligned to the Genome Reference Consortium build 37 of
the human genome (GRCh37) using the Burrows-Wheeler Alignment algorithm
(BWA) for Illumina.
2.16.5.5 Variant calling and annotation
Variant calling was performed using the GATK unified genotyper tool in
Galaxy. It identified sites where the aligned sample sequence differed to that of
the reference sequence. The subsequent dataset was annotated using
wANNOVAR. Annotations for each identified variant included the base change,
type of variant, genomic co-ordinates, functional prediction and population
frequency. Types of variant include frameshift insertion and deletion, non67

frameshift insertion and deletion, non-synonymous single nucleotide variant
(SNV), stopgain, stoploss and synonymous SNV.
2.16.5.6 Filtering of datasets
The raw data for each proband was subjected to four broad filters: a candidate
gene list for vasculopathies and vasculitides, allele frequency, pathogenicity
prediction, and variation type i.e. synonymous. The data was firstly compared to
a known candidate gene list before any further filters were applied. These genes
are already associated with a vasculopathy and it is thus prudent to eliminate any
variants in them before further analysis. For this project the candidate gene list
consisted of all the genes that have been identified to date in relation to
vasculopathies, vasculitis and other pertinent diseases (Table 2-7). After
identification of any possible candidate genes the remainder of the dataset was
filtered based on frequency and variant type. Any variant that was synonymous
and/or had a frequency of >0.01 in the general population databases (1000
genomes and the Exome Sequencing Project) were excluded from further
analysis. A synonymous variant results in no change to the amino acid and
therefore no functional effect. A variant with a frequency of >0.01 was classified
as a polymorphism and therefore unlikely to be pathogenic, as a significant
proportion of healthy people will carry the variant (although a notable exception
to this rule is the aforementioned issue of founder effect resulting in higher
frequency of true mutations in select populations, as highlighted by RNF213
mutation on the Japanese). The remaining variants were compared to our 80 inhouse controls (IHCs) to further exclude unlikely causative variants/genes. These
IHCs were patients and their families that have been sequenced by our research
group. I made sure that any patients with similar phenotypes were excluded.
The assumed model of inheritance determined how the proband dataset was
compared to the IHC dataset. For a dominant model all heterozygous or
homozygous variants in the IHCs that matched the heterozygote variants in the
proband were excluded as causative. For a recessive model all homozygous
variants in the IHCs that matched the homozygous variants in the proband were
excluded. For a compound heterozygous model the method was more
complicated. Assumptions as set out previously were used (Kamphans et al.,
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2013). When parental data was not available the heterozygote variants in the
proband were excluded if present in a homozygous state in the IHCs.
Table 2-7 Candidate gene list for vasculopathies and monogenic vasculitides.
Gene

Gene name

Disease

Actin, alpha 2, smooth muscle

Familial thoracic aortic aneurysm and

symbol
ACTA2

dissection, moyamoya disease,
Multisystemic smooth muscle
dysfunction syndrome
ADAR1

Adenosine deaminase, RNA specific

Aicardi Goutieres syndrome

BMPR2

Bone morphogenetic protein receptor,

Pulmonary venooclusive disease 1

type II
CBL

Cbl proto-oncogene, E3 ubiquitin

Noonan syndrome-like disorder with or

protein ligase

without juvenile myelomonocytic
leukemia

CBS

Cystathionine-beta-synthase

Homocystinuria, Thrombosis –
hyperhomocysteinemic

CD40LG

CD40 ligand

Immunodeficiency

CECR1

Cat eye syndrome chromosome region,

Polyarteritis nodosa

candidate 1
COH1

Vascular protein sorting 13 homolog B

Cohen syndrome

(yeast)
COL3A1

Collagen type III, alpha 1

Ehlers-Danlos syndrome type III and
IV

COL4A1

Collagen type IV, alpha 1

Other cerebral arteriopathy

COL5A1

Collagen V, alpha 1

Ehlers-Danlos syndrome classic type

COL5A2

Collagen type V, alpha 2

Ehlers-Danlos syndrome classic type

ELN

Elastin

Supravalvar aortic stenosis

FBN1

Fibrillin 1

Marfan syndrome, Aortic aneurysm
ascending and dissection

FBN2

Fibrillin 2

Contractural arachnodactyly, Macular
degeneration

GLA

Galactosidase, alpha

Fabry disease

GUCY1A3

Guanylate cyclase 1, soluble, alpha 3

Moyamoya 6 with achalasia

HFE

Hemochromatosis

Hemochromatosis
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HTRA1

HtrA serine peptidase 1

CARASIL syndrome

IFIH1

Interferon-induced helicase C domain

Aicardi Goutieres syndrome

containing protein 1
MFAP5

Microfibrillar associated protein 5

Familial thoracic aortic aneurysm and
dissection

MYH11

MYLK

Myosin, heavy chain 11, smooth

Familial thoracic aortic aneurysm and

muscle

dissection

Myosin light chain kinase

Familial thoracic aortic aneurysm and
dissection

NF1

Neurofibromin 1

Neurofibromatosis type 1

NOD2

Nucleotide-binding oligomerisation

Blau syndrome

domain containing 2
NOTCH1

Notch 1

Aortic valve disease, Adams-Oliver
syndrome

NOTCH3

Notch 3

CADASIL

PLOD1

Procollagen-lysine, 2-oxoglutarate 5-

Ehlers-Danols syndrome type IV

dioxygenase 1
PRKG1

Protein kinase, cGMP-dependent, type

Familial thoracic aortic aneurysm and

1

dissection

PSMB8

Proteasome subunit beta-type, 8

CANDLE

RNASEH2A

Ribonuclease H2, subunit A

Aicardi Goutieres syndrome

RNASEH2B

Ribonuclease H2, subunit B

Aicardi Goutieres syndrome

RNASEH2C

Ribonuclease H2, subunit C

Aicardi Goutieres syndrome

RNF213

Ring finger protein 213

Moyamoya disease

SAMHD1

SAM domain and HD domain 1

Aicardi-Goutieres syndrome

SKI

SKI proto-oncogene

Shprintzen-Goldberg syndrome

SLC2A10

Solute carrier family 2 (facilitate

Arterial tortuosity syndrome

glucose transporter), member 10
SMAD3

SMAD family member 3

Loeys-Dietz syndrome type 3

SMAD4

SMAD family member 4

Juvenile polyposis/hereditary
hemorrhagic telangiectasia syndrome,
Myhre syndrome

TGFB2

Transforming growth factor, beta 2

Loeys-Dietz syndrome type 4

TGFB3

Transforming growth factor, beta 3

Loeys-Dietz syndrome type 5

TGFBR1

Transforming growth factor, beta

Loeys-Dietz syndrome type 1
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receptor 1
TGFBR2

Transforming growth factor, beta

Loeys-Dietz syndrome type 2

receptor 2
TMEM173

Transmembrane protein 173

STING-associated vasculopathy

TREX1

Three prime repair exonuclease 1

Vasculopathy, retinal, with cerebral
leukodystrophy, Aicardi-Goutieres
syndrome

Any interesting candidate gene variants were validated using Sanger sequencing
(see above in section 2.15).

2.17 Protein extraction
Protein was extracted from HUVECs and PBMCs in 6 and 12 well plates
respectively. Prior to protein extraction, cells were washed twice with PBS to
remove all FBS. Protein was extracted by adding 100 µl ice-cold
radioimmunoprecipitation (RIPA) buffer (Table 2-8) and 1 µl proteinase
inhibitor (Sigma) to each well. Wells were scraped and the cell/RIPA suspension
placed in a 1.5 ml eppendorf. To ensure complete lysis, the cells were kept on ice
for 30 minutes and vortexed every 10 minutes or frozen at -20°C overnight.
Table 2-8 Recipe for RIPA buffer.

Reagent

Quantity

Sodium chloride

150 mM

NP-40 or Triton X-100

1.0 %

Sodium deoxycholate

0.5 %

SDS (sodium dodecyl sulphate)

0.1 %

Tris buffer pH 8.0

50 mM

2.18 Protein quantification
Protein concentration from cell lysate was measured with the Pierce™
bicinochoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Working
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reagent (WR) was made up by diluting 50:1 BCA reagents A:B. 200 µl of WR
was added to 25 µl of sample in a flat bottomed 96 well plate. A standard curve
was produced using a dilution series of a BSA standard; BSA was diluted in
RIPA buffer. The plate was incubated at 37°C for 30 minutes and read at 450 nM
on a plate reader.

2.19 Western blotting
Gels used were either precast (BioRad) or cast using the recipes in Table 2-9.
Samples were centrifuged (18,000 x g for 15 minutes at 4°C) and the supernatant
removed to a new 1.5 ml eppendorf. Next, 5x SDS loading buffer (Table 2-10)
was added to the protein samples at a 1:4 ratio. Samples were boiled at 95°C for
5 minutes to denature the protein. 7 µl of Amersham ECL Full-Range Rainbow
weight marker was loaded into the first well and up to 40 µl of sample was added
to subsequent wells. The volume of each sample was dependent on protein
concentration; an equal amount of protein was loaded into each well. The gel
was run, in running buffer, for 30 minutes at 90 V, which was increased to 120 V
for an additional 2 hours (Table 2-11). A nitrocellulose membrane was activated
by being soaked in cold methanol for 5 minutes, rinsed with distilled water and
equilibrated in transfer buffer (Table 2-12). The gel was also equilibrated in
transfer buffer for 1 minute. The transfer was run at 200 mA for 1 hour or until
the ladder was visibly transferred onto the membrane. The membrane was
blocked in PBS-Tween and 5 % milk for 1 hour. The primary antibody was
added in 5 % milk, according to the concentrations in Table 2-13 and rolled
overnight at 4°C. Before adding the secondary antibody in 5 % milk, the
membrane was washed at room temperature with PBS-Tween: 3 x 10 minute
washes. The secondary antibody was rolled for 1 hour at room temperature. It
was washed a further three times before development. The image was developed
using Amersham ECL prime western blotting detection reagent and Amersham
hyperfilm ECL.
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Table 2-9 Recipe for 1 x 7.5% and 12.5% running gel and 1 x 4% stacking gel for
western blotting.

Reagent
30% stock acrylamide
1.5M Tris-HCl (pH 8.0)
0.5M Tris-HCl (pH 6.8)
10% SDS
APS (10%)
Distilled water
TEMED

7.5% separating
gel (25ml)
6.25 ml
6.25 ml
250 µl
250 µl
11.0 ml
10 µl

12.5% separating
gel (25ml)
10.0 ml
6.25 ml
250 µl
250 µl
8.25 ml
10 µl

4% stacking
gel (10.06ml)
1.70 ml
1.25 ml
100 µl
100 µl
6.80 ml
10 µl

Table 2-10 Recipe for 5x SDS loading buffer.
Bromophenol blue dye was added and 1 ml aliquots were frozen at -20°C.

Reagent
B-Mercaptoethanol
Glycerol
SDS
0.25M Tris HCl pH6.8

Percentage
25%
50%
10%
15%

Per 20 ml
Per 20 ml
5 ml
10 ml
2g
To 20 ml

Table 2-11 Recipe for 10x running buffer.
Dilute to 1x in ddH 2O.

Reagent
Tris
Glycine
SDS
ddH2O

Quantity per 1L
30 g
144 g
10 g
To 1L

Table 2-12 Recipe for 10x transfer buffer.
Prior to use 100 ml is added to 700 ml of ddH 2O and 200 ml of methanol and chilled at
4°C.

Reagent
Tris
Glycine
ddH2O

Quantity per 1L
30 g
144 g
To 1L
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Developed western blot films were scanned and the band densities of each lane
quantified by densitometry using ImageJ. Peaks were generated corresponding to
the bands on the film (Figure 2-2). The ‘straight-line’ tool was used to close off
the base of each peak and the area under the curve was measured. The relative
density of each band was then normalised to the loading control i.e. actin or
vinculin.
Table 2-13 Dilution factors for antibodies used for western blots

Antibody
Actin
Cbl
Myh11
EGFR
p44/42 MAPK
Phospho-p44/42 MAPK
PLCγ1
Phospho-PLCγ1
Vinculin
HRP conjugated
HRP conjugated

Clone
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Rabbit monoclonal
Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Mouse monoclonal
Goat anti-Mouse
polyclonal
Goat
anti-Rabbit
polyclonal

Type
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Primary
Secondary

Conc.
1:5000
1:2500
1:2500
1:1000
1:1000
1:1000
1:1000
1:1000
1:250,000
1:5000

Secondary

1:5000

Figure 2-2 Profile peaks generated by ImageJ to determine western blot band density.
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2.20 Fluorescence-activated cell sorting (FACS)
The general method is outlined here. The specific buffers and antibodies used in
each experiment are mentioned in the relevant chapters. Cells were harvested
(see 2.11), resuspended and washed in PBS. After centrifugation (14,000 x g for
4 minutes), the PBS was removed, cells were resuspended and 70 µl of a wash
buffer was added to each sample. From each sample, 20 µl was removed and
transferred to two separate eppendorfs: 10 µl for a non-staining control and 10 µl
for a non-specific control. If required, cells were fixed and permeabilised before
addition of the primary antibody. Primary antibodies were added at a
concentration of 1:50 and incubated at room temperature on a shaker (200 rpm)
for 15 minutes. No primary antibody was added to either control. Samples were
then washed in 1 ml of wash buffer and centrifuged (14,000 x g for 4 minutes).
The supernatant was removed, cells were resuspended in 50 µl of the wash buffer
and a fluorophore-conjugated secondary antibody was added at a 1:200
concentration. Secondary antibody was added to the non-specific control.
Samples were covered in foil and incubated at room temperature on a shaker
(200 rpm) for 15 minutes before a final wash and centrifugation step (14,000 x g
for 4 minutes). After removing the supernatant, cells were resuspended in 200 µl
4% paraformaldehyde (PFA) and analysed using a BD FACSCaliburTM.
Table 2-14 PBAC recipe

Reagent
Sodium azide
Sodium citrate
BSA
PBS

Per 1 L
1 ml
6 ml
1g
To 1 L

2.20.1 Analysis
Samples were analysed using FlowJo. For PBMC samples, gating of the
monocyte population was carried out before relative fluorescence intensity was
analysed. For HUVECs and transformed HDFCs, gating was done to separate
live cells from dead ones. Gating parameters are outlined in the relevant
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chapters. After gating, median fluorescence intensity was calculated for all
samples.

2.21 Statistical analysis
All in vitro experiments were performed in triplicate unless otherwise stated, and
values were presented as mean ± SEM unless otherwise specified. Statistical
differences for in vitro experiments between groups were determined by
unpaired two-tailed t test. P<0.05 was regarded as significant.
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Chapter 3 Moyamoya-like
cerebrovascular disease
associated with a novel
mutation in MYH11
3.1 Summary
Heterozygous mutations in the MYH11 gene have been described to cause thoracic
aortic aneurysm or aortic dissection (TAAD) and patent ductus arteriosus (PDA). The
mutations affect the C-terminal coiled-coil region of the smooth muscle myosin heavy
chain, a contractile protein of smooth muscle cells (SMCs). In this chapter, I
employed whole exome sequencing (WES) to identify the genetic cause of a systemic
vasculopathy affecting the renal and cerebral circulation in a 2 year old of nonconsanguineous descent. I identified a missense alteration, R1535Q, in exon 33 of the
MYH11 gene that is likely to affect the communication between the motor domain and
the coiled-coil tail of the SM-MHC-11 protein. I therefore expanded for the first time
the phenotype associated with MYH11 mutations to include a moyamoya-like
cerebrovascular disease. My findings emphasize the systemic nature of the
vasculopathy associated with MYH11 mutations and the need for broader than
previously suggested vascular surveillance to include the cerebrovascular circulation.
The contribution of MYH11 mutations to isolated cerebral arteriopathy and childhood
stroke remains to be established.

3.2 Introduction
This chapter focuses on a patient under the care of the neurovascular service at GOSH
(lead clinician Dr Ganesan) with an unclassified vasculopathy characterised by
moyamoya arteriopathy and renal artery stenosis. For the purposes of this thesis I will
refer to this family as Family A.
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3.3 Family tree for family A
Index case of family A was a Jordanian/Moroccan female from non-consanguineous
parents, referred to as A-III-3 from now on (Figure 3-1).

Figure 3-1 Family tree for family A.
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3.4 Clinical presentation
The initial presentation of the index case of family A was at the age of 2 years old
when she was found to have persistent weakness of the left arm. This was, at the time,
attributed to slow recovery from a greenstick fracture of the humerus and reluctance
to use that hand. Six months later she developed right-sided hemiparesis, aphasia,
right hemianopia and right conjugate gaze palsy (Figure 3-2). There were no clear
precipitants (recent infections or injury) prior to this episode. She reported no fever,
skin rashes, articular, gastrointestinal or respiratory symptoms and blood tests
revealed no acute phase response or systemic symptoms (C reactive protein < 5 mg/L,
normal range < 10 mg/L; Erythrocyte Sedimentation Rate, ESR 5 mm/h, normal
range < 10 mm/h). Brain magnetic resonance imaging (MRI) revealed left anterior
and middle cerebral artery territory (ACA/MCA) infarction and a previous infarct in
the right ACA/MCA territory (Figure 3-2) likely relating to the reluctance to use the
left hand from years ago.
Catheter angiography of the cerebral arteries showed a pattern of bilateral terminal
stenoses of the internal carotid arteries (ICAs) and MCAs with a collateralisation
pattern consistent with moyamoya arteriopathy in addition to anterior and middle
cerebral artery stenotic changes (Figure 3-3 A-F). Visceral digital subtraction
angiography revealed narrowing of the mid-aorta and bilateral renal artery stenosis
(Figure 3-3 G). Echocardiography revealed a small patent ductus arteriosus (PDA).
Extensive investigations for rheumatological, infectious and metabolic causes for this
presentation were negative. On clinical examination she had two cutaneous café-aulait spots. Of note genetic screening of NF1 for neurofibromatosis type 1 was negative
and array comparative genomic hybridization (CGH) did not detect any copy number
variants. She was considered to have an unclassified generalized vasculopathy with a
prominent cerebral involvement and underwent bilateral extracranial-intracranial
(ECIC) bypass whilst being maintained on aspirin (antiplatelet dose 5mg/kg per day).
Four years after the bypass there was radiological arteriopathy progression: a new
right frontal lobe infarction, increased stenosis of the right ICA/MCA and occlusion
of the left terminal ICA (TICA) with more basal collaterals (Figure 3-3 D-F). At the
time of writing this report she was normotensive with normal cardiac and renal
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function but had an asymmetric non-progressive tetraparesis and pseudobulbar palsy.
Relevant family history included a paternal grandmother with a history of arterial
ischaemic strokes from the age of 42 years old in the context of significant arterial
hypertension who died in her mid 60s; a paternal cousin (9 years old) with arterial
hypertension, possible thrombosis to a blood vessel in the neck and congenital heart
disease; and a paternal uncle who had coronary artery bypass surgery at a young age.

Figure 3-2 Brain Magnetic resonance imaging (MRI) for index case of family A.
(A, B) Axial T2 weighted MRI scans through the lateral ventricles and the top of the lateral
ventricles at presentation show a largely cortical acute left ACA and MCA territory infarct
(arrows) and a mature right MCA infarction involving the cortex, white matter and basal
ganglia. (C) The ADC map corresponding to the slice in (A) confirms the left sided infarct is
acute – dark on ADC map (arrows). (D, E) Axial T2-weighted MRI 6 years later demonstrates
maturation of the left MCA infarct and extension of the right MCA infarct (arrows). ACA =
anterior cerebral artery, MCA = middle cerebral artery, ADC = apparent diffusion coefficient.
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Figure 3-3 Catheter and visceral digital subtraction angiography for index case of family
A.
(A) Right and (B) left AP projections of the ICA injections of the cerebral angiogram at
presentation demonstrates narrowing of the tICA and straight and long segment narrowing of the
M1 and A1 segments of the MCA (between arrows) and ACAs bilaterally. Moyamoya collaterals
are present on the initial angiogram. (C) Lateral projection of the left ICA injection
demonstrates the presence of basal and moyamoya collaterals (short arrows). 4 years later
following progression of the arteriopathy is seen with (D) further narrowing of the right M1
segment of the MCA and (E,F) occlusion of the left tICA with absent filling of the terminal ACA
and MCA arteries. (F) The number of basal and moyamoya collaterals has increased. The pial
collaterals in (C) are a result of the pial synangiosis. (G) Bilateral narrowing of the renal
arteries seen on digital subtraction renal angiography. AP = anteroposterior, ACA = anterior
cerebral artery, MCA = middle cerebral artery, tICA = terminal internal carotid artery.
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3.5 Identifying a causal allele: Whole Exome
Sequencing
WES was performed on A-III-3 and her mother (see General methods and materials
section 2.16). As only A-III-3 was affected a dominant heterozygous model was
assumed as the possible mode of inheritance. WES identified 26,679 variants. As a
first filter the WES output was initially compared to the vasculopathy candidate gene
list (Table 2-7). Variants were found in three candidate genes: MYH11, MYLK and
NOTCH1. These were investigated further.

3.5.1 Verification of candidate gene variants
These candidate genes were sequenced using Sanger sequencing (see General
methods and materials section 2.15). The primers used are listed in Table 3-1. The
variants in MYLK and NOTCH1 were found to be false positives; however, the variant
in MYH11 was confirmed to be a novel heterozygous missense mutation
NM_002474:c.4604G>A (p.R1535Q) presented in the index case (Figure 3-4). The
variant was predicted to be deleterious by the SIFT, MutationTaster and PolyPhen-2
programs. The non-synonymous substitution resulted in an amino acid change from
arginine to glutamine (p.R1535Q).
The p.R1535Q mutation in MYH11 was not detected in the mother or sibling but was
present in the father (Figure 3-4). The father was found to have a family history of
arterial ischaemic stroke and early onset coronary artery disease in young adult life.
He underwent baseline echocardiography and cardiac MRI and MRA, which showed
mild narrowing of the aorta indicative of early signs of an evolving vasculopathy
affecting the aorta.
I therefore expanded the phenotype associated with MYH11 mutations to include
moyamoya-like cerebrovascular disease. My findings also had implications for the
proband's father, for whom annual cardiovascular monitoring was initiated and early
changes suggestive of a vasculopathy were detected.
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Table 3-1 Primer sequences used for Sanger sequencing.

Primer name

Primer sequence

MYLK exon 17a F

AGCAGGCCCTCCTACCTG

MYLK exon 17a R

AAGCCTGCTGAGACCCTG

MYLK exon 17b F

CTTTGCTAGCGGATTTCAGG

MYLK exon 17b R

GAGACCTCCTGGGGAAGAAG

MYLK exon 17c F

CAGACACAGTCTTTGGCTTCAC

MYLK exon 17c R

GCCTCTCACCAATGTTCCC

MYH11 exon 9 F

AGCCAGCTCGGGTTACTTG

MYH11 exon 9 R

CAGTGCACAACCTGCACC

MYH11 exon 33 F

CTGAGGCAGGAGGTGGAG

MYH11 exon 33 R

CAGTCGAGGATGGGTCTGAG

NOTCH1 exon 18 F

ATGTCTGGACTCAATGCAGC

NOTCH1 exon 18 R

GAAAGGCTGGGCTGTCC

NOTCH1 exon 19 F

ACCGGCTGCTCAGATCC

NOTCH1 exon 19 R

ACTGGCCTCCCTGGGTC
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Figure 3-4 Sanger sequencing chromatogram for the parents (A-II-8 and A-II-9), proband
(A-III-3) and a sibling (A-III-1).
Aligned to reference sequence exon 33 of MYH11 (NM_002474). Blue line indicates a
heterozygous non-synonymous missense substitution present in the A-III-3 and A-II-8 but not in
the A-II-9 or A-III-1 (c.4604G>A:p.R1535Q).
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3.6 Discussion
The MYH11 gene encodes smooth muscle myosin heavy chain (SM-MHC) and is
predominantly expressed in smooth muscle cells. SM-MHC is a subunit of the
hexameric myosin protein, which consists of two heavy chain subunits and two pairs
of non-identical light chain subunits. Interaction between the myosin protein and actin
filaments, powered by ATP hydrolysis, results in smooth muscle cell (SMC)
shortening and contractile force generation (Vale and Milligan, 2000, Dillon et al.,
1981). Each myosin molecule has two globular heads and a tail. The tail is formed
from the dimerization of the C-terminal portions of the heavy chains and harbours an
α-helical coiled-coil domain. The globular heads are the N-terminals of the heavy
chains and each contains two major domains: the motor domain, which has both ATPand actin-binding sites, and the regulatory domain, which is stabilized by a pair of
light chains. The regulatory domain, which acts as a lever arm, connects to the coiledcoil domain and oligomerizes to form the myosin thick filament (Howard, 1997).
Motility occurs when the globular myosin heads form cross-bridges with the actin
filament and, through a ‘rowing motion’, move along the actin filaments.

Figure 3-5 Schematic representation of MYH11. Adapted from reference (Toth et al., 2005).
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To delineate the specific role that MYH11 plays in the contractile apparatus in SMCs
Morano et al. (2000) generated Myh11-/- knockout mice. The mice were born at the
expected Mendelian ratio at a normal weight, indicating normal foetal development,
but died 24-72 hours later (Morano et al., 2000). They determined that although lack
of SM-MHC was not required for foetal development it was essential for the initial
high force generation created during smooth muscle contraction in order for long-term
survival post-birth (Morano et al., 2000). This results in several key physiological
processes being affected such as closure of the ductus arteriosus, development of
normal blood pressure and micturition (Morano et al., 2000).
In relation to human disease, mutations in the MYH11 gene are a common cause of
familial thoracic aortic aneurysm/aortic dissection (TAAD) associated with PDA (Zhu
et al., 2006, Pannu et al., 2007). These include splice site mutations, exonic deletions
and missense substitutions (Zhu et al., 2006, Pannu et al., 2007). Pannu et al. (2007)
suggested that the molecular basis of dysfunction caused by MYH11 mutations is the
result of altered cross-bridge elasticity (Pannu et al., 2007). This is caused by
disrupted communication between the myosin motor domain and the regulatory
domain/ lever arm.
To date a large number of genes that result in dysfunctional SMC contractility, like
MYH11, are associated with non-inflammatory vasculopathies, in particular TAAD
(Table 2-7) (Milewicz et al., 2008, Guo et al., 2007, Zhu et al., 2006, Renard et al.,
2013). Herein I identified for the first time that the vasculopathy associated with
mutations in MYH11 might involve the cerebral circulation and therefore extend
beyond the aorta.
In the proband a missense alteration, R1535Q, was revealed in exon 33 of MYH11,
which resides in the coiled-coil domain of SM-MHC. Two further examples of
missense substitutions from arginine (R) to glutamine (Q) have been observed at
residues 712 (Pannu et al., 2007) and 1758 (Zhu et al., 2006) of SM-MHC in
association with a vascular pathology. The amino acid alteration in all three instances
is from a charged to an uncharged amino acid indicative of likely deleterious
functional effects. The change at residue 712 was revealed in a proband from a family
where at least one member had been previously diagnosed with PDA (Pannu et al.,
2007). The mutation at this residue was located in the ATPase head region and was
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associated with an occlusive arterial disease resulting in coronary artery disease
(CAD) and peripheral vasculopathy (Pannu et al., 2007). It was thought that this
mutation caused disease by disrupting communication between the motor domain and
the lever arm resulting in reduced myosin motor elasticity and aortic stiffness (Pannu
et al., 2007). The alteration at residue 1758 was identified in an American kindred
diagnosed with aortic dissection and/or PDA (Glancy et al., 2001) and was located in
the coiled-coil domain. It was hypothesized that this substitution would affect
structure of the coiled-coil domain and consequently myosin thick filament assembly
(Zhu et al., 2006). In addition to the effect on SM-MHC structure and function,
mutations in MYH11 have been observed to play a role in causing SMC hyperplasia
by the cells switching to a proliferative state in response to cellular cues (Pannu et al.,
2007). As previously mentioned, the R1535Q (4604G>A) mutation I have identified
is located in the coiled-coil domain of SM-MHC. It is likely that a similar molecular
mechanism is affected in the pathogenesis of the cerebral arteriopathy present in my
patient (A-III-3) i.e. altered structure of the coiled-coil domain arising in modified
communication between it and the motor domain of SM-MHC. Whether an external
influence or additional factor is required for disease to develop is uncertain. In
addition, how modified communication between the domains can cause an occlusive
phenotype is not clear but nevertheless my finding expands the phenotype associated
with heterozygous mutations in MYH11 to include an occlusive cerebral arteriopathy.
There are similarities between my discovery in MYH11 and the ACTA2 story (Guo et
al., 2007, Milewicz et al., 2010). ACTA2 was first identified as a causative gene for
TAAD in several families with each family harbouring a different novel missense
substitution (Guo et al., 2007). The mutations perturbed the dynamics of actin
assembly and/or stability and thus aortic structural integrity (Guo et al., 2007). More
specifically aortas from affected individuals showed characteristic traits of aortic
medial degeneration such as loss of elastic fibers, increased proteoglycan deposition
and decreased number of smooth muscle cells (Guo et al., 2007, Milewicz et al.,
2010). Stenosis due to SMC proliferation was also evident in the vasa vasorum
causing occlusion in focal areas (Guo et al., 2007, Milewicz et al., 2010). Following
these findings a subsequent publication noted that in addition to TAAD, carriers of
ACTA2-mutations also presented with premature onset of CADnand/or ischaemic
strokes, which in some cases were classified as MMD (Guo et al., 2009). The authors
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concluded that some ACTA2 mutations segregate with occlusive vascular disease
caused by increased SMC proliferation in the medial layers of the arteries (Guo et al.,
2009). It is thought ACTA2 may play a role in SMC proliferation because
polymerization of α-actin modulates SMCs between a quiescent cell that expresses
high levels of contractile proteins to a proliferating cell that does not express any
(Parmacek, 2007, Owens, 1995). Therefore, any null/missense mutations in ACTA2
would cause SMCs to proliferate uncontrollably (Guo et al., 2009). The ACTA2
mutation associated with MMD was R212Q (635G>A) with histopathologic studies
of the internal carotid arteries showing increased SMC proliferation in the intimal
layer leading to vessel occlusion (Guo et al., 2009). Interestingly, ACTA2 mutations
appear to cause dilatation of the aorta but stenosis of smaller arteries indicating the
gene may have a differential effect depending on the vessel involved (Guo et al.,
2009). There may a similar mechanistic link in A-III-3 regarding MYH11 mutations.
That is the mutation may cause a stenotic phenotype in smaller vessels but result in
aneurysms in large vessels.
It should be noted that there are differences in the radiological phenotype between the
arteriopathy of the proband described in this chapter and that associated with ACTA2.
In the ACTA2 arteriopathy the proximal branches of the circle of Willis are unusually
straight, with occlusive characteristics and lack of basal collaterals (Munot et al.,
2012). In my patient the arterial vasculature is similarly straight but, in contrast, there
is a profuse basal collateral network distinctive to MMD (Starosolski et al., 2015).
Whilst the radiological phenotype is well recognised in ACTA2 patients (Starosolski
et al., 2015, Munot et al., 2012), the one associated with MYH11 has yet to be
established. It may be that a distinctive morphological signature is waiting to be
defined.
My findings have potential implications for vascular screening to include the
cerebrovascular circulation in patients with MYH11 mutations. Currently only the
aorta is screened. In addition, there are significant clinical consequences as betablockade can be a potential therapy prescribed for TAAD patients but such a
treatment could adversely affect systemic blood pressure and thus brain perfusion in
the presence of cerebral vasculopathy, with a potential fatal outcome. Whilst MYH11
patients should receive cerebrovascular screening, in cases such as the one discussed
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here, who present with predominantly neurological symptoms, it is also important to
perform a detailed cardiac assessment with echocardiography and other aortic
imaging. For patients with no established definitive vascular changes, screening for
subclinical vascular involvement, such as measuring arterial stiffness with pulse wave
velocity may have a role. It may be that a similar approach should be considered for
all patients with a moyamoya arteriopathy who are misleadingly thought to have only
cerebral vasculature involvement. MYH11 testing could also be done in children with
MMD who have an atypical cerebral angiographic presentation or poor response to
pial synangiosis. My findings also highlight a need for establishing the
relevance/importance of MYH11 screening by looking at a larger cohort of children
with stroke and arteriopathy and assessing potential MYH11 variant frequency.

3.7 Conclusion
In summary, I have expanded the phenotype associated with heterozygous mutations
in MYH11 to include cerebrovascular disease similar to moyamoya arteriopathy. My
findings have the following implications:
1. Children with arterial ischaemic stroke and vasculopathy should be screened
for mutations in MYH11 particularly if they have an atypical cerebral
angiographic presentation or poor response to pial synangiosis.
2. Patients with established MYH11 mutations should be screened for
cerebrovascular involvement and vascular surveillance should extend beyond
the aorta.
I published my findings in Neurology (Keylock et al., 2018).
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Chapter 4 Moyamoya-like
cerebrovascular disease
associated with
heterozygous mutations in cCBL
4.1 Summary
Moyamoya arteriopathy is characterised by progressive stenosis of the terminal part
of the internal carotid arteries and the development of abnormal collateral deep
vessels. Its pathophysiology is unknown. Moyamoya arteriopathy can be the sole
manifestation of the disease (moyamoya disease) or be associated with various
conditions (moyamoya syndrome) including some Mendelian diseases. In this chapter
I investigated the genetic basis of moyamoya in 3 families using a WES approach.
WES was performed in four early-onset moyamoya sporadic cases and their parents
(trios). I identified heterozygous mutations in c-CBL in all affected cases. c-CBL is an
E3 ubiquitin ligase that down regulates various receptor tyrosine kinases. Detailed in
vitro functional expression studies were undertaken in the patients with mutations in
c-CBL that showed impaired c-CBL-mediated degradation of cell-surface receptors in
a dominant-negative fashion. These results were compatible with dysregulated
intracellular signalling through RAS, which contributed to the development of this
novel genetic cause of cerebral vasculopathy in these patients. These data suggest that
c-CBL gene screening should be considered in early-onset moyamoya, even in the
absence of obvious signs of a RASopathy.
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4.2 Introduction
This chapter focuses on three families: one family under the care of the neurovascular
service at GOSH (lead clinician Dr Ganesan) where the index case presented with a
moyamoya-like arteriopathy; another family with two affected siblings and their
mother with moyamoya-like cerebrovascular disease; and a third family where the
index case (now deceased) presented with a similar arteriopathy phenotype. For the
purposes of this thesis I will refer to these families as family B, C and D.

4.3 c-CBL function and structure
c-CBL encodes the Casitas B-cell lymphoma protein (CBL or c-CBL), which
functions as an E3 ubiquitin ligase and multi-adaptor protein. There are three
mammalian isoforms of CBL: c-CBL, CBL-b and CBL-c. For the purpose of this
report I have focused on the c-CBL isoform.
c-CBL is involved in the regulation of signal transduction in various cell types by
altering growth factor receptor signaling cascades (Schmidt and Dikic, 2005). More
specifically it negatively regulates various receptor protein tyrosine kinase-signaling
pathways via receptor degradation and acts as an adaptor protein in tyrosine
phosphorylation-dependent signaling (Thien et al., 2001, Fu et al., 2003).
c-CBL has five functionally distinct protein domains: an N-terminal tyrosine kinase
binding (TKB) domain, a linker domain, a zinc binding RING finger domain, a
proline-rich region and a C-terminal ubiquitin-associated (UBA) domain (Thien and
Langdon, 2005) (see Figure 4-1). The TKB domain determines substrate specificity
and is joined to the RING finger domain by the linker region (Thien and Langdon,
2005). The RING finger domain regulates the E3 ubiquitin ligase activity, which is
essential to the ubiquitin transfer process (Pickart, 2001). Through this domain c-CBL
directs monoubiquitination of receptors, which in turn promotes their lysosomalmediated degradation (Schmidt and Dikic, 2005). The proline-rich region is the site of
interaction between c-CBL and cytosolic proteins involved in the adaptor functions of
c-CBL (Thien and Langdon, 2005). The UBA domain is the site of interaction
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between c-CBL and the ubiquitin domains of other proteins (Thien and Langdon,
2005).
Historically mutations in c-CBL have primarily been associated with acute myeloid
leukaemia (Caligiuri et al., 2007, Sargin et al., 2007), myeloproliferative neoplasms
(Grand et al., 2009, Dunbar et al., 2008) and juvenile myelomonocytic leukaemia
(JMML) (Niemeyer et al., 2010, Loh et al., 2009). Deletion of the essential Y371
residue in the c-CBL linker region has been reported to induce oncogenicity by
disrupting the integrity of the α-helical structure of the linker region (Andoniou et al.,
1994). Due to the oncogenic effect, it is unsurprising that mutation of this residue is
observed in ~50% of JMML patients (Niemeyer et al., 2010, Perez et al., 2010).
Germline mutations have now been proven to cause a Noonan-like syndrome with or
without JMML (Niemeyer et al., 2010, Perez et al., 2010). Patients display phenotypic
characteristics similar to the RASopathy Noonan syndrome such as facial
dysmorphia, cognitive deficit and musculoskeletal anomalies. Pertinent to my study is
the observation that some of these patients also display symptoms consistent with a
vascular pathology (Niemeyer et al., 2010). One patient was diagnosed with a large
vessel vasculitis consistent with TA whilst others presented with arterial hypertension,
optic atrophy and acquired cardiomyopathy (Niemeyer et al., 2010). More recently
several patients with MMD have been found to harbour mutations in c-CBL that affect
the protein’s E3 ubiquitin ligase activity (Guey et al., 2017a, Hyakuna et al., 2015).
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Figure 4-1 The domain structure of c-CBL. Adapted from references (Schmidt and Dikic,
2005, Polo, 2012).
(A) A schematic representation of the structure of c-CBL or CBL. The region between the
tyrosine kinase binding (TKB) and RING domains is known as the linker region. (B) Globular
representation c-CBL.

4.4 Ubiquitin E3 ligase mechanism
Ubiquitin (Ub), a small 8 kDa protein, can be covalently attached to a vast range of
substrates to aid in the regulation of numerous eukaryotic processes (Komander and
Rape, 2012). Substrate modification can be achieved through the addition of a single
Ub to a lysine residue (monoubiquitination), multiple Ubs to numerous substrate
lysines (multi-monoubiquitination) or a polyubiquitin chain to one substrate lysine
(polyubiquitination) (Sadowski and Sarcevic, 2010). Attachment of Ub involves three
classes of enzymes, an E1 Ub-activating enzyme, an E2 Ub-conjugating enzyme and
an E3 Ub ligase. The E1 enzyme activates Ub in an ATP-dependent reaction forming
a thioester bond between the Ub C-terminus and the E1 catalytic cysteine. Ub is then
transferred to the catalytic cysteine of the E2 enzyme forming an E2/Ub intermediate.
Finally, the E3 binds both the E2/Ub intermediate and the substrate to catalyze
transfer of the Ub to a substrate lysine (Sadowski and Sarcevic, 2010, Berndsen and
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Wolberger, 2014). The purpose of the E3 enzymes is thus twofold: firstly, to catalyze
Ub transfer and secondly, to match E2/Ub constructs with their complementary
substrates (Berndsen and Wolberger, 2014).
There are over 600 human E3 ligases (Li et al., 2008) that can be split into three
families depending on certain conserved structural domains and the mechanism by
which they transfer Ub from the E2 to the substrate (Pickart and Eddins, 2004, Smit
and Sixma, 2014). The first and largest family is that of the RING family. E3
enzymes that belong to this family can catalyze direct transfer of Ub from an E2 to a
substrate (Deshaies and Joazeiro, 2009). This is done by simultaneously binding the
E2/Ub and the substrate. The other two families are smaller and ubiquitinate
substrates using a two-step process. They are the homology to E6AP C terminus
(HECT) family and the RING-between-RING (RBR) family. E3 enzymes from these
families initially transfer Ub from an E2 to an active cysteine residue on an E3 and
then from the E3 to a substrate (Smit and Sixma, 2014, Scheffner and Kumar, 2014).
c-CBL is a RING E3 ligase and, to date, is known to interact with at least 150 proteins
(Schmidt and Dikic, 2005). These range from tyrosine kinases and growth factor
receptors (Thien and Langdon, 2001) to adaptor proteins (Loreto et al., 2002) and cell
adhesion molecules (Kaabeche et al., 2005). Of particular interest is its role in
controlling proliferative signals by ubiquitinating various receptor tyrosine kinases
(RTKs) such as epidermal growth factor receptor (EGFR) and platelet-derived growth
factor receptor (PDGFR) (Thien and Langdon, 2001) (Figure 4-2). Ubiquitination of
RTKs and their subsequent downregulation are mediated by the E3 ubiquitin ligase
activity of c-CBL. As already mentioned the linker and RING finger domains are
crucial to this process (Schmidt and Dikic, 2005, Thien and Langdon, 2001).
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Figure 4-2 c-CBL interacts with many different signaling proteins. Adapted from reference
(Thien and Langdon, 2001).

4.5 c-CBL and regulation of EGFR and PDGFR
It is well documented that c-CBL is involved in the pathway involving EGFR
degradation (Figure 4-3) (Levkowitz et al., 1998, Pennock and Wang, 2008, Joazeiro
et al., 1999). Briefly, epidermal growth factor (EGF) binds to the extracellular portion
of EGFR. This stimulates the tyrosine kinase domain of the receptor, which in turn
results in phosphorylation of several C-terminal tyrosine residues. An EGFR- c-CBL
complex can then form either directly or indirectly. Direct association occurs when
tyrosine-1045 is phosphorylated which serves as a docking site for the TKB domain
of c-CBL (Levkowitz et al., 1998). Indirect association happens when the adaptor
protein GRB2 (growth factor receptor-bound protein 2) binds to the proline region of
c-CBL after either tyrosine-1068 or tyrosine-1086 on EGFR is phosphorylated
(Figure 4-3 B) (Pennock and Wang, 2008). c-CBL is phosphorylated allowing E2
enzyme recruitment to the RING finger of c-CBL and Ub addition at various sites on
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the receptor. In a similar fashion c-CBL is a negative regulator of PDGFR and thus
PDGF-induced cell proliferation (Miyake et al., 1999, Reddi et al., 2007).

Figure 4-3 EGFR downregulation via c-CBL mediated ubiquitination.
(A) Direct association between EGFR and c-CBL. (Thien and Langdon, 2001) a) EGF binding
induces phosphorylation (P) of EGFR. b) Cbl is recruited to EGFR binding through its TKB
domain. c-CBL becomes phosphorylated. c) The E3 ubiquitin ligase function of c-CBL catalyzes
transfer of Ub to EGFR. d) Continued addition of Ub results in multiubiquitination. e-f) EGFR-cCBL complex is internalized. g) Ligand dissociates and EGFR is recycled back to the cell surface
membrane. (B) Indirect association between EGFR and c-CBL via growth factor receptor-bound
protein 2 (GRB2). (Pennock and Wang, 2008).
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4.6 EGFR and induction of the Ras-Raf-mitogen
activated protein kinase pathway
The Ras-Raf-mitogen activated protein kinase (MAPK) pathway is one of the major
signaling cascades stimulated by EGFR and other similar RTKs (Alroy and Yarden,
1997). This pathway couples signals from membrane bound receptors to downstream
effectors to regulate numerous biological processes including cell proliferation,
apoptosis inhibition, gene expression and angiogenesis (Herbst, 2004, McCubrey et
al., 2007). In summary, Ras recruits and activates Raf, a protein kinase, which in turn
promotes MEK1/2 and activates ERK1/2. Activated ERK1/2 can phosphorylate
various different substrates and control different transcription factors (Li et al., 2016).

Figure 4-4 Schematic representation of MAPK/ERK signaling pathway. Adapted from
reference (Carlomagno and Chiariello, 2014).

97

4.7 c-CBL and regulation of PLCγ1
In endothelial cells pro-angiogenic signaling is in part controlled by activation of
phospholipase Cγ1 (PLCγ1) by vascular endothelial growth factor 2 (VEGFR-2)
(Meyer et al., 2003) (Figure 4-5). VEGFR-2 also activates c-CBL, which mediates the
anti-angiogenic function of VEGFR-2 by targeting PLCγ1 for ubiquitination (Figure
4-5). In porcine aortic endothelial cells (PAECs) an E3 ligase deficient form of c-CBL
was found to cause increased PAEC sprouting indicating an inhibitory role of c-CBL
in angiogenesis (Singh et al., 2007).

Figure 4-5 c-CBL and PLCγ1 activation by VEGFR2 and c-CBL mediated ubiquitination
of PLCγ1 and involvement of c-CBL in angiogenesis. Adapted from reference (Rahimi,
2009).

4.8 Family tree for family B
The index case of family B was an Asian male from non-consanguineous parents,
referred to as B-II-3 from now on. The family tree is presented in Figure 4-6.
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Figure 4-6 Family tree for family B

4.9 Clinical presentation of B-II-3
The initial presentation of the index case of family B was at the age of 2 ½ years old
when he was found to have left sided leg and arm weakness and left sided facial
weakness. There were no clear precipitants to this presentation. He did not report any
fevers, skin rashes, respiratory, musculoskeletal or gastrointestinal symptoms of note.
Brain MRI revealed an acute infarct in the right MCA territory involving the right
frontal, temporal and parietal lobe cortex and some right anterior cerebral artery
frontal lobe cortical involvement (Figure 4-7). Brain MRI also showed evidence of a
past left sided infarct in the periventricular white matter. In addition, brain MRA and
catheter angiography of the cerebral circulation revealed bilateral occlusive
vasculopathy involving the ICA with established collaterals in keeping with a
moyamoya radiological pattern (Figure 4-7). Visceral digital subtraction angiography
was normal. Echocardiography was normal. There was no acute phase response (ESR
5 mm/h; normal range < 10 mm/h and CRP5 mg/L; normal range< 20 mg/L);
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ANCA/ANA testing was negative and broad metabolic and infectious disease screen
were negative (see Appendix 1 for stroke protocol investigations). As he was noted to
have two café-au-lait spots genetic screening of NF1 gene mutations was undertaken
and was negative whilst array CGH did not detect any copy number variants. Of note,
he was also identified to have factor XII deficiency (factor XII levels 32 IU/L; normal
range 50-150 IU/L) but he did not experience any bleeding episodes and had no
evidence of intracerebral haemorrhage. He was considered to have moyamoya
arteriopathy with no evidence of a systemic vasculopathy and was started on aspirin
(5 mg/kg/day). At 4 years of age he underwent bilateral ECIC bypass and is currently
doing well with no further events. As an aside he suffered from an unexplained rightsided skull fracture and related soft tissue swelling at the age of 4 ½ years that healed
with no complications. There was no evidence of osteopenia as assessed by a lumbar
spine dexa scan and there were no psychosocial concerns.
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Figure 4-7 Brain magnetic resonance imaging (MRI) and cerebral catheter angiography
images for B-II-3.
(a) Axial T2- and (b) ADC map from the diffusion-weighted images (DWI) shows an acute right
largely cortically based right MCA territory infarct (long red arrows). Left mature deep and
cortical ACA/MCA watershed infarcts indicate previous left hemispheric injury (short red
arrows). (c) Catheter angiography of the cerebral circulation shows a right ICA stenosis with
some filling of a narrow right MCA branch and occluded right ACA and multiple moyamoya,
ethmoidal and ophthalmic collateral vessels. (d) The left ICA is occluded just beyond the left
PCA and ACA branch can be seen to fill via collaterals. The collateral pattern is similar to the
right with additional pial collaterals from the left PCA. (e) The posterior circulation vessels are
normal and fill the cerebral hemispheres via collateral pial vessels. RICA = right internal
carotid artery, LICA = left internal carotid artery, LVA = left vertebral artery, ADC = apparent
diffusion coefficient, ACA = anterior cerebral artery, ICA = internal carotid artery, MCA =
middle cerebral artery, MM = moyamoya, PCA = posterior cerebral artery, tICA = terminal
internal carotid artery, VA = vertebral artery.
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4.10 Family tree for family C
The index case of family C was a Caucasian female from non-consanguineous
parents, referred to as C-III-2 from now on. The family tree is shown in Figure 4-8.

Figure 4-8 Family tree for family C

4.11 Clinical presentation of C-III-2
C-III-2 who had a history of pulmonary valve stenosis diagnosed at birth presented to
the neurovascular services at GOSH (Dr Ganesan/Dr Eleftheriou) and Bristol (Dr
Mallick) at the age of 4 months with acute dehydration followed by encephalopathy
and a left sided focal seizure. Brain MRI at the time revealed acute swelling and
signal change with restricted diffusion of the whole right hemisphere, other than the
basal ganglia structures. Subsequent MRA and catheter angiography of the cerebral
circulation showed an occlusive arteriopathy of the terminal ICAs, the MCA and the
anterior cerebral arteries (Figure 4-9). The ICA occlusion was found to be worse on
the right hand side in comparison to the left with a profuse basal collateral network.
Contrast brain computed tomography (CT) showed no intracerebral calcification.
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Extensive screening for infectious, metabolic and rheumatological causes was found
to be negative. She was thus diagnosed with an unclassified cerebral vasculopathy
with a moyamoya-like pattern and was started on aspirin (5 mg/kg/day). She remained
stable over time with no stroke recurrence but progressive white matter disease over
time (Figure 4-10). Intriguingly, her mother and sister also had cerebrovascular events
and were identified to have a similar pattern of arteriopathy (Figure 4-11 & Figure
4-12). Both affected siblings have undergone ECIC bypass with good results. WES
was undertaken for this family in collaboration with Hywell Williams (GOSHgene).
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Figure 4-9 Brain MRI and catheter cerebral angiography images of the cerebral
circulation for C-III-2 during initial presentation.
(a, b) Brain MRI showing an acute right hemispheric infarction sparing the deep grey structures.
(c) The CA demonstrates a small and poorly filling RICA, stenosed at the skull base and
occluded at the cavernous segment. The hemisphere is filled via moyamoya collaterals and a
foetal right PCA. (d) The left tICA is severely stenosed and fills only a stenosed left MCA and
multiple moyamoya collaterals. (e) The right VA and basilar artery are small and do not fill the
PCAs. RICA = right internal carotid artery, LICA = left internal carotid artery, RVA = right
vertebral artery, CA = catheter angiogram, MCA = middle cerebral artery, PCA = posterior
cerebral artery, tICA = terminal internal carotid artery, VA = vertebral artery.
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Figure 4-10 Follow up brain MRI for C-III-2.
(a) 12 months following initial presentation showed maturation of the old infarct and (b) new
white matter disease.
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Figure 4-11 Brain MRI and catheter angiography of the cerebral circulation for C-III-1.
(a, b) C-III-1 had both subcortical white matter lesions in both hemispheres with large
perivascular spaces (long red arrows). (c) The RICA is occluded at the cavernous segment with
filling of some vessels via multiple moyamoya collaterals. (d) The LICA is occluded at the
cavernous segment with severe stenosis of proximal ACA and MCA and multiple moyamoya
collaterals. (e) The LVA is occluded and the RVA is stenosed shortly before forming the basilar
artery which is small and which is occluded at it terminus with no filling of the PCAs. Multiple
pial collaterals are visible. RICA = right internal carotid artery, LICA = left internal carotid
artery, R/LVA = right/left vertebral artery, ACA = anterior cerebral artery, MCA = middle
cerebral artery, PCA = posterior cerebral artery.
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Figure 4-12 Brain MRI and MRA images for C-II-2.
(a, b) C-II-2 was found to have a signal abnormality in the left mid pons of uncertain
significance (long red arrows). (c, d) Her MRA revealed bilateral occlusion of the tICAs with
filling of distal vessels via moyamoya collaterals. (e) The posterior circulation appears patent
but attenuated with pial collateral formation. tICA = terminal internal carotid artery.
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4.12 Family tree for family D
The index case of family D was a Caucasian male from non-consanguineous parents,
referred to as D-II-6 from now on. The family tree is shown in Figure 4-13.

Figure 4-13 Family tree for family D

4.13 Clinical presentation of D-II-6
D-II-6 was born following a normal pregnancy and delivery, with a birth weight of
3.37kg (50th percentile). During the first year of life he was noted to be quite floppy
and his motor skill and fine skill development was delayed. He began sitting at around
two, and walked independently at around 4 years of age. He was found to have an
enlarged liver and spleen when he was seven months old after being referred to his
local paediatric team for pneumonia. Despite numerous investigations at that stage, no
clear cause for his poor development and hepatosplenomegaly was identified.
Throughout childhood, he continued to show slow development and attended a school
for children with special needs. Apart from his learning difficulties, he had no other
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health problems in childhood. He was very short sighted in his right eye and slightly
short sighted in his left. Over the last three years, he developed progressive swelling
in his legs, which was worse on the left. His cardiology assessment including ECG
and echocardiography were normal. At the age of 5.5 years old he presented with leftsided focal seizures and left-sided hemiplegia and was subsequently found to have an
acute intracranial haemorrhage with ventricular extension and vascular changes
consistent with moyamoya arteriopathy (Figure 4-14). He had further intracranial
haemorrhage into the right lentiform nucleus during this episode (intraventricular and
subarachnoid haemorrhage) that was difficult to control and he subsequently died. His
array CGH did not find any copy number variants.
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Figure 4-14 Brain MRI and catheter angiography of the cerebra circulation images for DII-6.
(a, b) An acute left MCA infarct (long red arrow) is seen in D-II-6 who presented with a left
capsular, thalamic, intraventricular and subarachnoid haemorrhage (see in a). (c, d) The CA
reveals bilateral occlusion of the terminal ICAs with no distal filling via normal intracranial
vasculature but some filling of the hemispheres from EC-IC and skull base collaterals. (e) The
P1 segment of the right PCA is occluded but multiple pial collaterals are seen filling the
hemispheres. RICA = right internal carotid artery, LICA = left internal carotid artery, LVA =
left vertebral artery, CA = catheter angiogram, ICA = internal carotid artery, MCA = middle
cerebral artery, PCA = posterior cerebral artery, tICA = terminal internal carotid artery.
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4.14 Methods
The general methods used in the experiments outlined in this chapter are described in
Chapter 2 General materials and methods. The specific methods used to investigate
the functional relevance of the identified c-CBL mutations are discussed here.

4.14.1 Human dermal fibroblast cell transdifferentiation
For transdifferentiation of human dermal fibroblast cells (HDFCs), the culture plates
were pre-coated with matrigel (BD Biosciences). To begin with, 400 µl of matrigel
was mixed with 25 ml of cold medium. 1 ml of this diluted matrigel solution was then
added to each well of a 6-well plate and incubated for 30 minutes. The matrigel was
then aspirated with the removal of as much fluid as possible. HDFCs were evenly
seeded on the matrigel pre-coated plates. After overnight incubation, cells were
treated with 2% heat-inactivated horse serum and 5 ng/mL TGFβ1 to induce
fibroblast transdifferentiation into smooth muscle cell (SMC)-like cells referred to as
SMC-myofibroblasts. The cells were harvested on day 14 for RNA isolation or alphasmooth muscle cell actin staining for FACS analysis. qPCR analysis was performed to
analyse mRNA expression of a SMC marker gene (ACTA2).

4.14.2 siRNA transfection in human umbilical vein endothelial cells
c-CBL siRNA (CBLHSS101416, Invitrogen) was reconstituted with RNAse free
water to a concentration of 13.3 µg/nmol. Two negative siRNA controls were used:
Stealth RNAi™ siRNA Negative Control Med GC and Stealth RNAi™ siRNA
Negative Control Lo GC (Thermo Fisher Scientific).
Cells were plated the day before transfection to ensure ~90-100% confluency at the
time of transfection. On the day of transfection cells were washed twice with OptiMEM® (Thermo Fisher Scientific) to remove any FBS-containing media. Volumes
were calculated for 1 well of a 6-well plate. Firstly, 150 µl of Opti-MEM® and 6 µl of
Lipofectamine® (Thermo Fisher Scientific) were combined in a 1.5 ml eppendorf. In a
separate 1.5 ml eppendorf, 150 µl of Opti-MEM® and 7.5 µl of siRNA were
combined. The diluted Lipofectamine® and diluted siRNA were then mixed in a 1:1
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ratio and incubated at room temperature for 5 minutes to allow formation of a DNAlipid complex. To each well was added 250 µl of this DNA-lipid complex. After a 4
hour incubation at 37°C, 1 ml of the cell’s normal media was added and the cells were
incubated for an additional 48 hours at 37°C. Volumes were halved if cells were
plated in a 12-well plate.

4.14.3 Cell stimulation
Three different cell types were used in a number of experiments detailed in this
chapter: HUVECs, PBMCs and HDFCs. Prior to stimulation, HUVECs and
transformed HDFCs were washed with sterile PBS and put in quiescent media for 24
hours; PBMCs were left in normal media overnight after being extracted or thawed.
HUVECs were stimulated with 20 ng/ml recombinant human vascular endothelial
growth factor (VEGF) 165 protein (R&D systems); PBMCs were stimulated with 20
ng/ml EGF recombinant human protein (Thermo Fisher Scientific); and transformed
HDFCs were stimulated with 20 ng/ml PDGF A/B (PeproTech).

4.14.4 Immunoprecipitation
Protein was extracted from PBMCs using M-PER® mammalian protein extraction
reagent (Thermo Fisher Scientific), supplemented with protease inhibitor cocktail,
instead of RIPA buffer. Samples were centrifuged (6,500 x g for 20 minutes) at 4°C
and the supernatant transferred to a fresh 1.5 ml eppendorf. 1 ml M-PER® reagent and
10 µl primary antibody were added and tubes were rotated overnight at 4°C.
Protein A beads (Thermo Fisher Scientific) were washed three times with M-PER®
reagent before being added to each sample; 70 µl of beads per sample were used. The
samples were rotated for 4 hours at 4°C. The beads were washed with 500 µl M-PER®
reagent and centrifuged briefly (18,000 x g for 2 minutes) at 4°C. This was repeated
three times.

4.14.5 Ubiquitination
An ubiquitination assay kit (Abcam) was used. In brief, assay reagents were added to
a 1.5 ml eppendorf in the order indicated in Table 4-1. The contents were mixed
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gently and incubated at 37°C for 60 minutes. The assay was then quenched by adding
50 µl 5X SDS loading buffer. Samples were either immediately analysed using
Western Blot or stored at -20°C for later analysis.
Table 4-1 Ubiquitylation assay reagents

Reagent
Distilled water
10X ubiquitinylation buffer
Inorganic pyrophophatase solution (100U/mL in
20mM Tris-HCl, pH 7.5)
Dithiothreitol solution (50mM in 20mM Tris-Cl,
pH7.5)
Mg-ATP
EDTA (50mM)
20X E1 (2 µM)
10X E2 (Ubch5a) (25 µM)
20X Ub (50 µM)

E2-Ub
21.5 µl
5 µl

E2-Ub –ve control
19 µl
5 µl

10 µl

10 µl

1 µl
2.5 µl
2.5 µl
5 µl
2.5 µl

1 µl
5 µl
2.5 µl
5 µl
2.5 µl

4.14.6 Vasculogenesis assay
A number of studies have explored the ability of endothelial cells to form vascular
networks on extracellular matrix formulations (MatrigelTM) as means of recapitulating
vasculogenesis events happening in vivo (Tepper et al., 2002, Montanez et al., 2002).
Plating endothelial cells onto a layer of gel matrix is a well-established assay that
mimics capillary-like tubule formation, a process that is representative of the later
stage of angiogenesis (Lawley and Kubota, 1989). Matrigel is a mixture of
extracellular and basement membrane proteins that allows tubules to form after only 1
hour (Lawley and Kubota, 1989). An aliquot of frozen growth factor reduced matrigel
without phenol red (BD Biosciences) was left to thaw in the refrigerator for
approximately 3 hours. A flat-bottomed 96-well plate and p200 pipette tips were precooled in the freezer for a similar length of time. The defrosted matrigel was briefly
centrifuged to remove any bubbles and 50 µl pipetted into each well, approximately
12 per aliquot. The plate was incubated at 37°C for 30 min to allow the matrix
solution to solidify. HUVEC cell concentration was adjusted to 100,000 cells/ml in
EGM-2 and 200 µl was added per well. The plate was incubated at 37°C for 18-24
hours and then inspected under an inverted microscope for tube formation. The
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number of tubules formed was counted in 5 random fields for each condition; each
condition was run in duplicate (Figure 4-15).
The number of tubules was counted using ImageJ in each picture taken. The average
number of tubules was calculated and divided by the area of the well to give the
number of tubules per mm. Results were displayed as mean of five images taken per
well.

Figure 4-15 Human umbilical vein endothelial cell (HUVEC) capillary network (tubule)
formation on matrigel.
HUVECs grown overnight were treated with trypsin and re-suspended in EGM-2 at 10000 cells
per 100µl prior to being seeded onto a matrigel coated 96-well plate. The formation of HUVEC
vascular networks was examined with light microscopy at after 12 hours. Images were captured
using an inverted microscope. 40 x magnification.

4.14.7 FACS analysis of EGFR, MAPK and phosphorylated-MAPK
expression in PBMCs, HUVECs and HDFCs
For PBMCs, primary antibodies for EGFR, MAPK and phosphorylated-MAPK were
used (Table 4-2). The secondary antibody was a goat anti-rabbit Alexa 488
(LifeTechnologies). Regarding detection of EGFR, cells were permeabilised. For
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permeabilised cells, cells were fixed using 200 µl 4% PFA and permeabilised with
BD PhosflowTM Perm Buffer III (BD Biosciences). The wash buffer used for
permeabilised cells was BD Perm/WashTM Buffer (BD Biosciences).
For HUVECs, primary antibodies for PLCγ1 and phosphorylated-PLCγ1 were used
(Table 4-2). The secondary antibody was a goat anti-rabbit Alexa 488
(LifeTechnologies). Before the addition of any antibodies, cells were fixed and
permeabilised using the BD Cytofix/CytopermTM fixation/permeabilization solution
(BD Biosciences). The wash buffer used for permeabilised cells was BD
Perm/WashTM Buffer (BD Biosciences).
For transformed HDFCs (smooth muscle cell-like cells), primary antibody for
phosphorylated-MAPK was used (Table 4-2). The secondary antibody was a goat
anti-rabbit Alexa 488 (LifeTechnologies). Before the addition of any antibodies, cells
were fixed and permeabilised. For staining with phosphorylated-MAPK, cells were
fixed using 200 µl cytofix (BD Biosciences) and permeabilised with BD PhosflowTM
Perm Buffer III (BD Biosciences). A staining buffer (BD Biosciences) was used for
wash steps.
A summary of the method is shown in Figure 4-16.
Table 4-2 FACS antibodies used to examine the RAS pathway in different cell types.

Antibody
c-CBL (C-3)
Epidermal growth factor
receptor (A-10)
Phospho-p44/42 MAPK
(Erk1/2)
PLCγ1
Phospho-PLCγ1 (Tyr783)
Goat anti-rabbit alexa 488

Company
Santa Cruz Biotechnology
Santa Cruz Biotechnology

Clone
Mouse monoclonal
Mouse monoclonal

Cell signaling technology

Rabbit polyclonal

Cell signaling technology
Cell signaling technology
Life Technologies

Rabbit polyclonal
Rabbit polyclonal
Goat polyclonal
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Figure 4-16 Flow diagram of staining method for PBMCs, HUVECs and transformed
HDFCs for FACS assays to explore the RAS signaling pathway.

4.14.8 Analysis of FACS assays to explore the RAS signaling pathway
For EGFR and MPAK staining, gating of the monocyte population was carried out
first before relative fluorescence intensity for EGFR and MAPK was identified
(Figure 4-17). Representative flow cytometric plots are shown in Figure 4-17 below.
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Figure 4-17 Flow cytometry gating strategy for monocyte EGFR and phosphorylatedMAPK staining.
(A) Gating on monocytes population was based on forward (x-axis) and side (y-axis) scatter
properties. (B) Indicative FACS histogram showing positive EGFR staining (black line). Alexafluor 488 stained monocytes were used as an isotype control (grey shaded). (C) Representative
histogram showing cells positive for phosphorylated-MAPK (black line). Alexa-fluor 488 stained
monocytes were used as an isotype control (grey shaded).

For HUVECs and HDFCs live and dead cells were first identified prior to gating on
positive cells for each specific antibody. Representative flow cytometric plots are
shown in Figure 4-18 and Figure 4-19 for HUVECs and HDFCs, respectively.
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Figure 4-18 Flow cytometry gating strategy for phosphorylated-PLCγ1 staining on
HUVECs.
(A) A live HUVEC gate was first identified using forward (x-axis) and side (y-axis) scatter. (B)
Cells positive for phosphorylated-PLCγ1 were identified (black line). Alexa-fluor 488 stained
HUVECs were used as an isotype control (grey shaded).

Figure 4-19 Flow cytometry gating strategy for phosphorylated-MAPK staining on HDFCs.
(A) A live gate was first identified using forward (x-axis) and side (y-axis) scatter. (B) Cells
positive for phosphorylated-MAPK were identified (black line). Alexa-fluor 488 stained HDFCs
were used as an isotype control (grey shaded).
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All experiments were carried out in triplicate unless otherwise stated. Data are
expressed as mean and SEM. Comparisons between groups were analysed using ttest, P < 0.05 was considered significant.

4.15 Identifying a causal allele: Whole Exome
Sequencing
WES was performed on B-II-3 and both of his parents (see General methods and
materials section 2.16). As only B-II-3 was affected a dominant heterozygous model
was assumed as a possible mode of inheritance. WES identified 24,949 variants. As a
first filter the WES output was initially compared to the vasculopathy candidate gene
list (Table 2-7). Variants were found in five candidate genes: COL5A2, MYH11,
NOTCH1, SKI and c-CBL. These were investigated further.

4.15.1 Verification of candidate gene variants
These candidate genes were verified using Sanger sequencing (see General methods
and materials 2.15). The primers used are listed in Table 4-3.
Table 4-3 Primer sequences used for Sanger sequencing.

Primer name

Primer sequence

c-CBL exon 8 F

AACCATATCACTGGACACAAGC

c-CBL exon 8 R

CAGCCCTGACCTTCTGATTC

c-CBL exon 11 F

TTCTTTGCTGTGTACTAGTGGG

c-CBL exon 11 R

CTCACTGAAAGCTTGGCCTC

COL5A2 exon 44 F

CAAAACAGTTTGGCAACAGC

COL5A2 exon 44 R

ATGCAAATTCCAGAAGGGC

MYH11 exon 9 F

AGCCAGCTCGGGTTACTTG

MYH11 exon 9 R

CAGTGCACAACCTGCACC

MYH11 exon 37 F

GCTGGAAAATGAGACACTGC

MYH11 exon 37 R

CAATCCCAGCTTTGCTGAC

NOTCH1 exon 17 F

ATCCTCGGCTCAGTGAAGAG
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NOTCH1 exon 17 R

CTTTGAAGAGGAGCTGGTGG

SKI exon 6 F

TCAGATAGATGACCCCACGG

SKI exon 6 R

TCTTCGATCTGAAAGGGAGC

The variants in NOTCH1 and SKI were found to be false positives; however the
variants in MYH11, COL5A2 and c-CBL were confirmed to be potential novel
heterozygous missense mutations.
4.15.1.1 Candidate gene: MYH11
The variant in MYH11 was a non-synonymous substitution NM_002474:c.914A>G
(p.N305S) (Figure 4-20), which causes an amino acid change from asparagine to
serine. Both are polar amino acids with uncharged side chains, which means there was
unlikely to be a change in the protein structure and consequently function. This was
supported by the SIFT, MutationTaster and PolyPhen-2 programs that predicted the
change to be benign.
The role of MYH11 and the diseases associated with known mutations have been
discussed previously (see Chapter 3). As the variant was predicted to be benign I
decided to investigate the variants observed in the other genes first.
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Figure 4-20 Sanger sequencing chromatogram of MYH11 for the parents (B-I-1 and B-I-2)
and proband (B-II-3) of family B.
Aligned to the reference sequence exon 9 of MYH11 (NM_002474). Blue line indicates a
heterozygous non-synonymous missense substitution present in the proband but not in either
parent (c.914A>G:p.N305S).

4.15.1.2 Candidate gene: COL5A2
The

mutation

in

COL5A2

was

a

non-synonymous

substitution

NM_000393:c.3098C>T (p.P1033L) (Figure 4-21) that caused an amino acid change
from proline to leucine. Conserved between species, the differences in structural and
chemical properties between the two amino acids were predicted to have a deleterious
effect by several different algorithms: SFIT, MutationTaster and PolyPhen-2.
COL5A2 encodes type V collagen alpha chain 2. Unlike collagen type I, which is
abundant in tissues such as the dermis, cornea and bone, type V collagen, is a minor
component of connective tissues (Kadler et al., 1996, Birk et al., 1990). It is proposed
to play a role in defining the diameter of heterotypic collagen fibrils in connective
tissue. Mutations in COL5A2 are associated with the classical form of EDS and result
in functional changes to the dermal and bone collagens (Michalickova et al., 1998).
Reports so far indicate that these mutations are mainly located in the triple-helix
domain of the gene and cause structural alterations to the α2(V)-chains resulting in
abnormally formed heterotrimers (Malfait et al., 2005, Symoens et al., 2012).
Although there is a vascular form of EDS, this type is associated with COL3A1,
which encodes collagen type III alpha chain 1 (Kontusaari et al., 1990). Collagen type
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III is a major component of the extracellular matrix in skin and various organs as well
as playing a role in cardiovascular development (Liu et al., 1997). Taking this into
account it seemed unlikely that the mutation in COL5A2 alone would result in the
observed stenotic occlusive cerebrovascular phenotype. In addition the patient did not
demonstrate the typical classical EDS features. Therefore, I considered this variant
unlikely to be causative of the vascular phenotype.

Figure 4-21 Sanger sequencing chromatogram of COL5A2 for the parents (B-I-1 and B-I2) and proband (B-II-3) of family B.
Aligned to the reference sequence exon 44 of COL5A2 (NM_000393). Blue line indicates a
heterozygous non-synonymous missense substitution present in the proband but not in the parents
(c.3098C>T:p.P1033L).

4.15.1.3 Candidate gene: c-CBL
Two mutations were observed in c-CBL: a non-synonymous substitution (Figure
4-22) and a non-frameshift deletion (Figure 4-23). The non-synonymous missense
substitution NM_005188:c.1858C>T (p.L620F) resulted in an amino acid change
from leucine to phenylalanine. This was predicted to be damaging by the SIFT,
MutationTaster and PolyPhen-2 programs. However, its minor allele frequency was
1.1% according to the 1000 Genome database, which would suggest it is not very rare
and

therefore

unlikely

to

be

pathogenic.

The

non-frameshift

deletion

NM_005188:c.1110_1112del (p.370_371del) resulted in the deletion of two residues:
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a leucine and a tyrosine in the linker region of c-CBL. No information was available
as to whether this deletion would be deleterious or not and this genetic variant had not
been previously reported.

Figure 4-22 Sanger sequencing chromatogram of c-CBL for the parents (B-I-1 and B-I-2)
and proband (B-II-3) of family B.
Aligned to reference sequence exon 11 of c-CBL (NM_005188). Blue line indicates a
heterozygous non-synonymous missense substitution present in the proband but not in the parents
(c.1858C>T:p.L620F).
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Figure 4-23 Sanger sequencing chromatogram of c-CBL for the parents (B-I-1 and B-I-2)
and proband (B-II-3) of family B.
Aligned to reference sequence exon 8 of c-CBL (NM_005188). Blue line indicates a nonframeshift deletion present in the proband but not in the parents (c.1110_1112del:p.370_371del).

4.16 Effect of p.370_371del c-CBL variant on protein
and RNA levels
4.16.1 Protein expression of wild-type c-CBL
c-CBL is a ubiquitously expressed protein (Schmidt and Dikic, 2005) so as a
preliminary experiment I looked at c-CBL expression in several different cell lines to
confirm this. Three cell types were investigated: an EBV transformed B cell line, a
Jurkat cell line and dermal fibroblasts from a healthy control (Figure 4-24). Protein
expression was adjusted relative to actin showing that, compared to the EBV
transformed cells, c-CBL expression is 48% lower in Jurkat cells and 10% lower in
dermal fibroblasts (Table 4-4). This provides preliminary evidence that c-CBL is
ubiquitously expressed.
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Figure 4-24 c-CBL protein expression.
A preliminary assay investigating expression of wild type c-CBL in EBV transformed B cells,
Jurkat cells and Human dermal fibroblast cells.

Table 4-4 Adjusted protein expression of c-CBL relative to actin in EBV transformed B
cells, jurkat cells and human dermal fibroblast cells.

Cell Type
Actin

c-CBL

B Cell
Jurkat Cell
Fibroblast
B Cell
Jurkat Cell
Fibroblast

Area under
curve
44102.818
117208.855
72757.257
106492.349
119158.624
18444.442

% (relative to
others of same
gene)
18.842
50.075
31.084
43.627
48.816
7.556
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Relative
Density

Adjusted
Density

1
2.6576
1.6497
1
1.1189
0.1732

1
0.4210
0.1050

4.16.2 c-CBL variant does not affect protein or mRNA expression
levels in B-II-3.
As the deletion of a residue (p.370_371del) may affect protein expression and/or
function I first examined whether c-CBL protein expression was affected in PBMCs
derived from B-II-3. PBMC c-CBL mRNA expression was also examined (Figure
4-26). Protein expression of c-CBL in B-II-3 PBMCs (Figure 4-25, lane A) was
comparable to that of a healthy control (Figure 4-25, lane C). After adjusting c-CBL
protein expression relative to actin, relative band density was 0.7112 for control
PBMCs compared to B-II-3 PBMCs. Expression of c-CBL in human dermal
fibroblasts was lower than in PBMCs: relative band density of 0.43 compared to
0.7112. The relative mean c-CBL mRNA expression in B-II-3 PBMCs was 18.7
(SEM=0.2), which was not significantly different from the relative mean expression
in control PBMCs of 18.455 (SEM=0.375, P=0.7304) (Figure 4-26). This finding
would suggest that the detected gene deletion in c-CBL is likely to affect protein
function rather than protein expression.

Figure 4-25 c-CBL protein expression in control and B-II-3 PBMCs.
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Table 4-5 Adjusted protein expression of c-CBL relative to actin.

Area under
curve

Cell Type

28147.877
3730.518
32263.111
15114.815
860.598
16885.936

37.9650732
5.031618861
57.00330797
45.9957228
2.61887605
37.4961276

1
0.13253284
1.14620051
1
0.05693738
0.81520901

Adjusted
Density

1
0.430
0.7112
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Figure 4-26 c-CBL mRNA expression in PBMCs from B-II-3 and healthy controls.
c-CBL expression was analysed by qPCR and was comparable between B-II-3 and a control. A
T-test was performed: t=0.396, df=2, P=0.7304.
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4.17 Functional effect of p.370_371del c-CBL variant
in PBMCs
4.17.1 Reduced EGF-induced EGFR degradation
Mutation of the Y371 residue in the linker region of c-CBL is crucial to E3 ligase
activity (Perez et al., 2010, Kassenbrock and Anderson, 2004, Swaminathan and
Tsygankov, 2006). Therefore I investigated whether deletion of this residue affected
downregulation of a well-known RTK: EGFR. After stimulation with EGF, relative
EGFR expression appeared to be higher in PBMCs from B-II-3 compared to control
PBMCs across the whole time course, although it did not reach statistical significance
(P=0.0768) (Figure 4-27). Although unstimulated cells from B-II-3 had a lower initial
relative EGFR expression level of 0.953, SEM=0.114 at 0 minutes compared to the
control (mean=1, SEM=0.103), stimulation induced a greater response in B-II-3
PBMCs compared to the control across all time points (Figure 4-27). Interestingly, at
30 minutes post-stimulation fold change in relative EGFR expression was decreasing
in control PBMCs (mean=0.951, SEM=0.081) whilst still increasing in B-II-3 PBMCs
(mean=1.228, SEM=0.11) (Figure 4-27). This is consistent with the hypothesis that
deletion of this crucial tyrosine residue (Y371) affects the E3 ligase activity of cCBL. At 60 minutes, fold change in relative EGFR expression did start to decrease in
B-II-3 PBMCs (mean=1.143) suggesting that some E3 ligase activity is retained. It
appears efficiency of EGFR degradation is affected leading to a higher sustained
response to EGF, which is eventually downregulated.
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Figure 4-27 Fold change in relative EGFR expression in permeabilised PBMCs from B-II3 and healthy controls.
PBMCs were stimulated with 20 ng/ml EGF for the indicated periods of time, permeabilised, and
stained. Cells were analysed using FACS for EGFR expression. Data are expressed as fold
change relative to mean baseline of the control at 0 minutes and plotted as mean of triplicate
samples, where possible, with one standard error of mean indicated.

To further explore the consequence of the mutated c-CBL protein I decided to
investigate the downstream signaling pathway in PBMCs. One of the pathways
activated by EGFR is the MAPK/ERK pathway (Figure 4-4). This pathway is
essential to normal cell development and regulates processes such as cell cycle
regulation, differentiation, growth and cell senescence (Tidyman and Rauen, 2009).
Using FACS I investigated the expression level of the activated form of MAPK i.e.
phosphorylated MAPK (P-MAPK). Baseline relative expression level of P-MAPK
was higher at 1.263 (SEM=0.131) in B-II-3 PBMCs compared to the control which
was 0.868 (SEM=0.147). Although there was a similar trend in the upregulation and
subsequent downregulation of P-MAPK expression between the control and B-II-3
PBMCs, the fold change in relative expression level was higher in B-II-3 PBMCs at
all time points (P=0.01) (Figure 4-28). In addition, a peak fold change in P-MAPK
expression of 1.577 (SEM=0.096) in the B-II-3 PBMCs occurred at 30 minutes poststimulation whilst the peak fold change in relative P-MAPK expression in the control
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PBMCs occurred at 10 minutes post-stimulation and was 1.027 (SEM=0.12).
Downregulation did not happen until 60 minutes post-stimulation in the B-II-3
PBMCs (mean=1.212, SEM=0.12) compared to 30 minutes in the control
(mean=0.839, SEM=0.108) (Figure 4-28). At 30 minutes, the fold change in relative
expression level of P-MAPK appeared to still be increasing in B-II-3 PBMCs whilst
the response was plateauing in the control. Statistical analysis for individual time
points indicated that the most significant difference in the relative P-MAPK
expression level between B-II-3 and the control was seen at 30 minutes (P=0.007).
This provides additional evidence that there is a sustained period of EGFR stimulation

Fold change in P-MAPK expression
relative to control baseline (MFI)

in B-II-3 PBMCs due to reduced c-CBL E3 ubiquitin ligase activity.

Control PBMCs
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Figure 4-28 Fold change in relative phosphorylated-MAPK expression in permeabilised
PBMCs from B-II-3 and healthy controls.
PBMCs were stimulated with 20 ng/ml EGF for the indicated periods of time, permeabilised, and
stained. Cells were analysed using FACS for Phosphorylated-MAPK expression. Data are
expressed as fold change relative to mean baseline of the control at 0 minutes and plotted as
mean of triplicate samples, where possible, with one standard error of mean indicated. T-tests
were performed ** <0.01. There was a significantly higher change in relative P-MAPK
expression between the control and B-II-3 PBMCs at all time points, P=0.01.
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4.17.2 No detectable ubiquitination activity after EGF stimulation
To explore whether the reduced degradation of EGFR is a direct consequence of the
lack of E3 ubiquitin ligase activity of c-CBL, I performed an immunoprecipitation
assay of the targeted protein (c-CBL) followed by an ubiquitination experiment.
Using PBMCs from B-I-1 (father with a wild-type genotype for c-CBL) and B-II-3 I
immunoprecipitated c-CBL to eliminate the possibility of any other molecule
ubiquitinating EGFR. EGFR was then added as a substrate and ubiquitination of
EGFR assessed. c-CBL protein was detected in both samples with a relative density
of 1 in B-I-1 PBMCs and 0.551 in B-II-3 PBMCs (Table 4-6). However,
ubiquitination of EGFR was only detectable in B-I-1 but not in B-II-3 PBMCs (Figure
4-29 and Table 4-6). These observations confirm that c-CBL is measureable in B-II-3
PBMCs but its function appears to be altered/reduced so that it is unable to
ubiquitinate EGFR. This is evidence of a direct link between c-CBL and its inability
to function as an E3 ubiquitin ligase.

Figure 4-29 Ubiquitination assay using PBMCs from B-I-1 (Father) and B-II-3 (Proband).
To begin with c-CBL was immunoprecipitated. EGFR was then added as a substrate and
assessed for ubiquitination.
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Table 4-6 Adjusted protein expression of ubiquitinated EGFR relative to c-CBL.

c-CBL
Ub

Lane

% (relative to
Area under
Relative
others of same
curve
Density
gene)

B-I-1 (Father)
B-II-3 (Proband)
B-I-1 (Father)
B-II-3 (Proband)

6240.803
3439.761
9036.966
0

64.4673492
35.5326508
100
0

1
0.55117282
1
0

Adjusted
Density

1
0

4.18 Functional effect of siRNA c-CBL in HUVECs
To assess whether the mutated c-CBL protein affected endothelial cell function and
angiogenesis I then transfected HUVECs with c-CBL siRNA. Endothelial cells line
the inside of all vessel walls and have been found, in MMD patients, to exhibit an
active angiogenic process (Chmelova et al., 2010). In endothelial cells pro-angiogenic
signaling is in part controlled by activation of phospholipase Cγ1 (PLCγ1) via
vascular endothelial growth factor 2 (VEGFR-2) (Meyer et al., 2003). To mimic the
genotype of B-II-3 I transfected HUVECs with siRNA targeted to c-CBL.
Transfection with c-CBL siRNA resulted in a significant decrease of c-CBL
expression by 68.43% (SEM=8.4%, P=0.0002) compared to the control and 49.2%
compared to the SCR c-CBL siRNA (P=0.0021) (Figure 4-30).
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Figure 4-30 c-CBL mRNA expression in HUVECs transfected with lipofectamine, SCR cCBL siRNA and c-Cbl siRNA.
c-CBL expression was analysed by qPCR and was comparable between the conditions. A T-test
was performed between the control and c-CBL siRNA conditions: t=8.139, df=6, P=0.0002; and
the SCR c-CBL siRNA and c-CBL siRNA conditions: t=5.134, df=6, P=0.0021.

Once I had confirmed successful knockdown of c-CBL, I looked at phosphorylated
PLCγ1 (P-PLCγ1) expression. There was significant upregulation of relative P-PLCγ1
expression in siRNA c-CBL transfected cells compared to control SCR transfected
HUVECs at all time points, P=0.0005. Stimulation via VEGF caused an upregulation
of mean relative P-PLCγ1 expression from 0.689 (SEM=0.258) in the SCR c-CBL
siRNA transfected negative control HUVECs to 2.615 (SEM=1.565) after 30 minutes
(Table 4-31). A similar pattern was observed in the c-CBL siRNA transfected
HUVECs from 3.445 (SEM=0.937) at baseline to 4.871 (SEM=1.711) at 30 minutes
(Table 4-31). Interestingly, at baseline there was already a significant difference in PPLCγ1 levels between the negative control HUVECs and those transfected with cCBL siRNA (P=0.04706) suggesting an inability of the silenced c-CBL cells to
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regulate P-PLCγ1 even before VEGF stimulation. After 60 minutes relative mean
expression of P-PLCγ1 was 0.590 (SEM=0.285) in the negative control HUVECs
indicative of a c-CBL mediated downregulation process (Table 4-31). However,
silencing of c-CBL appeared to dampen the downregulation response in the c-CBL
siRNA transfected HUVECs, as P-PLCγ1 expression had still not returned to its
baseline level after 60 minutes (mean=5.473, SEM=1.68) (Table 4-31). In fact, at 60
minutes the mean expression level of P-PLCγ1 between the negative control
HUEVCs and the c-CBL siRNA transfected HUVECs was significantly different
(P=0.03332). This data would suggest c-CBL is a key mediator in the downregulation
of P-PLCγ1 expression after VEGF stimulation. These results support what has
previously been reported which is that lack of E3 ubiquitin ligase activity in c-CBL
affects its ability to ubiquitinate PLCγ1 causing sustained upregulation of activated
PLCγ1. The functional consequence of sustained increased PLCγ1 expression should
be increased pro-angiogenic signaling. I then therefore performed a vasculogenesis
assay using matrigel to investigate the rate of angiogenesis. HUVECs transfected with
c-CBL siRNA formed a significantly greater number of tubule branches (mean=20.14,
SEM=2.675) compared to the control SCR transfected HUVECs (mean=13.37,
SEM=1.495) (P=0.0198) (Figure 4-32). This difference in number of tubule branches
is evident in Figure 4-33.
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Figure 4-31 Fold change in relative phosphorylated-PLCγ1 expression in siRNA c-CBL
transfected HUVECs. HUVECs were transfected with siRNA targeting c-CBL or a negative
control (SCR).
They were stimulated with 20 ng/ml VEGF for the indicated periods of time, permeabilised, and
stained. Cells were analysed using FACS for Phosphorylated-PLCγ1 expression. Data are
expressed as relative fold change compared to the mean control baseline at 0 minutes and
plotted as mean of triplicate samples with one standard error of mean indicated. T-tests were
performed * <0.05. There was significant upregulation of relative P-PLCγ1 expression in siRNA
c-CBL transfected cells compared to control SCR transfected HUVECs at all time points,
P=0.0005.
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Figure 4-32 siRNA c-CBL HUVEC tubule formation using a matrigel assay.
HUVECs were either transfected with siRNA targeting c-CBL or a negative control (SCR).
Experiment was repeated in triplicate. A Mann-Whitney U test was performed. HUVECs
transfected with c-CBL siRNA formed a significantly greater number of tubule branches
compared to the control SCR transfected HUVECs, P=0.0198.

Figure 4-33 Human umbilical vein endothelial cell (HUVEC) capillary network (tubule)
formation on matrigel for SCR c-CBL siRNA and c-CBL siRNA transfected HUVECs.
HUVECs grown overnight were treated with trypsin and re-suspended in EGM-2 at 10000 cells
per 100µl prior to being seeded onto a matrigel coated 96-well plate. The formation of HUVEC
vascular networks was examined with light microscopy at after 12 hours. Images were captured
using an inverted microscope. 40 x magnification.
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4.19 Additional patients
Two additional families diagnosed with a moyamoya arteriopathy were identified
with a variant in c-CBL. The first was family C where WES, which was carried out in
collaboration

with

Hywell

Williams,

revealed

an

intronic

mutation:

NM_005188:c.1228-2A>G. This mutation, predicted to affect splicing, occurs
upstream of exon 9 which encodes part of the RING finger domain. A gel image
showed the presence of smaller fragments in C-III-2 suggesting the mutation created
an alternate transcript by splicing out an exon (Table 4-34).
heterozygous

missense

mutation

was

identified

In family D a
posthumously:

NM_005188:c.1100C>A (p.Q367P). This residue is located in the linker region of cCBL. For family D I was unable to perform any functional experiments as no samples
were available.

Figure 4-34 Agarose gel image of amplified c-CBL cDNA.
(A-B) Control. (C) C-III-2.
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4.20 Functional effect of c-CBL mutations in HDFCs
and SMC-myofibroblasts
4.20.1 Sustained PDGF-induced activation of the MAPK pathway
Taking into account previous studies that have demonstrated abnormal SMC function
contributes to the vasculopathy associated with moyamoya arteriopathy and that cCBL is expressed in SMCs, I then chose to explore whether mutant c-CBL affected
SMC function (Reid et al., 2010). I was able to acquire HDFCs from B-II-3, C-III-1
and C-III-2, which I transformed into SMC-myofibroblasts (Desmouliere et al.,
1993). To determine whether the HDFCs had transdifferentiated into SMCmyofibroblasts relative expression of ACTA2 at day 0 and day 14 were analysed
(Figure 4-35). Mean ACTA2 expression at day 14 had increased 31-fold (SEM=3)
compared to day 0 confirming successful transdifferentiation into SMC-
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myofibroblasts (Figure 4-35).

Figure 4-35 Relative expression of ACTA2 in HDFCs and SMC-myofibroblasts derived
from B-II-3 patient.
HDFCs were treated with TGFβ1 for 14 days to induce transdifferentiation into SMCmyofibroblasts.
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In SMCs MAPK is upregulated/activated by PDGF via PDGFR, which in turn is
downregulated by c-CBL (Cho et al., 2000). To establish whether the mutations in BII-3, C-III-1 and C-III-2 affected regulation of the MAPK pathway, HDFCs and
SMC-myofibroblasts were stimulated with PDGF and P-MAPK expression was
measured. In control HDFCs, upregulation of P-MAPK expression was fairly rapid
occurring during the first 10 minutes post-stimulation from 1 to 1.832 (Figure 4-37).
This was followed by an efficient downregulation returning relative P-MAPK
expression to approximately baseline levels by 30 minutes (1.09) (Figure 4-37). In
contrast, the patient HDFCs had a higher baseline expression level at 1.628
(SEM=0.474), which peaked post-stimulation after 45 minutes (mean=1.842,
SEM=0.665) (Figure 4-37). These results would suggest that in the patients there is a
dysregulation of P-MAPK following PDGF stimulation. In SMC-myofibroblasts the
difference in the fold change of P-MAPK expression was not so pronounced as in
HDFCs. Fold change in P-MAPK expression peaked after 10 minutes in both the
control SMC-myofibroblasts (1.832) and patient SMC-myofibroblasts (mean=1.562,
SEM=0.089) (Figure 4-37). However, downregulation in patient SMC-myofibroblasts
was delayed and did not return to baseline levels until 60 minutes post-stimulation. In
control SMC-myofibroblasts fold change in relative P-MAPK expression was back to
baseline levels after 30 minutes (1.09) (Figure 4-37). At this same time point fold
change in relative P-MAPK expression was still at 1.496 (SEM=0.156) in patient
SMC-myofibroblasts. There also appears to be some form of reduced/delayed
downregulation of P-MAPK in SMC-myofibroblasts in the patients compared to the
control indicative of an aberrant functioning c-CBL protein. This however needs to be
further explored.
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Figure 4-36 Fold change in relative phosphorylated-MAPK expression in B-II-3, C-III-1
and control HDFCs.
HDFCs were stimulated with 20 ng/ml PDGF for the indicated periods of time, permeabilised,
and stained. Cells were analysed using FACS for Phosphorylated-MAPK expression. Data are
expressed as relative fold change compared to the mean control baseline at 0 minutes and
plotted, where possible, as mean of triplicate samples with one standard error of mean indicated.
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Figure 4-37 Phosphorylated-MAPK expression in B-II-3, C-III-1, C-III-2 and control
SMC-myofibroblasts.
SMC-myofibroblasts were stimulated with 20 ng/ml PDGF for the indicated periods of time,
permeabilised, and stained. Cells were analysed using FACS for Phosphorylated-MAPK
expression. Data are expressed as relative fold change compared to the mean control baseline at
0 minutes and plotted, where possible, as mean of triplicate samples with one standard error of
mean indicated.

4.21 Discussion
I have identified two different germline heterozygous mutations in c-CBL in different
patients presenting with an early-onset moyamoya-like arteriopathy in line with some
other recently published cases (Seaby et al., 2017, Guey et al., 2017a). I have
advanced the field in two ways. Firstly, one of the mutations I have found is a novel
deletion and has yet to be reported in relation to this disease. Secondly, my work has
for the first time provided insight into how c-CBL could mechanistically cause a
moyamoya-like vasculopathy. My findings may have wider implications for the
understanding of the disease mechanisms implicated in moyamoya arteriopathy.
I found a de novo mutation in B-II-3: a non-frameshift deletion in c-CBL. The
deletion resulted in the loss of p.370_371, which incorporated the functionally
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sensitive Y371 residue (Niemeyer et al., 2010, Perez et al., 2010). In addition to the
oncogenic properties conferred by Y371, other alterations to this residue result in
various structural abnormalities to the TKB domain and consequently affect substrate
interactions (Perez et al., 2010, Kassenbrock and Anderson, 2004, Swaminathan and
Tsygankov, 2006). For example, Y371F mutants lose their E3 ligase activity and
Y371E mutants possess constitutive E3 activity independent of tyrosine
phosphorylation (Perez et al., 2010, Kassenbrock and Anderson, 2004, Swaminathan
and Tsygankov, 2006). The literature all points to the fact that the linker region is
essential to the E3 ligase activity of c-CBL (Schmidt and Dikic, 2005). Therefore I
surmised that deletion of the Y371 residue was likely to be deleterious. I also
discovered a family with three affected members (C-II-2, C-III-1 and C-III-2) all
harbouring a previously documented splice site mutation: NM_005188:c.1228-2A>G
(Guey et al., 2017a, Niemeyer et al., 2010). This mutation is known to excise a
portion of exon 9 that encodes part of the RING finger domain. Like B-II-3, the cCBL mutations in family C affect the E3 ubiquitin ligase activity of c-CBL.
Here, I show that using patient PBMCs and a siRNA transfected primary cell line
mutant c-CBL protein has inhibited E3 ubiquitin ligase activity. This affects its ability
to down regulate RTKs, such as EGFR and PDGR, thus enhancing downstream
pathways like the Ras-Raf-MAPK pathway. As moyamoya arteriopathy is an
occlusive vascular disease, the occlusions observed in the cerebral and renal vessels
could be due to increased cellular proliferation caused by this aberrant RTK signaling.
In line with previous studies, I also found evidence to suggest that mutant c-CBL
function abrogates downregulation of active PLCγ1 subsequently increasing
angiogenesis. Ubiquitination of PLCγ1 by c-CBL serves as an inhibitory mechanism
to VEGFR-2 induced angiogenesis (Singh et al., 2007). This is relevant to the
development of the basal collateral network, which characterises the moyamoya
arteriopathy phenotype. Finally, in some preliminary experiments, I was also able to
show evidence of aberrant upregulation of the Ras-Raf-MAPK signaling pathway in
SMC-myofibroblasts derived from patient HDFCs. Proliferation of intimal SMCs are
a characteristic feature of the steno-occlusive arteries observed in MMD patients
(Fukui et al., 2000) Sustained upregulation of this pathway due to the reduced E3
ubiquitin ligase activity of c-CBL could thus provide a significant link between the
observed phenotype and a potential pathogenic mechanism in patients with a
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moyamoya-like arteriopathy. The Ras-Raf-MAPK signaling pathway was originally
identified as a growth-promoting pathway key in cell growth and proliferation (Katz
et al., 2007). Upregulation of this pathway due to overexpression or aberrant activity
of RTKs, such as EGFR, has an established association with uncontrolled
proliferation (De Luca et al., 2012). Normally associated with various forms of
cancer, mutations in these RTKs have various effects ranging from the activation of
intrinsic tyrosine kinase catalytic domains to altering substrate specificity (Katz et al.,
2007). However, in this study I am proposing that a defect in the negative-feedback
mechanism, rather than a mutated RTK, causes uncontrolled cell proliferation.
Abnormal E3 ubiquitin ligase activity has been previously linked to cancer
development through deregulation of crucial cellular processes, such as cell cycle
progression and cell proliferation (Sun, 2006, Ciechanover and Iwai, 2004). I believe
that a similar mechanism is responsible for the excessive cell proliferation and
resulting vascular occlusion seen in moyamoya arteriopathy with the difference being
that cancer development is a multistep process requiring the accumulation of a
number of mutations as opposed to the presence of a singular mutation (Vogelstein
and Kinzler, 1993). I propose that the presence of a heterozygous mutation is enough
to cause a deregulation in cell proliferation via the Ras-Raf-MAPK pathway but not
enough to result in the development of any malignancy. Interestingly, homozygous
mutations in c-CBL have been linked to JMML (Niemeyer et al., 2010, Loh et al.,
2009) and although heterozygous mutations have been observed in some patients, the
crucial target tissues (i.e. haematopoietic cells) demonstrate loss of this
heterozygosity. This would indicate that a homozygous state or a ‘two hit’ process, in
line with the Knudson hypothesis, is necessary for oncogenicity (Knudson, 1971). To
support this theory is the fact that none of the patients recruited to my study have
developed JMML to date. Several heterozygous c-CBL mutations have also been
identified in association with Noonan-syndrome like disorder (NS) (Martinelli et al.,
2010, Perez et al., 2010). In NS the mutations primarily affect residues located in the
RING finger domain and are also hypothesized to dysregulate RTK metabolism and
the Ras-Raf-MAPK pathway (Martinelli et al., 2010). None of the affected
individuals from families B and C displayed any features consistent with this disorder,
which would suggest c-CBL mutations could have a wide range of phenotypic
consequences with the specific affected residue having a profound effect on the
clinical condition observed. Interestingly, D-II-6 had the same mutation as one of the
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probands described by Martinelli et al. (2010). Although the proband had some
features suggestive of NS they were not given a definitive diagnosis, as they did not
fulfill all the diagnostic criteria (Martinelli et al., 2010). Like this proband, D-II-6 also
displayed some features similar to those characterising NS such as developmental
delay. This would add further weight to the idea that there is a large degree of clinical
variability in the disorders associated with c-CBL mutations with moyamoya
arteriopathy being another phenotype to add to this ever-growing list.
Although my data provides preliminary evidence as to how c-CBL could be a
causative gene for MMD, there were several limitations to my work. Firstly, a couple
of the experiments did not approach significance: the expression level of EGFR in
PBMCs and the expression level of P-MAPK in the HDFC and SMC-myofibroblast
assays. Regarding the PBMCs, I was unable to obtain any PBMCs for any affected
individuals in family C during my PhD, but repeat experiments exploring the EGFR
and MAPK pathways in these additional patients are now planned. There appeared to
be a tendency towards a significant difference in regulation of EGFR between patient
and control cells when all the time points were considered together (Figure 4-27).
Repeating the assay in additional patients could cause this difference to become
significant for the whole time course as well as for all individual time points.
Regarding the HDFC/SMC-myofibroblast assays, these experiments were preliminary
and need to be repeated. There appeared to be a difference between control and
patient samples, which I would assume would become significant once repeats were
carried out. Secondly, downregulation may have been easier to assess via
immunoprecipitation and then western blotting. However, as expression of EGFR in
PBMCs was very low and difficult to detect I chose to analyse the expression level
using FACS. The other alternative would be to transfect a relevant cell line to mimic
the heterozygous state observed in the patients. In this instance, creating a stable
transfection line harbouring the exact mutation I wished to imitate would be fairly
difficult I decided to study the patient cells themselves. This has the obvious caveat
that I could only look at populations that were easily accessible i.e. PBMCs and
HDFCs.
My data suggest that clinicians should consider c-CBL screening in patients with
early-onset moyamoya arteriopathy even in the absence of obvious developmental
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abnormalities, or malignant haematological manifestations suggestive of a
RASopathy. Importantly, similarities were observed in the clinical presentation of
these cases. All these patients had a very-early-onset moyamoya arteriopathy, with
silent infarcts observable on initial imaging, suggesting an even earlier onset of the
disease. The radiological appearances are typical of moyamoya with extensive
collateral formation present. This is in contrast with other moyamoya-like syndromes
without collateral formation such as the ACTA2 related arteriopathies. Three of the
cohort presented with acute infarction, which was associated with thalamic, capsular
and intraventricular haemorrhage. The initial course of the disease was very severe
with a widespread arteriopathy requiring revascularization.
The identification of these heterozygous mutations in c-CBL, a major RAS pathway
gene, strongly reinforces the involvement of this pathway in moyamoya
pathophysiology. NF1 and NS are classical causes of moyamoya, which are both
caused by mutated proteins involved in the RAS pathway (Ganesan and Kirkham,
1997, Vargiami et al., 2014). In addition, moyamoya has recently been reported in
two patients presenting with a Noonan-like syndrome related to heterozygous
mutations in the SHOC2 gene, which also belongs to the RAS pathway (Choi et al.,
2015, Lo et al., 2015). Altogether, these data lead me to consider the RAS pathway as
a key pathway in the moyamoya pathophysiology and the experiments presented here
add weight to this theory. The identification of a pathogenic c-CBL mutation in this
context also raises questions regarding the haematological follow-up to be proposed
for such patients given the absence of haematological malignancy to date.

4.22 Conclusion
In summary I have identified various different c-CBL germline mutations in several
patients diagnosed with a cerebrovascular disease similar to a moyamoya
arteriopathy. I have also started to delineate the mechanism behind how these
mutations could contribute to the observed phenotype. My findings have the
following implications:
1. The occlusive vasculopathic phenotype of MMD may be the result of aberrant
RTK signaling due to reduced E3 ubiquitin ligase activity of c-CBL and this
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provides interesting clues for the underlying pathophysiology of the disease in
addition to possible therapeutic targets.
2. Children with arterial ischaemic stroke and vasculopathy should be screened
for mutations in c-CBL particularly those with early onset MMD even in the
absence of obvious developmental abnormalities, or malignant haematological
manifestations suggestive of a RASopathy.
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Chapter 5 Systemic and cerebral
vasculopathy associated
with heterozygous
mutations in RNF213
5.1 Summary
The RNF213 gene is a known susceptibility gene for moyamoya disease. In this
chapter, I investigated 3 families with a vascular phenotype and employed whole
exome sequencing and a targeted gene panel to identify several previously reported
and one novel missense heterozygous mutations in RNF213. The proband from the
first family displayed symptoms typically found in patients with a moyamoya
arteriopathy and so this data adds to the body of evidence supporting the hypothesis
that RNF213 is associated with MMD. The other two probands appeared to display a
phenotype similar to that of a large vessel vasculitis resembling Takayasu arteritis
(TA). Therefore, my data would expand the phenotype associated with RNF213 and
would suggest that RNF213 could also contribute to some large vessel diseases.

5.2 Introduction
This chapter focuses on patients identified through international collaborations via
vasculitis research networks (international collaborations with Professor Ozen
(Ankara, Turkey); Professor Dolezalova (Prague, the Czech Republic); and Dr
Kamphuis (Amsterdam, Netherlands). All patients had an early onset unclassified
vasculopathy.
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5.3 Family tree for family E
Index case of family E was a Czech male from non-consanguineous parents, referred
to as E-III-2 from now on (Figure 5-1).

Figure 5-1 Family tree for family E

5.4 E-III-2 clinical presentation
Initial presentation for E-III-2 was at the age of 40 years old with arterial ischaemic
stroke and bilateral knee effusions. Digital subtraction angiography showed bilateral
occlusion of the ICA with multiple collaterals. One month after this first relatively
mild stroke he had a second stroke. This time he was also found to have systemic
arterial hypertension of unknown aetiology. He subsequently recovered in terms of
neurological findings but still suffered with recurrent headaches. Of note he reported
no fevers or other systemic symptoms and had normal renal function
E-IV-3 presented at the age of 9 years with a right shoulder girdle myoclonus and
focal dystonia of his right hand. MRA showed multiple stenotic lesions of the ICA,
ACA and MCA bilaterally with collaterals between the posterior and anterior
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circulation. He subsequently had a second short lasting episode of one-sided
myoclonus triggered by stress or exertion. His last brain MRA scan showed stable
appearances. He however developed significant systemic arterial hypertension
requiring multiple anti hypertensive agents. E-IV-4 presented at age 2.5 with her first
arterial ischaemic stroke and right-sided hemiparesis. Her MRA showed multiple
stenoses of the ICA and MCA and ACA bilaterally with collaterals. She had two
subsequent strokes: one a month later and one a year after initial presentation but this
time it was left-sided. Brain MRA showed progression of the arteriopathy with further
stenosis of the ACA and MCA. She then had an EC-IC revascularisation procedure.
She also developed systemic hypertension requiring several antihypertensive
medicines. She was treated with corticosteroids, methotrexate and LMWH, aspirin
and antihypertensives.
Relevant family history included a maternal grandmother who died at the age of 37
(E-I-4) from stroke and a sister (E-III-5) who presented at age 13 with stroke-like
episodes.

5.5 Family tree for family F
Index case of family F was a Turkish female from consanguineous parents, referred to
as F-II-1 from now on (Figure 5-2)
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Figure 5-2 Family tree for family F.

5.6 F-II-1 clinical presentation
Initial presentation of F-II-1 was at the age of 4 years when she presented with arterial
hypertension and four limb BP discrepancy. To establish whether the arterial
hypertension was secondary to a vasculopathy she had a CT-angio, which showed
severe stenotic lesions of the thoracic and abdominal aortas brachio-cephalic artery,
bilateral carotid arteries and renal artery. She was thought to have a large vessel
vasculitis, TA-like, and was treated with oral steroids and methotrexate. Her
hypertension remains well controlled at her latest follow up. Annual MR-angiography
however showed persistent narrowing at multiple sites of the aorta, with no obvious
target for revascularisation.
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5.7 Family tree for family G
Index case of family G was a Dutch female from non-consanguineous parents,
referred to as G-II-1 from now on (Figure 5-3).

Figure 5-3 Family tree for family G.

5.8 G-II-1 clinical presentation
G-II-1 initially presented with persistent pyrexia, arterial hypertension, raised ESR
and CRP, anaemia and elevated platelet count (ranging from 650-800 x 10*9/l;
normal range 150-450 x 10*9/l). Renal function was impaired with creatinine ranging
between 40 micromol/l and 60 micromol/l), and proteinuria (raised urine:albumin
creatinine ratio of 400 micromol/L; normal range < 10 micromol/L). Renal biopsy
was normal.
151

Catheter angiography demonstrated a widespread vascular disease affecting the
cerebral vasculature, intestinal and renal arteries. A PET-CT scan showed no avid
uptake. She was considered to have an early onset large vessel vasculopathy, TAlike. She was therefore started on corticosteroids and methotrexate treatment. Several
antihypertensives were also required to control her hypertension including captopril,
amlodipine, labetalol, clonidine and a thiazide diuretic.

5.9 Identifying a causal allele: Whole Exome
Sequencing
5.9.1 E-III-2
A targeted approach of sequencing genes known to cause vasculopathy was applied in
the case of E-III-2. DNA was isolated and sequenced using the “Vasculitis and
Inflammation Panel” (VIP): a targeted gene panel (Omoyinmi et al., 2017). This panel
restricts the list of genes for analysis to ones that have been implicated in vasculitic
and vasculopathic phenotypes and is updated periodically as new genes are
discovered. The version used for E-III-2 was VIP2 and the list of genes included on
the panel can be found in Appendix 2. A causative mutation in RNF213 was identified
and confirmed using Sanger sequencing: p.D4013N (Figure 5-4). It was identified in
the proband as well as in E-IV-3 and E-IV-4.

Figure 5-4 Mutation in RNF213 identified by VIP targeted gene panel and confirmed by
Sanger sequencing. Adapted from reference (Omoyinmi et al., 2017)
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5.9.2 F-II-1
WES was performed on F-II-1 (see General methods and materials 2.16). Before the
filters were applied the WES output was initially compared to the candidate gene list
(Table 2-7). Variants were found in four candidate genes: COL5A1, NOTCH1,
RNF213 and SKI. These were investigated further.
5.9.2.1 Verification of candidate gene variants
The candidate genes were verified using Sanger sequencing. The primers used are
listed in Table 5-1. The variants in COL5A1, NOTCH1, and SKI were found to be
false positives; however, the variant in RNF213 was confirmed to be a novel
heterozygous missense mutation NM_001256071:c.15007C>G (p.L5003V). Predicted
to be deleterious by the SIFT, MutationTaster and PolyPhen-2 programs, the nonsynonymous substitution results in an amino acid change from leucine to valine (p.
L5003V).
Table 5-1 Primer sequences used for Sanger sequencing

Primer name

Primer sequence

COL5A1 exon 46 F

TGTCTCTGTCTTGTTCCCCG

COL5A1 exon 46 R

CTTCCAGTTGGAATGAGGAG

NOTCH1 exon 18 F

CGTAGCCATCGATCTTGTCC

NOTCH1 exon 18 R

TCAGCCCCAATCCTGAGTAG

RNF213 exon 65 F

GCCCAAGTGTCAGCTGTTAG

RNF213 exon 65 R

TCTACTGTCCCTGGTGTGTCC

SKI exon 6 F

GTCTGAAAAGCCTTTGTGGG

SKI exon 6 R

ACCTGCTAGGACACAGGCTC
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Figure 5-5 Sanger sequencing chromatogram of RNF213 for the proband (F-II-1).
Aligned to reference sequence exon 65 of RNF213 (NM_001256071). Blue line indicates a
heterozygous

non-synonymous

missense

substitution

present

in

the

proband

(c.15007C>G:p.L5003V).

5.9.3 G-II-1
WES was performed on G-II-1 (see General methods and materials section 2.16).
Before the filters were applied the WES output was initially compared to the
candidate gene list (Table 2-7). Two heterozygous missense variants were found in
RNF213:

NM_001256071:c.516C>T(p.P1721L)

and

NM_001256071:c.1419A>G(p.K4732E).

5.10 Discussion
The RNF213 gene encodes the ubiquitously expressed ring finger protein 213
(RNF213) whose exact function is as yet unknown but is thought to possess ATPase
and ubiquitin ligase activity (Kamada et al., 2011, Liu et al., 2011). RNF213 has a
C3HC4-type RING finger domain, which is a specialised zinc finger domain that can
bind two zinc atoms and is thought to play a role in protein-protein interactions. It
also has an AAA domain that is responsible for ATP binding and hydrolysis (Lupas
and Martin, 2002). In general, proteins with these domains are involved in mechanical
cell processes such as molecule transportation, DNA unwinding and protein folding.
RNF213 is known as a susceptibility gene for MMD (Kamada et al., 2011, Liu et al.,
2011). Two founder mutations were originally recognized in association with MMD
(p.R4810K and p.R4859K) in Japanese/East Asian populations (Kamada et al., 2011,
Liu et al., 2011) which were swiftly followed by the identification of multiple other
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mutations in various different populations (Cecchi et al., 2014, Guey et al., 2017b,
Kobayashi et al., 2016, Miyatake et al., 2012a). Although numerous mutations have
been discovered in connection with MMD, the mechanism behind disease
development has yet to be elucidated. Mutations do not seem to affect ubiquitin ligase
activity or protein expression and it is not even clear whether mutations have
haploinsufficient, dominant negative or gain-of-function mechanistic effects (Liu et
al., 2011). To attempt to delineate the physiological role of RNF213 in vivo the gene
was knocked down in zebrafish, which caused abnormal vessel sprouting in the head
region indicative of a role in intracranial angiogenesis (Liu et al., 2011). Given the
fact that the animal model demonstrated a convincing angiogenic role for RNF213
whilst the functional consequences of any RNF213 mutations are yet to be
determined, it may be that environmental factors, such as infection or autoimmune
conditions, are necessary, in combination with a genetic predisposition, for MMD
pathogenesis (Ogawa et al., 2003, Czartoski et al., 2005, Tanigawara et al., 1997,
Ueno et al., 2002). In fact, RNF213 has been found to be upregrulated by
inflammatory interferon signaling with a concomitant reduction in angiogenesis
(Kobayashi et al., 2015, Ohkubo et al., 2015). More specifically, the p.R4810K
RNF213 mutation allows antiangiogenic signaling in the presence of environmental
stimuli such as hypoxia and interferon exposure whereas wild-type RNF213 can only
inhibit angiogenesis in the interferon-signaling pathway (Kobayashi et al., 2015).
More recent data has suggested that RNF213 has cell-cycle dependent and
independent effects, which could contribute to the MMD phenotype. This data has
found, firstly, that RNF213 promotes endothelial cell proliferation by positively
regulating PI3K-AKT activity. Therefore loss-of-function mutations in RNF213 may
induce angiopathy by causing persistently low PI3K-AKT activity (Ohkubo et al.,
2015). Secondly, it discovered that matrix metalloproteinases (MMPs) were
significantly up regulated in the absence of RNF213 compounding the poor
angiogenic response of siRNA RNF213 transfected endothelial cells (Ohkubo et al.,
2015). This evidence has led to the hypothesis that MMD patients might produce
higher quantities of MMPs which at excessive levels are known to have deleterious
consequences on vascular structure maintenance (Kovacic et al., 2012). In keeping
with this idea RNF213 is also thought to play a part in vascular construction due to
reported associations with systolic blood pressure, intracranial aneurysms and
coronary artery disease (Zhou et al., 2016, Akagawa et al., 2018). However,
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regardless of these recent discoveries any functional link between the RNF213
mutations documented and MMD has still not been found. For example although the
p.R4810K RNF213 mutation can lead to reduced angiogenesis it is not known how
this pathological process is related to the crucial hallmark of MMD: abnormal SMC
proliferation.
This current case series has looked at three families in which different RNF213
variants were discovered. The proband from the first family (E-III-2) harboured a
missense mutation that has previously been reported in association with MMD
(Cecchi et al., 2014, Liu et al., 2011). Like the previously reported cases, E-III-2 also
has a cerebral vasculopathy with vessel occlusion and collateral formation. This case
therefore increases the body of evidence linking RNF213 to MMD. The proband from
the second family (F-II-1) was found to have a novel missense mutation
NM_001256071:c.15007C>G(p.L5003V). The mutation was not listed in the Exome
Aggregation Consortium (http://exac.broadinstitute.org/) version 0.3.1 or the Human
Genetic Variation Database (http://www.hgvd.genome.med.kyoto-u.ac.jp/) (Lek et al.,
2016, Higasa et al., 2016) and was predicted to be deleterious. As the 3D structure of
RNF213 has yet to be resolved, it is not known how this mutation could structurally
affect

the

protein.

According

to

the

InterPro

database

(http://www.ebi.ac.uk/interpro/) this residue (p.L5003V) falls outside the known
domains of RNF213 (Figure 5-6). Unlike E-III-2, F-II-1 has no cerebral involvement
instead her phenotype resembles that of TA, a large vessel vasculitis affecting the
aorta. This finding therefore expands the phenotype associated with heterozygous
mutations in RNF213 to include a large vessel vasculitis. Other vascular diseases that
have been linked with RNF213 mutations so far include premature CAD, stroke,
subarachnoid haemorrhage, aortic coarctation and thoracic aortic aneurysm (TAA)
(Cecchi et al., 2014). The last proband (G-II-1) had two heterozygous missense
variants

in

RNF213:

NM_001256071:c.5162C>T

(p.P1721L)

and

NM_001256071:c.14194A>G (p.K4732E). The p.P1721L mutation has previously
been reported in a Caucasian MMD cohort and is predicted to be damaging by
PolyPhen2 and PROVEAN (Guey et al., 2017b). The p.K4732E variant on the other
hand is predicted to be benign by PolyPhen2, SIFT and MutationTaster. This case
provides additional evidence to the potential causality of an RNF213 mutation in the
pathogenesis of an early onset large vessel vasculopathy, TA-like.
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Figure 5-6 The domain structure of RNF213. Adapted from reference (Zhou et al., 2016).

My findings have potential implications for screening of RNF213 in patients
suspected with large vessel vasculitis such as TA particularly in cases where the
disease starts early in life or there are familial cases. My findings also provide
supporting evidence to the fact that RNF213 plays a significant role in vessel
development irrespective of the size of vessel affected.

5.11 Conclusion
In summary, I have identified various different RNF213 germline mutations in several
patients diagnosed with different vascular diseases; one similar to a moyamoya
arteriopathy and the others indicative of a large vessel vasculitis. My findings have
the following implications:
1. Children with moyamoya arteriopathy and mutations in RNF213 and/or
particularly those with early onset moyamoya arteriopathy should have broad
vascular imaging to look for other vascular bed involvement.
2. For children with suspected large vessel vasculitis and vasculopathy with
onset early in life and/or if there are familial cases, screening for mutations in
RNF213 should be considered.
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Chapter 6 General discussion
This study was initiated to identify novel genetic causes of cerebral and systemic
vasculopathies. As outlined in the preceding chapters the results of this study have
been:
-

The expansion of the phenotype associated with heterozygous mutations in
MYH11 to include moyamoya-like cerebrovascular disease.

-

The identification of a novel heterozygous mutation in c-CBL in a patient
with a moyamoya-like arteriopathy.

-

The proposal of a likely and relevant pathogenic mechanism for MMD
involving the RAS pathway.

-

The expansion of the phenotype associated with heterozygous mutations in
RNF213 to include a systemic large vessel vasculopathy.

MMD is an occlusive cerebrovascular disease with an elusive pathogenic mechanism.
Genetic factors appear to play an important role as approximately 10% of MMD cases
are familial whilst an additional number of cases are associated with other genetic
diseases such as neurofibromatosis 1, Down syndrome and Noonan syndrome (Bang
et al., 2016). Currently, RNF213 is known to be a susceptibility gene whilst ACTA2 is
a recognised cause of familial MMD (Guo et al., 2009, Kamada et al., 2011).
Environmental factors such as autoimmune diseases or inflammation are also thought
to play a role in the aetiopathogenesis of this condition (Panegyres et al., 1993, Phi et
al., 2015, Tanigawara et al., 1997, Yamada et al., 1997). Identification of two genes
for a familial moyamoya-like arteriopathy is a significant step forward in this field.
My data provide support for the idea that MMD is a proliferative disease of
endothelial and smooth muscle cells as well as identify exciting avenues of future
research into the exact mechanisms behind disease pathogenesis. From what I have
found it appears that a dysregulation in the Ras-Raf-MAPK signaling pathway with a
concomitant upregulation in angiogenesis could neatly explain the MMD phenotype
of steno-occlusive vessels and collateral formation.
This study has also demonstrated several interesting points about the genetics
surrounding vasculopathies. Firstly, it provides clear evidence that, with regards to

certain systemic and cerebral vasculopathies, there appears to be a spectrum in the
phenotypic characteristics displayed by affected individuals. MYH11 is known to
cause familial thoracic aortic aneurysm (Zhu et al., 2006) but also results in a cerebral
vasculopathy whilst RNF213 is a recognised susceptibility gene for MMD (Kamada et
al., 2011) but could also cause a large vessel vasculitis. It is entirely feasible that the
genes have differential consequences depending on the vessel size. Previous studies
support the idea that vascular-disease genes can present as vascular occlusion or
enlargement as well as affecting different arteries within the same disease (Guo et al.,
2009, Friedman et al., 2002). Secondly, there are still undiscovered genetic causes of
vasculopathy and vasculitis out there. Although these disorders are rare, the burden of
disease is high and any insights into their pathogenesis and/or aetiology could
significantly aid treatment and thus improve the overall care and welfare of patients.
Identification of new genes and how they cause disease ultimately informs clinical
practice, aids diagnosis of diseases and highlights pathways for potential drug
development. However, as a scientist I do realize this is easier said than done, as
highlighting a potential therapeutic pathway is a far cry from identifying how this can
be translated into viable and accepted medical treatment. Lastly, sequencing of earlyonset cases, be they sporadic or not, is a valid and fruitful method of discovering new
genetic causes of vasculopathy. However what method of sequencing is best? As
stated previously, these diseases are rare affecting less than 1 in 10,000 people so is
the cost-benefit of WES or WGS and the accompanying data analysis practical? An
efficient alternative to WES/WGS could be the vasculitis and inflammation panel
developed by Omoyinmi et al. (2017), the design of which I contributed to from work
contained in this thesis. My discoveries would suggest that a targeted panel like this
one is an extremely powerful and valuable tool in routine clinical care and research, in
identifying new diseases associated with known candidate genes and expanding the
phenotypes of established gene-disease associations. The ability to quickly and easily
identify variants from a list of mechanistically and aetiologically relevant genes is
extremely important in expediting the sequencing process in clinical care, and also in
research.
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6.1 Future work
This study has generated exciting data but due to the time frame there were several
avenues left unexplored.
I identified a new phenotype linked to MYH11 but was unable to perform any
functional work due to lack of time and availability of relevant patient cells. Ideally I
would have liked to simultaneously study the effect of the mutation I discovered in
vitro and in vivo. It would be useful to initially look at two cell populations relevant to
the MMD phenotype: SMCs and myofibroblasts. I would then assess cell proliferation
and migration in them. For the myofibroblasts I would transform A-III-3 HDFCs
using TGFβ1 as I did for families B and C. For the SMCs, as it is highly unlikely I
would be able to explant SMCs from A-III-3, I would need to create a cell line. As the
mutation is a heterozygous substitution rather than a deletion a knockout gene
approach is not appropriate. Instead using the CRISPR Nickase system, which allows
precise editing of site-specific bases, I would suggest creating a SMC line with the
mutation found in A-III-3. It would also be interesting to study the mutation’s effect
in an animal model. The CRISPR Nickase system has been demonstrated as an
efficient and powerful gene-editing tool in animal models (Shen et al., 2014, Zhang et
al., 2017) whilst mouse and zebrafish models have previously been used to study
MMD (Sonobe et al., 2014, Liu et al., 2011). Creating a model using the CRISPR
Nickase system would help to delineate the pathogenic mechanism regarding MYH11
and a moyamoya-like arteriopathy.
Regarding the c-CBL story, I would like to repeat the PBMC assays I did in B-II-3 in
the three affected members of family C. This should provide a clear statistically
significant difference in the expression levels of EGFR and P-MAPK across the
whole time course. The myofibroblast experiments were only preliminary so I would
like to expand this body of work. Firstly, I would repeat the myofibroblast assays in
all patients to assess P-MAPK expression as well as the effect on PDGFR
degradation. This would increase the power and hopefully result in a statistically
significant difference. Secondly, I would assess the proliferation and migration
characteristics of the cells. I would expect there to be a higher rate of proliferation in
the patient myofibroblasts compared to control myofibroblasts. Thirdly, I would like
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to look at the effect of the mutant c-CBL on ubiquitination of PDGFR and EGFR. I
have carried out a similar assay in B-II-3 PBMCs but I would like to repeat it in this
cell line for all the affected individuals from families B and C. I was able to look at
the effect of siRNA transfected HUVECs on tubule formation but it would be
interesting to create an animal model to observe the effects of the mutated c-CBL
protein on vascular development in vivo.

6.2 Publications
1. Keylock, A., Hong, Y., Saunders, D., Omoyinmi, E., Mulhern, C., Roebuck,
D., Brogan, P., Ganesan, V. & Eleftheriou, D. 2018. Moyamoya-like
cerebrovascular disease in a child with a novel mutation in myosin heavy
chain 11. Neurology, 90, 136-138.
Images from this paper were chosen to be on the cover of the February 2018
issue of the Neurology journal.
2. Omoyinmi, E., Standing, A., Keylock, A., Price-Kuehne, F., Melo Gomes, S.,
Rowczenio, D., Nanthapisal, S., Cullup, T., Nyanhete, R., Ashton, E.,
Murphy, C., Clarke, M., Ahlfors, H., Jenkins, L., Gilmour, K., Eleftheriou, D.,
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Appendix
Appendix 1 Stroke protocol investigations
Great Ormond Street Hospital for Children NHS Foundation Trust Arterial
Ischaemic Stroke: Clinical Checklist
This clinical checklist is not intended to be comprehensive; it is intended to
supplement the conventional history and examination process by prompting the user
to ask about or look for clinical factors which are potentially relevant to a child
presenting with acute AIS. The aspects of the neurological examination which have
been specifically highlighted are partly derived from items used in adult stroke
severity scales but are not intended to replace more comprehensive clinical
evaluation. If it is not possible to assess any of these parameters it is important to
record this and the reasons for this (e.g. child was uncooperative or test was
developmentally inappropriate).
History
Time of onset of symptoms
Prior events e.g. TIA
Seizures
Prior trauma to the head or neck
Chickenpox? If so, when?
History of recent infection
Head or neck pain?
Past medical history (incl. history of thrombosis)
Family history (incl. thrombosis, miscarriage)
Medication (& recreational drugs)
Development
Examination
Blood pressure
Peripheral pulses (check for radio-femoral delay)
Oxygen saturation
Temperature
Neurocutaneous signs
Cardiovascular examination
Conscious level (use modified Glasgow Coma Scale)
Neurological examination to include evaluation for:
Cranial nerve function including:
Eye movements (?gaze palsy)
Visual fields
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Facial palsy
? Horner’s syndrome
Motor deficit (if present specify location and severity using MRC scale)
Ataxia (if present specify location e.g. truncal or limb)
Sensory dysfunction (if present specify location)
Communication (including expressive and receptive language and articulation)
Swallowing
Neglect (if present specify location)Neurocognitive testing if applicable
Imaging
Brain MRI*
MRA circle of Willis*
MRA neck *
Transthoracic echocardiogram
Blood tests
Full blood count and blood film
Urea& electrolytes, liver function tests
ESR
CRP/hsCRP
Blood culture
Serum amyloid A
Haemoglobin electrophoresis if black or Mediterranean ethnicity
Clotting profile
Thrombophilia screen (at GOSH this will include protein C, protein S, antithrombin,
plasminogen, DRVVT, Exner, APC resistance ratio, FVL, MTHFR and PT20210 gene
mutations)
ANA/sdDNA/ENA/ANCA/C3 and C4
IgG/IgM/IgA
ACE
Anticardiolipin antibodies and b2 glycoprotein antibodies
Lupus anticoagulant
Plasma amino acids
Total plasma homocysteine
Plasma lactate
Ammonia
Cholesterol and triglycerides (random)
Plasma urate
Transferrin electrophoresis
Alpha galactosidase A if posterior circulation (to exclude Fabry disease)
Serum globotriaosylceramide if posterior circulation (to exclude Fabry disease)
Serology: mycoplasma, VZV, borellia, HSV1, HSV2
EBV VCA IgM, EBNA, EBV VCA IgG, CMV
Save serum
Save DNA
Urine
Organic acids
Urinary globotriaosylceramide (to exclude Fabry disease)
Saliva
VZV PCR viral load
CSF - Lumbar puncture is indicated in all patients.
Measure opening pressure
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CSF MC&S
CSF protein and glucose (remember to check blood glucose at same time)
CSF VZV PCR
CSF VZV specific antibodies paired with serum, for calculation of intrathecal
production)
CSF PCR HSV1, HSV2, PCR and CSF HSV specific antibodies
CSF PCR EBV, CMV
CSF mycoplasma IgM and IgG
CSF ACE
CSF lactate
CSF oligoclonal bands paired with serum
CSF save sample

Appendix 2 VIP2 gene list
Gene

Gene name

Chr

Transcript reference

ACTA2

Actin alpha 2

10

NM_001613

BMPR2

Bone morphogenetic protein type II
receptor

2

NM_001204

FBN1

Fibrillin1

15

NM_000138

SLC2A10

Solute carrier family 2 (facilitated
glucose transporter), member 10

20

NM_004612

TGBR1

9

NM_001024847

3

NM_001040113

RNF213

Transforming growth factor-beta
receptor, type 1
Myosin, Heavy Chain 11, Smooth
Muscle
Ring finger protein 213

17

NM_001256071

GUCY1A3

Guanylate cyclase 1, soluble, alpha 3

4

NM_000856

MYLK

Myosin light chain kinase

3

NM_053025

PRKG1

Protein kinase, cGMP-dependent,
type I

10

NM_001098512

SMAD3

SMAD family member 3

15

NM_005902

SMAD4

SMAD family member 4

18

NM_005359

TGFB2

Transforming growth factor, beta 2

1

NM_001135599

HFE

Hemochromatosis

6

NM_000410

RHOD

Ras homolog family member D

11

NM_014578

ELN

Elastin

7

NM_001278939

FBN2

Fibrillin 2

5

NM_001999

NOTCH1

Notch 1

9

NM_017617

MYH11
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ADAM17

ADAM Metallopeptidase Domain 17

2

NM_003183

AICDA

12

NM_020661

BTK

Activation-induced cytidine
deaminase
Bruton's tyrosine kinase

X

NM_000061

CD40LG

CD40 antigen ligand

X

NM_000074

COL7A1

Collagen VII, Alpha-1 Polypeptide

3

NM_000094

CYBA

Cytochrome b alpha chain

16

NM_000101

CYBB

Cytochrome b beta chainp91-phox

X

NM_000397

DCLRE1C

DNA cross-link repair 1c

10

NM_001033855

DOCK8

Dedicator of cytokinesis 8

9

NM_203447

FERMT1

Ferritin family member 1

20

NM_017671

FOXP3

Forkhead box P3

X

NM_014009

G6PC3

Glucose-6-phosphatase 3

17

NM_138387

GUCY2C

Guanylate cyclase 2C

12

NM_004963

HPS1

Hermansky-Pudlak syndrome type 1

10

NM_000195

HPS4

Hermansky-Pudlak syndrome type 4

22

NM_022081

HPS6

Hermansky-Pudlak syndrome type 6

10

NM_024747

ICOS

Inducible T-cell co-stimulator

2

NM_012092

IKBKG

IKK-gamma

X

NM_003639

IL2RA

Interleukin 2 receptor, alpha chain

10

NM_000417

ITGB2

Beta-2 integrin chain

21

NM_000211

LRBA

4

NM_001199282

NCF1

Lipopolysaccharide-responsive and
beige-like anchor brotein
Neutrophil cytosol factor 1

7

NM_000265

NCF2

Neutrophil cytosol factor 2

1

NM_000433

NCF4

Neutrophil cytosol factor 4

22

NM_000631

PIK3R1

Phosphatidylinositol 3-kinase
regulatory subunit alpha
Phosphatase and tensin homolog

5

NM_181504

10

NM_000314 (Sample
23)
NM_001304717
(sample 29)

Rearranged during transfection
proto-oncogene
Superkiller viralicidic activity 2-like

10

NM_020975

6

NM_006929

SLC37A4

Solute carrier family 37 (glucose-6phosphate transporter), member 4

11

NM_001467

TTC37

Tetratricopeptide repeat domain 37

5

NM_014639

WAS

Wiskott-Aldrich syndrome

X

NM_000377

PTEN

RET
SKIV2L

197

AP3B1

5

NM_003664

11

NM_005188

CORO1A

Adaptor-related protein complex 3,
beta 1 subunit
Cbl Proto-Oncogene, E3 Ubiquitin
Protein Ligase
Coronin, actin binding protein, 1A

16

NM_007074

CTPS1

Cytidine 5′ triphosphate synthase 1

1

NM_001905

IFNGR1

Interferon gamma receptor 1

6

NM_000416

IFNGR2

Interferon gamma receptor 2
(interferon gamma transducer 1)

21

NM_005534

MAGT1

Magnesium transporter 1

X

NM_032121

PIK3CD

1

NM_005026

1

NM_003036

8

NM_017890

NF1

Phosphatidylinositol-4,5bisphosphate 3-kinase, catalytic
subunit delta
v-ski avian sarcoma viral oncogene
homolog
Vacuolar protein sorting 13 homolog
B (yeast)
Neurofibromin 1

17

NM_000267

B2M

Beta-2-microglobulin

15

NM_004048

CTC1

CTS telomere maintenance complex
component 1

17

NM_025099

STK4

Serine/threonine kinase 4

20

NM_006282

CASP10

Caspase 10

2

NM_032977

CASP8

Caspase 8

2

NM_033355

FAS

Tumour necrosis factor receptor
superfamily member 6

10

NM_000043

FASLG

Tumor necrosis factor ligand
superfamily member 6 (FAS ligand)

1

NM_000639

NRAS

Neuroblastoma ras

1

NM_002524

SH2D1A

X

NM_002351

XIAP

SH2-domain protein 1a (Slamassociated protein)
X-linked inhibitor of apoptosis

X

NM_001167

IL10

Interleukin 10

1

NM_000572

IL10RA

Interleukin 10 receptor, alpha

11

NM_001558

IL10RB

Interleukin 10 receptor, beta

21

NM_000628

IL1RN

Interleukin 1 receptor antagonist

2

NM_173842

IL36RN

Interleukin 36 receptor antagonist

2

NM_173170

LPIN2

Lipin 2

18

NM_014646

LYN

Tyrosine-Protein Kinase

8

NM_002350

CBL

SKI
VPS13B

198

MEFV

MEditerranean FeVer

16

NM_000243

MVK

Mevalonate Kinase

12

NM_000431

NLRP12

19

NM_144687

1

NM_001243133

16

NM_022162

PLCG2

NLR pyrin domain containing
protein 12
NLR pyrin domain containing
protein 3
Nucleotide-binding oligomerization
domain 2
Phospholipase C, Gamma-2

16

NM_002661

PSMB8

Proteasome Subunit, Beta-Type, 8

6

NM_148919

PSTPIP1

Proline-Serine-Threonine
Phosphatase Interacting Protein 1
Ranbp-Type and C3HC4-Type Zinc
Finger-Containing 1
Transmembrane protein 173

15

NM_003978

20

NM_031229

5

NM_198282

TNFRSF1A

Tumor Necrosis Factor Receptor
Super Family 1A

12

NM_001065

TRNT1

tRNA nucleotidyl transferase, CCAadding, 1
Adaptor-related protein complex 1,
sigma 3 subunit

3

NM_182916

2

NM_001039569

CARD14

Caspase recruitment domain family,
member 14

17

NM_024110

NLRC4

NLR family, CARD domain
containing 4

2

NM_021209

NLRP7

NLR family, pyrin domain
containing 7
Proteasome maturation protein

19

NM_001127255

13

NM_015932

PSMA3

Proteasome (prosome, macropain)
subunit, alpha type, 3

14

NM_002788

PSMB4

proteasome (prosome, macropain)
subunit, beta type, 4

1

NM_002796

PSMB9

proteasome (prosome, macropain)
subunit, beta type, 9

6

NM_002800

SH3BP2

SH3-domain binding protein 2

4

NM_003023

TNFAIP3

tumor necrosis factor, α–induced
protein 3
tumor necrosis factor receptor
superfamily, member 11a

6

NM_001270507

18

NM_003839

PYCARD

PYD and CARD domain containing

16

NM_013258

NLRP6

NLR family, pyrin domain
containing 6
Complement component 1, q
subcomponent, A chain

11

NM_138329

1

NM_015991

NLRP3
NOD2

RBCK1
TMEM173

AP1S3

POMP

TNFRSF11A

C1QA

199

C1QB

Complement component 1, q
subcomponent, B chain

1

NM_000491

C1QC

Complement component 1, q
subcomponent, C chain

1

NM_172369

C1R

Complement component 1r

12

NM_001733

C2

Complement component 2

6

NM_000063

C3

Complement component 3

19

NM_000064

C4A

Complement component 4A

6

NM_007293

C5

Complement component 5

9

NM_001735

C6

Complement component 6

5

NM_000065

C7

Complement component 7

5

NM_000587

C8A

Complement component 8 alpha

1

NM_000562

C8B

Complement component 8 beta

1

NM_000066

C9

Complement component 9

5

NM_001737

CFH

Complement factor H

1

NM_000186

CFHR5

1

NM_030787

CFI

Complement factor H-related protein
5
Complement factor 1

4

NM_000204

CFP

Complement Factor Properdin

X

NM_002621

MASP2

Mannose-binding lectin serine
protease 2
Mannose-binding lectin

1

NM_006610

10

NM_000242

SERPING1

Serpin Peptidase Inhibitor, Clade G
(C1 Inhibitor), Member 1

11

NM_000062

COL3A1

Collagen, type III, alpha 1

2

NM_000090

COL5A1

Collagen, type V, alpha 1

9

NM_000093

COL5A2

Collagen, type V, alpha 2

2

NM_000393

PLOD1

Procollagen-lysine, 2-oxoglutarate 5dioxygenase 1

1

NM_001316320

PRF1

Perforin

10

NM_005041

SLC29A3

Solute carrier family 29 (nucleoside
transporter), member 3

10

NM_018344

STX11

Syntaxin 11

6

NM_003764

STXBP2

Syntaxin binding protein 2

19

NM_006949

UNC13D

Munc-13-4

17

NM_199242

DNASE2

deoxyribonuclease II, lysosomal

19

NM_001375

LYST

lysosomal trafficking regulator

1

NM_000081

RAB27A

RAB27A, member RAS oncogene
family

15

NM_004580

MBL2

200

APOA1

Apolipoprotein A1

11

NM_000039

APOA2

Apolipoprotein A2

1

NM_001643

FGA

Fibrinogen Alpha Chain

4

NM_000508

GSN

Gelsolin

9

NM_001127662

LYZ

Lysozyme

12

NM_000239

TTR

Transthyretin

18

NM_000371

APOE

apolipoprotein E

19

NM_000041

SAA1

serum amyloid A1

11

NM_000331

SAA2

serum amyloid A2

11

NM_030754

SAA4

serum amyloid A4, constitutive

11

NM_006512

APOC3

apolipoprotein C-III

11

NM_000040

APOA4

apolipoprotein A-IV

11

NM_000482

CBS

Cystathionine beta synthase

21

NM_000071

COL4A1

Alpha-1 chain of type IV collagen

13

NM_001845

CST3

Cystatin C3

20

NM_000099

GLA

Alpha-galactosidase A

X

NM_000169

HTRA1

HtrA serine peptidase-1 gene

10

NM_002775

NOTCH3

Neutrogenic locus notch homolog
protein 3
Acid phosphatase-5/tartrate-resistant
phosphatase

19

NM_000435

19

NM_001111034

ADAR

Adenosine deaminase acting on RNA

1

NM_001111

DNASE1

Deoxyribonuclease 1

16

NM_005223

DNASE1L3

Deoxyribonuclease I-like 3

3

NM_004944

PRKCD

Protein Kinase C, Delta

3

NM_006254

RNASEH2A

Ribonuclease H2 subunit A

19

NM_006397

RNASEH2B

Ribonuclease H2 subunit B

13

NM_024570

RNASEH2C

Ribonuclease H2 subunit C

11

NM_032193

SAMHD1

SAM-domain and HD-containing
protein 1
Three prime repair exonuclease 1

20

NM_015474

3

NM_016381

CECR1

Cat eye syndrome chromosome
region 1/Adenosine deaminase 2

22

NM_001282225

TRAP1

Tumour necrosis factor receptorassociated protein 1

16

NM_016292

WDR1

WD Repeat containing 1/Actininteracting protein 1

4

NM_005112

17

NM_199242

ACP5

TREX1

UNC13D intron Munc-13-4
1

201

202

