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Abstract

Purpose of review—Cerebrovascular Disease (CeVD) remains a major cause of death and a
leading cause of disability worldwide. CeVD is a complex and multifactorial disease caused by the
interaction of vascular risk factors, environment and genetic factors. In the present article we
discussed genetic susceptibility to CeVD, with particular emphasis on genetic studies of the
associations between lipid traits and CeVD.

Recent findings—Several animal and clinical studies clearly defined genetic predisposition to
atherosclerosis and CeVD, and particularly to ischemic stroke. Recent evidence has shown that
traditional vascular risk factors explain only a small proportion of variance in atherosclerosis,
suggesting that additional non-traditional factors and novel genetic determinants impact CeVD.
With the help of genome-wide technology, novel genetic variants have been implicated in CeVD
and lipid metabolism such as those in protein convertase subtilisin/kexin type 9 (PCSK9) gene in
stroke and familial hypercholesterolemia. These studies are important since they contribute to our
understanding of the genetic mechanisms underlying CeVVD and to developing more effective
CeVD prevention strategies.

Summary—CeVD is a complex and multifactorial disease and genetics likely plays an important
role in its pathogenesis. The gene—gene and gene—environment interactions of genes involved in
biology of vascular disease including the lipid metabolism are important factors for individual
susceptibility to CeVD. Accounting for individual variation in genes, environment and lifestyle
will bring us closer to precision medicine, which is an emerging and recently introduced new
approach for disease treatment and prevention in clinical practice.
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INTRODUCTION

Cardiovascular disease (CVD) is the leading cause of disability and mortality in the Western
world [1]. Cerebrovascula disease (CeVD) is a subset of CVD and consists of a spectrum of
subclinical and clinical disorders such as white matter hyperintensity (WMH), subclinical
brain infarcts (SBI) and brain microbleeds detected by MRI; and ischemic stroke (IS) and
cerebral hemorrhage [2]. CeVD is a complex and multifactorial disease caused by a
combination of vascular, environment and genetic factors. Besides the multigenic disorders,
several Mendelian disorders contribute to CeVD. Although these mutations are rare, they
have a large relative risk. Well-described examples include familial forms of
hypercholesterolemia, often caused by mutations in the low-density lipoprotein receptor
(LDLR) gene or the apolipoprotein (apo) B gene (APOB), which encodes the major protein
in the LDL particle [3]. However, the most common forms of predisposition to CeVD are
multifactorial and result from interaction of many genes, each with a relatively small effect,
working alone or in combination with modifier genes and/or environmental factors [4]. This
genetic susceptibility to CeVD has been largely documented in animal models by using
different experimental models and approaches, such as spontaneously hypertensive stroke-
prone rats and genetic engineering to generate transgenic mice [5]. Moreover, various
epidemiological studies in families and twins have revealed a genetic multifactorial
component to CeVD, especially to IS [6, 7].

Both linkage and candidate gene association studies have identified a large number of genes
involved in inflammation, the renin—angiotensin system, atherosclerosis and lipid
metabolism associated with susceptibility to CeVD [4]. However, several of these
associations were not been consistently replicated in population studies [8, 9], suggesting
that the effect of the investigated single nucleotide polymorphisms (SNPs) may be weak or
restricted to specific ethnic groups and/or CeVD subtype [10]. A genome-wide association
study (GWAS) has recently helped replication of candidate gene studies in large consortia
such as Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) [11]
and the Stroke Genetics Network (SiGN) [12].

Since CeVD is a complex disease related to multiple genetic loci and interaction with
environment, the American Heart Association (AHA) Council on Epidemiology and
Prevention, the Stroke Council, and the Functional Genomics and Translational Biology
Interdisciplinary Working Group, suggested that the study of the precursors of this complex
phenotype may prove more rewarding [13]. Carotid plaque (CP) and carotid intima media
thickness (cIMT) are markers of subclinical atherosclerosis and intermediate, preclinical
phenotypes of vascular disease [14™™]. cIMT and CP are biologically and genetically
different phenotypes of atherosclerosis [4]. In the multi-ethnic cohort from the Northern
Manhattan Study (NOMAS), a large population study of stroke and cognitive decline
incidence and risk factors, we have demonstrated high heritability for both cIMT and CP
[15, 16]. We have also shown that traditional vascular risk factors, such as diabetes, lipids,
hypertension, smoking, and obesity explain only a small proportion of variance (less than
20%) in atherosclerosis measured by cIMT [17] or CP [18]. These results suggest that
genetic and novel environmental factors underlying unexplained subclinical atherosclerosis
impact CeVD and deserve further investigation. We also used these subclinical markers of
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atherosclerosis as outcomes to investigate a novel and more efficient genetic approach,
which analyze gene-gene or gene—environment interactions to emphasize the importance of
the heterogeneity of genetic effects introduced with modification by environment risk
factors. Using the genome wide interaction study (GWIS), we have demonstrated that a SNP
(rs3751383) in exon 9 of RCBTBI (encoding for RCC1 and BTB domain-containing protein
1) modulates the effect of smoking on cIMT and SNP (rs10205487) within MXD1 (encoding
for MAD protein), and SNP (rs7001413) within LY96 (encoding Lymphocyte antigen 96
protein) and JPH (encoding Junctophilin-1 protein) on CP burden in a sample of Caribbean
Hispanics from NOMAS [19®® 20®®] \\/e have also shown that genetic variants in LEKRI
(encoding for leucine, glutamate and lysine rich 1 protein) and GALNT10 (encoding for N-
acetylgalactosaminyltransferase 10 protein), genes that have been associated with control of
adiposity and weight that modulates sex-specific difference in developing cIMT [21™8]. we
believe that GWIS may be particularly useful in studies that investigate genetic association
with clinical CeVD, and can help identify genes that may be missed in GWAS by including
gene-environment interactions.

In this article we review common single-gene disorders that lead to susceptibility to CeVD
and summarize candidate gene and genome-wide association studies linked to risk factors
for CeVD, with particular emphasis on genetic studies of lipid traits.

GENETIC of ISCHEMIC STROKE

Genetics of ischemic stroke (IS) has been widely investigated. The ultimate objective of IS
genetic studies are to several fold. Most important among them is to prevent the devastating
consequences of IS and to better understand the pathogenesis of IS and IS subtypes namely,
large-artery disease, small-vessel disease, cardioembolic and cryptogenic stroke. This
understanding may provide opportunities to develop new mechanistic and more effective
therapeutic approaches. Many genes have been proposed in association with IS but few have
been replicated [22]. Identifying the underlying multifactorial genetic variants predisposing
individuals for IS has been a major challenge. The candidate gene approach identified
several SNPs associated with risk to IS, including genes in pathways involved in endothelial
function and nitric oxide release, the renin—angiotensin—-aldosterone system, coagulation and
hemostasis and inflammation [23]. However, most of these candidate genes studies have not
replicated across different race-ethnic groups. A meta-analysis of IS candidate gene
association studies conducted for 32 genes involving approximately 18,000 IS cases and
58,000 controls, identified factor V (F5) Leiden Arg506GIn, methylenetetrahydrofolate
reductase (MTHFR) C677T, prothrombin (F2) G20210A, the angiotensin-converting
enzyme (ACE) insertion deletion (1/D) polymorphism [24]. In hon-European descent,
another meta-analysis conducted in 12,883 IS cases and 19,548 controls, comprised mainly
of Chinese, Japanese, and Korean individuals, confirmed the pivotal role of the ACE 1/D
polymorphism and MTHFR genetic variants, and suggested a strong association for
apolipoprotein E (APOE) gene and risk for IS [25].

The advent of GWAS allowed identification of a number of novel genetic variants associated
with risk of IS. Initially, PITX2and ZFHX3, as genes linked with atrial fibrillation were
found associated with risk of IS in Caucasians [26, 27]. In CHARGE that consists of four

Curr Opin Lipidol. Author manuscript; available in PMC 2017 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Della-Morte et al.

Page 4

prospective epidemiological cohorts of nearly 19,600 subjects with 1,544 incident strokes
[28], two SNPs were identified on chromosome 12, in the region of 12p13, in association
with IS while replication was obtained only for one SNP (rs12425791) [28]. Recently, a
meta-analysis of GWAS in 14,746 African Americans (1,365 ischemic and 1,592 total stroke
cases) from Consortium of Minority Population Genome-Wide Association Studies of
Stroke (COMPASS) identified 18 variants in or near genes implicated in cell cycle/mRNA
presplicing (PTPRG, CDC5L), platelet function (HPS4), blood-brain barrier permeability
(CLDN17), immune response (ELTD1, WDFY4, and /L1F10-IL1RN), and histone
modification (HDAC9) [29]. The NHLBI Exome Sequence Project recently analyzed
approximately 6,000 participants from numerous cohorts of European and African ancestry
and identified 2 novel genes associated with an increased risk of IS: a protein-coding variant
in PDE4DIP (rs1778155) (encoding for phosphodiesterase 4D interacting protein) with an
intracellular signal transduction mechanism and in ACOT4 (rs35724886) (encoding for
Acyl-coenzyme A thioesterase 4 protein) with a role in fatty acid metabolism. Confirmation
of PDE4DIP was observed in affected sib-pair families with large-vessel stroke subtype and
in African Americans [30]. Currently, collaborative efforts have been established to form the
largest datasets for genetic investigations of IS as a part of several consortia such as
METASTROKE [31], International Stroke Genetics Consortium [32], NINDS SiGN study
and Wellcome Trust [31, 33]. The recent results from 17,970 cases of 1S and 70,764 controls
from these consortia report a novel association on chromosome 12024 (rs10744777) with IS
[34] and a role of for SNPs near the opioid receptor p1 (OPRMZI) gene in prediction for
large artery atherosclerosis and small vessel disease subtypes of IS [32]. Taking together
these findings, we may conclude that GWAS has had a major influence on our understanding
of IS physiopathology and may help to develop better and more individually tailored 1S
therapy. Collaborative efforts are critical to achieve this goal.

MONOGENIC DISEASESAND SUSCEPTIBILITY FOR CeVD

Monogenic disorders related with CeVVD are uncommon and in most cases these disorders
occur in the absence of traditional CeVD risk factors. These disorders and associated CeVD
phenotypes are listed in Table 1. Cerebral autosomal dominant arteriopathy with subcortical
infarcts and leukoencephalopathy (CADASIL) is an autosomal dominant small-vessel
disease caused by mutations in the NOTCH3 gene [35, 36]. The frequency and the
prevalence of Moifch3 gene mutations has been estimated from 2 to 4 per 100,000 adults [35].
The onset of symptoms occurs around the age of 20 to 30 years, with subsequent cerebral
vascular accidents, mainly recurrent IS, progressive cognitive impairment, as well as
depression and migraine [7, 35]. Notch3 is mainly expressed in vascular smooth muscle
cells and pericytes and plays an important role in the control of different processes of
vascular development and vascular smooth muscle cell differentiation [37]. Pathogenic
mutations, consisting of loss or gain of cysteine residues of extracellular domains lead to the
deposition of Notch3 fragments in the vascular basal membrane [37].

Cerebral autosomal recessive arteriopathy with subcortical infarcts and leukoencephalopathy
(CARASIL) is a non-hypertensive cerebral small vessel arteriopathy transmitted in an
autosomal recessive manner [38]. The mean age of symptom onset is 32 years, and common
clinical features are atherosclerotic leukoencephalopathy, alopecia, lumbago, spondylosis
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deformans and psychiatric disorders [38]. A study conducted in CARASIL families suggests
an association of this disease with mutations in the H7RAI gene [39, 40] which is localized
on ch10q and is expressed in blood vessels, skin and bone. It encodes a serine protease that
represses signaling by TGF-b family members.

Fabry diseaseis an X-linked recessive lysosomal storage disorder, which occurs usually
during childhood [41]. Clinical features of this pathology include multiple neurological
infarcts and neuropathic pain [41]. The multisystemic involvement derives from mutations
affecting a-Gal A gene at Xg22 [42]. The enzyme deficiency results in uncleaved
glycosphingolipids, which accumulates in lysosomes within the intima and media of blood
vessels in different organs and tissues including vascular smooth muscle and endothelial
cells, carotid, heart, brain, peripheral nerves and kidney leading to cell dysfunction, organ
failure and development of tissue ischemia and infarction [43].

Mitochondrial encephalomyopathy, lactic acidosis and stroke episodes (MELAS) is a
maternally inherited multisystem disorder caused by mutations in the mtDNA [44]. It
typically develops during childhood with symptoms characterized by tonic—clonic seizures,
migraine headaches, anorexia and vomiting. In some cases monosymptomatic stroke
episodes have been described [44]. The stroke-like episodes in MELAS differ from typical
ischemic infarcts involving not only the vascular territories but also the brain parenchyma
leading to tissue ischemia, since the underlying cause is an energy imbalance instead of
vascular occlusion [45]. The most frequent mutation of MELAS, reported in approximately
80% of patients with typical clinical findings, is an A to G transition at nucleotide 3243 on
the MTTL1 mitochondrial gene, which encodes tRNALeu (UUR). mtDNA mutations lead to
dysfunctional mitochondrial oxidative phosphorylation with impairment of cellular
respiratory capacity and ATP synthesis [46].

Moyamoya disease (MYMY) is a progressive, occlusive, cerebrovascular arteriopathy,
characterized by bilateral progressive stenosis of the distal internal carotid arteries, with
particular involvement of the circle of Willis [47]. MYMY is rare in western countries, with
an incidence of 0.086 per 100,000 persons per year, while it is more common in African,
American or Asian descendants (up to ten-times more common in Japan) [47]. The disease
has two peaks of age at onset: a juvenile type that occurs at 5 years and an adult type that
occurs at 30-50 years [47]. Children suffer from transient ischemic accidents and epileptic
seizures due to vascular stenosis (juvenile type) [48]. Adults more often suffer from
intracerebral hemorrhages (subarachnoid, intraparenchymal or intraventricular) caused by
the rupture of the collateral vessels that have developed during childhood [43] and headache
from dilated transdural collaterals [43]. To date, five genetic loci have been linked to
different familial forms of the disease [49]. However, the pattern of inheritance for each of
these forms is still not clear. A polymorphism in ¢.14576G>A in RNF213 was identified in
95% of familial patients with MYMY disease and 79% of sporadic cases, and patients
having this SNP were found to have significantly earlier disease onset and a more severe
form of MYMY, such as the presentation of cerebral infarction and posterior cerebral artery
stenosis [50].
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In some cases polygenic inheritance and an autosomal dominant mode of transmission with
incomplete penetrance have been suggested [49]. Moreover, environmental factors could be
involved in the pathogenesis of MYMY [49]. Loci for the disorder have been mapped to
ch3p (MYMY1) and ch8g23 (MYMY3). MYMY-5 (MYMY5) is caused by mutation in the
ACTAZgene on ch10¢23.3 [51]. Finally, an X-linked recessive syndromic disorder
characterized by MYMY, short stature, hypergonadotropic hypogonadism and facial
dysmorphism has been identified in members of three unrelated families (MYMY4) [52].
The deleted region was mapped on chXg28 and included exon 1 of the MTCP1/MTCP1NB
gene and the first three exons of the BRCC3 gene [52, 53].

GENETICS OF LIPID TRAITS AND SUSCEPTYBILITY FOR CeVD

There is mounting evidence that the genetics of lipid disorders may play a great role in the
assessment of risk for atherosclerosis and CeVD, and particularly for IS [54].

Familial hypercholesterolemia (FH) is an autosomal dominant disorder (prevalence
1:200-500) [55]. The clinical phenotype of FH is characterized by elevated cholesterol
levels, tendinous xanthomata, and premature vascular disease, especially coronary heart
disease (CHD). The symptoms are more severe for homozygotes than heterozygotes [55].
The genetic mutations underlaying the FH phenotype are primarily within the low-density
lipoprotein receptor gene (LDLR), with fewer mutations in the APOB gene, encoding
apoliproprotein B and PCSK9 gene, encoding proprotein convertase subtilisin kexin 9 [56].
However, despite high cholesterol levels being a well-defined risk factor for 1S [54], the
association between FH and CeVD is not as definitive as with CHD [57]. In fact, a study
conducted in a cohort of 1,405 men and 1,466 women with heterozygous treated FH
showed, after a median duration of 7.9 years of follow-up, a mortality rate from stroke of
0.39 per 1000 person-years (95% ClI, 0.18 to 0.74), which was non-significantly lower than
in the general population, suggesting that these patients were not at increased risk of fatal
stroke [58]. However, the possibility of increased risk for vascular accidents cannot be
excluded for untreated individuals with FH. A Finnish study prospectively followed 54
subjects aged 21-50 years with clinical FH for an average of 10 years [59]. The incidence of
stroke was 7.4/1,000 years, which was 20 times higher compared to general population [59].
However, in this study many of enrolled patients had preexisting CHD, and therefore might
have represented individuals with more severe forms of FH, likely biasing the results. So far,
the direct association between FH and CeVD is unclear. Further studies should directly
analyze the impact of specific variants of LDLR, APOB, and PCSK9genes in association
with FH.

Several candidate gene association studies, linkage studies and GWAS have identified
variants associated with lipid traits and risk of CeVD. Moreover, studies demonstrated that
lipid traits have a significant genetic component, with the estimates of heritability of 40—
70% for total cholesterol (TC), 30-70% for LDL-C, 30-60% for high-density lipoprotein
cholesterol (HDL-C), 20-55% for triglycerides (TG), and 30-50% for LDL-C/HDL-C
[60-62]. In NOMAS, first we have demonstrated the strong association between lipids and
apolipoproteins with CP as phenotype of atherosclerosis [63], and then we identified genetic
loci affecting blood lipid levels among Caribbean Hispanics [64]. We found suggestive
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evidence of linkage of LOD score>2.0 on 15923 for TG, 1623 for LDL-C, 19912 for TC
and LDL-C, and 20p12 for LDL-C. In the association analysis of the linkage peaks, we also
found that seven SNPs near FLJ45974 were associated with LDL-C/HDL-C with a nominal
P<3.5x1075, in addition to associations (P<0.0001) for other lipid traits with SNPs in or near
CDHI13, SUMF2, TLE3, FAH, ARNTZ2, TSHZ3, ZNF343, RPL7ALZ, and TMC3genes
[64]. Replication of these genes is still required in other populations before specifically
targeting them for intervention.

The Ser447Ter gain of function in exon 9 (S447X), the ¢.1127A4G in exon 6, resulting in
p.Asn291Ser, and the p.Asp9Asn, all in the LPL gene encoding Lipoprotein Lipase, the
central enzyme in hydrolysis of triglycerides from chylomicrons and VLDL, have been
associated with susceptibility to 1S [65]. Most investigated association has been between
apolipoprotein genes and CeVD. Figure 1 shows schematic representation of APOE
polymorphisms and associated degenerative disorders and CeVD. Apolipoproteins, mostly
the E4 allele have been demonstrated to play a role in in Alzheimer's disease [66]. However,
APOo0E4 may also be a predisposing genetic marker for CeVD [67]. In NOMAS, we have
shown that none of the plasma lipid profile components are associated with WMH.
However, the association between lipids and WMH was modified by ApoE status suggesting
that this association is dependent on APOE4 genotype and worsening of the lipid profile
over time [68]. Recently, a systematic meta-analysis pooled together 41 studies (with a total
of 9,027 cases and 61,730 controls) and reported on association between APOE genotype
and IS. The results suggested a strong association of APOE EZ/EZ genotype with IS,
particularly in individuals of European ancestry [69]. Another meta-analysis conducted in a
total of 29,965 patients, showed that the £4 allele carrier status and APOE E4/4 genotype
were associated with increasing WMH and presence of cerebral microbleeds, especially
lobar. APOE EZ carrier status was associated with increasing WMH load and risk of
subclinical brain infarct [70]. Variants in LPA, encoding apolipoprotein (a) which is the key
protein in Lp(a) also have been associated with risk for CeVD, however these associations
are still debated and not validated [71].

Comparative genome-wide linkage analysis had indicated that the chromosome 11p14.1-
g12.1 contains a sequence variant(s) for cholesterol and triglyceride traits [72]. Specific
genetic variants in PONI encoding Paraxonase, , an antioxidant protein able to prevent lipid
peroxidation and consequently exerts antiatherosclerotic effects, have been linked with
increased risk for IS [73].

Further studies are necessary to understand the actual impact of genetics in control of lipid
profile as an important risk factor for CeVD. This knowledge would result in better
prevention since it would allow us to identify subjects with particular susceptibility to CeVD
and to plan a personal preventive therapeutic strategy. However, considering the emerging
concept of precision medicine, an approach for disease prevention and treatment that takes
into account people's individual variations in genes, environment, and lifestyle [74];
treatment of dyslipidemia by considering genetic determinants of lipid traits,
pharmacogenetic response to lipid lowering medications, diet, and physical activity in a
unique algorithm may help reduce CeVD risk.
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CONCLUSION

Recent evidence shows that genetic factors may have unique effects for CeVD
predisposition and that these effects may vary by age and sex [75]. In several studies
conducted in the NOMAS, the relevance of genetic susceptibility to developing
atherosclerosis and CeVD was demonstrated among different ethnic groups [4]. Therefore,
we need to take into consideration multiple factors (e.g., age, sex, ethnic groups,
environment) that play a pivotal role in the risk for CeVD, even more so because most
studies os stroke using GWAS did not reach consistent results. Several factors may account
for inconsistent findings, including a lack of power due to limited sample sizes of study
populations; inappropriate hypotheses for candidate gene studies; and differences in
measurement methods and reproducibility of phenotypes across the studies. To avoid these
biases, improved approaches would need to consider gene—gene or gene—environment
interactions. GWIS may be useful methodological approach for future analyses. Including
genetics of lipid traits could ensure novel discoveries for treatment and prevention of
cerebrovascular disease and bring us a step closer to precision medicine.
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KEY POINTS

Cerebrovascular disease (CeVD) is a complex and multifactorial disease
caused by the combination of vascular risk factors, environment and genetic
factors.

Monogenic disorders even if uncommon are highly associated with risk for
vascular accidents and neurological degeneration in most cases independently
of common risk factors.

Several studies identified a large number of genes involved in inflammation,
renin—angiotensin system, atherosclerosis and lipid metabolism, among many
others, associated with susceptibility to CeVD. However, these associations
have not been consistently replicated in different populations, suggesting the
effect of unaccounted environmental factors and/or that the effect of the
investigated SNPs may be restricted to specific race-ethnicities and/or
subtypes of CeVD.

Genetic of lipid disorders, such as familial hypercholesterolemia, play a great
role in the assessment of risk for atherosclerosis as well as for CeVD,
particularly for ischemic stroke. Among genes regulating lipid traits those
encoding apoliproproteins have been among the most investigated genes.

We propose that investigating the gene—gene or gene—environment
interactions in the susceptibility to cerebrovascular disease may help to better
understand this complex process.
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Figure 1. ApoE polymorphisms and their association with neurological degenerative and

cerebrovascular disease
Four main polymorphisms of ApoE have been associated with risk for both

Page 15

neurodegenerative and cerebrovascular disease./S. ischemic stroke; CAA: Cerebral amyloid
angiopathy; CHD: coronary heart disease; CVD: cardiovascular disease; CAD: coronary

artery disease; AD: Alzheimer disease; LDL: low density lipoprotein.
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