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Introduction

Signal changes in the brain’s white matter are com-

White matter lesions (WMLs), commonly seen as hyperintensities on
T2-weighted MRI scans of healthy elderly individuals, are considered to be
related to small vessel disease in the brain, and are often associated with sub-
tle cognitive and functional impairments. WMLs also show a strong correla-
tion with a wide range of neurodegenerative and neuropsychiatric disorders.
Although a number of vascular risk factors for WMLs have been identified,
genetic factors are also important with twin and family studies reporting high
heritability. Mutations in several genes have been described that lead to mono-
genic disorders manifesting WMLs, such as Fabry disease and CADASIL. Be-
cause most individuals with WMLs do not have Mendelian disorders, most of
the focus has been on single nucleotide polymorphisms as genetic risk mark-
ers for WMLs, either directly or through their interactions with other genes
or medical risk factors. Candidate genes examined to date include those in-
volved in cholesterol regulation and atherosclerosis, hypertension, neuronal
repair, homocysteine levels, and oxidative stress pathways. In addition, al-
though there have been a few genome-wide linkage studies, only one genome-
wide association study has been performed. The majority of the genetic find-
ings need independent replication, and studies need to be extended to other
candidate genes. Collaborative efforts to examine genome-wide associations
in large samples of both sexes of a broad age range using longitudinal studies
are necessary. The identification of individuals genetically at risk of developing
white matter lesions will have important implications for recognizing the eti-
ology of WMLs and thereby developing clinical intervention strategies for their
prevention.

attenuated inversion recovery (FLAIR) sequences, these
abnormalities appear as high-intensity signals, the so-
called white matter hyperintensities (WMHs) [2]. On dif-

monly seen on magnetic resonance imaging (MRI) scans
in healthy elderly individuals as well as in a number of
neurological disorders. These changes in the white mat-
ter reflect a range of neuropathological findings, includ-
ing demyelination, axonal loss, proliferation of glial cells,
and finally cavitation and infarction [1-3]. The degen-
eration of macromolecular structure and the high water
content in white matter pathological regions is seen as a
low-density signal on computed tomography (CT) scans,
referred to as “leukoaraiosis.” MRI is much more sensitive
to white matter pathology, and on T2-weighted and fluid
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fusion tensor imaging (DTI), white matter abnormality is
seen as a change in apparent diffusion coefficients (ADC)
and fractional anisotropy (FA), which may be evident in
white matter that appears normal on T2-weighted MRI
[3]. Because their appearance on neuroimaging varies de-
pending upon the imaging modality used, we will refer
to them with the more generic term, white matter lesions
(WMLs).

WMLs are a frequent incidental finding in otherwise
healthy middle aged and elderly individuals [4], being
reported in nearly 50% of individuals in their mid to
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late 40s [2] and almost invariably by the time individuals
reach their late 60s and early 70s [5,6]. When present
in “healthy” individuals, WMLs are not without func-
tional significance. In addition to being associated with
several impairments including cognitive deficits [7-9],
decline in intelligence [10], physical disability [11], and
gait abnormality [12], WMLs are correlated with a num-
ber of neuropsychiatric disorders such as depression [13],
Parkinson’s disease [14], Alzheimer’s disease [15,16], and
late-onset schizophrenia [17]. Moreover, WMLs are a
significant component of the ischemic lesion burden in
stroke patients [18].

WMLs do not have a specific etiology or pathology, but
the lesions commonly seen in asymptomatic elderly in-
dividuals seem to be largely ischemic in origin [19]. The
white matter of the cerebral hemispheres are largely sup-
plied by long, narrow penetrating arteries and arterioles.
Alterations in the structure of these vessels are an invari-
able feature of WMLs [1,20]. Other than age, vascular risk
factors such as hypertension, diabetes mellitus, and high
homocysteine levels are causal for arteriolosclerosis and
have been associated with WMLs in a number of studies
[19,20].

Many investigators have subdivided WMLs into
two categories: periventricular (PVWMLs) and deep
(DWMLs), depending on the proximity of these WMLs to
the lateral ventricle wall. This categorization is based on
some differences in the pathophysiology and functional
significance of PVWMLs from DWMLs [21] even though
a considerable overlap exists. Neuropathological differ-
ences between DWMLs and PVWMLs have been reported
[22], which suggest that although cerebral ischemia is a
common etiological factor, other mechanisms may be dif-
ferentially involved.

Known risk factors account for only a proportion of
the variance in the progression of WMLs and recent stud-
ies have shown that genetic factors are contributory. The
evidence of this initially came from studies of heritabil-
ity, but there have been a number of recent studies ex-
amining WMLs and variation in candidate genes as well
as genome-wide associations. The influence of genes on
WMLs is either direct or through interactions with other
genes or environmental factors.

Studying the genetics of WMLs is important, as these
abnormalities can be used as endophenotypes for cere-
bral small vessel diseases, ischemic stroke, and dementia
[23-25]. Endophenotypes are heritable traits associated
with an illness in the population that manifest years be-
fore the clinical and pathological diagnostic criteria for
the disease are met. They, therefore, may be very help-
ful measures in early diagnosis and treatment of diseases,
such as stroke and dementia. This article reviews the cur-
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rent evidence of genetic influences on WMLs seen in
older individuals.

Heritability of WMLs

Heritability is the proportion of variance of a particu-
lar measurable trait, taken at a particular time or age,
and high heritability implies genetic determination [26].
Broad-sense heritability, H?, reflects the degree to which
a trait is genetically determined, expressed as the ratio
of the total genetic variance to the phenotypic variance
(Vs/Vp). Narrow sense heritability, also known as heri-
tability, h?, quantifies the degree to which a trait is passed
from parent to offspring, expressed as the ratio of the ad-
ditive genetic variance to the total phenotypic variance
(Va/Vp). Heritability of a trait in humans is estimated by
comparing similarities between closely related individu-
als, in particular twins. Monozygotic twins (MZ) are twice
as genetically similar as dizgyotic twins (DZ); therefore,
heritability is approximately twice the difference in cor-
relation between MZ and DZ twins.

High heritability of WMLs was reported in a group of
older male twins, comprising 74 MZ and 71 DZ pairs
(h? = 0.73) [27]. The heritable nature of WMLs was fur-
ther supported by a follow-up study based on the same
population of male twins which showed a high correla-
tion of adjusted WMLs with the family history score (r =
0.21) [28]. The high heritability of WML volumes was re-
ported in a large family-based sample of the Framingham
Heart Study offspring (h? = 0.55), with similar heritabil-
ity for men and women. A recent study has replicated the
high heritability of WMLs (h? = 0.72) in 459 Mexican
American participants of the San Antonio Family Heart
Study [29]. These findings were seen by middle age when
symptomatic cerebrovascular disease is uncommon, con-
firming the earlier observations that the formation of
WMLs is under considerable genetic influence. Moreover,
the heritability of WMLSs remained high among individu-
als with generally low cerebrovascular brain injury, sug-
gesting that WMLs are likely to be an early marker of
adverse brain aging [30].

Monogenic Disorders and WMLs

Several monogenic disorders manifest as cerebrovascular
disease with the development of WMLs. However, most
of these disorders are rare and our knowledge is mostly
based on case reports rather than large studies.

CADASIL

Cerebral autosomal dominant arteriopathy with subcor-
tical infarcts and leukoencephalopathy (CADASIL) is the
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most common single gene disorder leading to ischemic
stroke [31]. The principal symptoms of CADASIL are
migraine attacks, recurrent subcortical ischemic events,
and neuropsychiatric symptoms including progressive
subcortical dementia [31,32]. Mutations in the NOTCH3
gene, located on chromosome 19pl3.1 are responsible
for CADASIL [33]. Mutations may occur in any one of
the NOTCH3 exons 2-23 [23], although mutations in ex-
ons 3-6 are responsible for approximately 90% of cases
in Caucasian population [34]. All known mutations asso-
ciated with CADASIL result in either a gain or loss of cys-
teine residue in the extracellular domain of the Notch3
protein, which lead to cerebral vascular smooth muscle
dysfunction [35]. CADASIL pathology involves small ves-
sel disease, predominantly in the brain [36].

CADASIL is associated with predominant localization
of infarcts in the white matter. In one study, all indi-
viduals who carried a NOTCH3 mutation showed an in-
crease in WMLs compared to controls (P = 0.004). The
lesions showed a characteristic pattern in the anterior
temporal lobes, the frontal lobes, and the periventricu-
lar caps [37]. Another study on 40 CADASIL patients
also showed that all patients demonstrated hyperintense
lesions on T2-weighted MRI [38]. Heritability of WMLs
in 151 CADASIL patients was reported to be 0.63 but
after adjustment for age, sex, and diastolic blood pres-
sure, the estimated heritability increased to 0.738 [39].
These results suggest that genetic factors distinct from the
causative NOTCH 3 mutations play a key role in disease
progression.

Homocystinuria

Homocystinuria is an autosomal recessive inborn er-
ror of methionine metabolism with the majority
of cases caused by defects in the gene-encoding
cystathionine-g8-synthase. Polymorphisms in the 5,10-
methylenetetrahydrofolate reductase gene (MTHFR),
which lead to deficient remethylation of homocysteine,
is another cause of homocystinuria [40]. Reversible de-
myelination is one of the neurological manifestations
of homocystinuria and is similar to other inborn er-
rors of the transsulfuration pathway [41]. WMLs on T2-
weighted images have been shown in many homocystin-
uria cases [40,42]. Diffuse white matter changes without
evidence of thrombosis [41] and bilateral lesions of the
basal ganglia [43] have been also reported.

Genetic Disorders of Arterial and Venous
Thrombosis

Thromboembolic events during the perinatal period are
responsible for irreversible brain damage owing to cere-
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bral hypoxia and neuronal necrosis [44]. The most com-
mon genetic risk factors for inherited thrombophilias in-
clude mutations in the genes encoding Factor V (F5), pro-
thrombin (F2), Protein S (PROS1), Protein C (PROC), and
antithrombin IIT (AT3) [45]. However, changes in blood
levels of antithrombin IIT [46,47] and prothrombin [48]
seem not to be associated with WMLs.

Protein S is a vitamin K-dependent plasma protein that
inhibits blood clotting by serving as a nonenzymatic co-
factor for activated protein C in the inactivation of pro-
coagulant factors V and VIII [49]. Protein S deficiency
manifests as an autosomal dominant trait and can be as-
sociated with cerebral infarction and WMLs [50]. Protein
C deficiency is an autosomal dominant trait with incom-
plete penetrance, which primarily causes venous throm-
boembolism and may be a possible contributor to arterial
thrombosis. Congenital protein C deficiency may be re-
lated to acute ischemic infarction [51]. In a large pedigree
study of protein C deficiency in hypertensive patients, an-
alyzing brain MRI changes revealed more silent lacunar
infarcts in the brains of heterozygous individuals than in
controls with no advanced WMLs in either group [52].
Protein Z is another member of the coagulation cascade
and its main role appears to be the degradation of factor
Xa [53]. Protein Z deficiency is reported to increase the
risk of ischemic stroke [54]. Factor V Leiden (FVL) is a
variant of Factor V due to a relatively common genetic
polymorphism (R506Q, rs 6025), which may cause cere-
bral atrophy and porencephalic cystic lesions in infants
[55]. In a recent study, ischemic stroke patients who were
FVL positive showed more silent infarctions and WMLs
than ischemic stroke patients without FVL [56].

MELAS

Mitochondrial encephalopathy with lactic acidosis and
stroke-like episodes (MELAS) is a maternally inherited
disorder characterized by recurrent cerebral infarctions
[57]. The common MELAS mutation is an alanine to
glycine transition (A3243G) in mitochondrial DNA [58].
Moderate losses of myelin and fibrous gliosis were ob-
served as high-signal areas on T2-weighted MRI in the
subcortical and deep white matter in a patient suffer-
ing from MELAS [59]. In another MELAS case report,
brain imaging also indicated generalized atrophy, more
marked on the left side, in addition to white matter al-
terations consistent with a mitochondrial disorder [57].
T2-weighted imaging at both the onset and after 44 days
of the stroke-like episode showed left parietal, temporal,
and occipital lobe WMLs in another MELAS case [60].
These white matter changes suggest that the stroke-like
episodes are related to vasogenic edema, hyperperfusion,
and neuronal damage.
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HERNS

Hereditary endotheliopathy with retinopathy, nephropa-
thy, and stroke (HERNS) is an autosomal dominant
inherited, multisystemic disease presenting with
leukoencephalopathy, progressive visual loss, and
nephropathy. Linkage analysis has mapped the disease
locus to chromosome 3p21 [61], although the disease
gene has not been identified. Brain MRI scans of HERNS
patients have identified contrast-enhancing cerebral
lesions with surrounding vasogenic edema [62].

Fabry disease

Fabry disease (FD, Anderson-Fabry disease) is a rare
X-linked inborn disorder, caused by deficient activity of
the lysosomal enzyme alpha-galactosidase A. More than
400 mutations have been reported in «-galactosidase A
gene (GLA), ranging from small deletions to complex re-
arrangements, which results in partial or complete inac-
tivity of the enzyme. Progressive accumulation of unde-
graded glycosphingolipids leads to reduced cerebral flow
velocity and impaired cerebral autoregulation [63], caus-
ing ischemic complications involving the kidneys, heart,
and brain [64]. Central nervous system involvement is
indicated by the cerebrovascular events observed in FD
patients [65]. The most common abnormality is the pres-
ence of cerebral white matter lesions [66—68] includ-
ing numerous silent lesions, increasing with age, mainly
in small perforant arteries (periventricular white mat-
ter, brainstem, cerebellum, and basal ganglia) [63]. The
deep periventricular and posterior predominant WMLs
in FD are best observed in FLAIR sequences [69], but
DTI may be an even more sensitive technique [68]. For
female FD carriers, cerebrovascular events are as fre-
quent as frequent as in affected males [70] and they
also show MRI abnormalities similar to those of affected
males [71].

It has been shown that a number of genetic variants
including polymorphisms in the interleukin-6, endothe-
lial nitric oxide synthase, factor V, and PROZ genes were
all independently associated with cerebral lesions in FD
patients. This was the first time that the modifying effects
of these genes were shown on FD, a single gene disor-
der [72]. Therefore, the presence of genetic modifiers is
likely in other inborn errors of metabolism and needs to
be investigated further.

Complex Genetic Disorders

As noted earlier, disorders with Mendelian inheritance
are an infrequent cause of WMLs. Most of the genetic ba-
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sis of WMLs must therefore be sought in the small effects
of multiple genes and their interactions with other genes
and/or environmental factors. Such genes have been in-
vestigated for single nucleotide polymorphisms (SNPs),
traditionally investigating one or more SNPs within a sin-
gle candidate gene, or more recently through genome-
wide association studies.

Genome-Wide Studies

Genome-wide studies use high-throughput genotyping
technologies to examine hundreds of thousands of mark-
ers to identify genetic variants and high-risk haplotypes
associated with complex disease. There are two common
methodological approaches in genome-wide studies: as-
sociation and linkage. In genome-wide association stud-
ies (GWAS), a correlation between a specific genetic vari-
ation and trait variation is investigated in a sample of
unrelated individuals, while in linkage studies, trait loci
that cosegregate with a specific genomic region is studied
within families [73]. To our knowledge, only one GWAS
has been undertaken examining WMLs to date.

The only genome-wide study that found significant
evidence of linkage for WMLs volume was performed
in multiple generations of a large population-based
cohort—the Framingham Heart Study. An initial scan
for WML volume used 387 highly polymorphic linkage
markers in 2259 family members. The significant linkage
peak was located on chromosome 4p16.2 (LOD score =
3.69) [74]. The linkage between WMLs and chromo-
some 4 was observed again in a subsequent genome-wide
association and linkage study of 100,000 SNPs for 705
members of the largest Framingham families [25]. This
linkage region includes the gene for Huntington disease
(HTT), genes associated with WMLs risk factors, including
the GRK4 gene that has been associated with hyperten-
sion [75], and also genes responsible for mitochondrial
functioning. Genome-wide association analyses between
SNPs and WMLs on the same sample revealed other SNPs
that may influence WMLs. Although some of these SNPs
were not within known genes, several SNPs were from
biologically interesting genes such as the glial growth fac-
tor (NRG1), the potassium channel protein (KCNMA1),
and a tight junction component (CLDN10) [25]. The re-
sults of this explorative GWAS require replication.

Three other genome-wide linkage studies reported sug-
gestive evidence of linkage for WMLs on chromosome 5
[76], chromosome 1 [29,76), and chromosome 11 [77].
The study performed by Turner et al. [77], showed the
most overlap with the Framingham study findings. The
significant linkage region seen in the Framingham study
corresponded to one of the linkage regions for brain
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atrophy (0-24 cM from 4pter) in this study [77]. Turner
et al. also reported a linkage region on chromosome 12
for ventricular volume (12p12-12q12), which was shown
to harbor some SNPs linked with regional and cerebral
volumes in the second Framingham genome-wide study
[25]. Moreover, within the chromosome 11923.1-11q25
region for WMLs, the Framingham investigators noted
that one SNP in the S-site amyloid 8 precursor protein-
cleaving enzyme 1 gene (BACE]L; 1s126179) was asso-
ciated with parietal brain volume. Variations in BACE1
have been associated with Alzheimer disease [78].

These findings suggest that there are chromosomal re-
gions and SNPs within these regions that are linked to
MRI measures of structural brain phenotypes, such as
WMLs and brain volumes. This suggests that there may
be common molecular pathways leading to brain lesions
and brain atrophy.

It is important to note that none of the significant link-
age peaks determined in genome-wide studies have been
reliably replicated. Moreover, the associations reported in
the candidate gene studies, which will be discussed later,
were not seen in genome-wide studies. This lack of over-
lap may be due to a number of reasons. First, although
the high heritability estimates for WMLs suggests genetics
plays a major role in its development it does not give any
details regarding the type/s of genetic variation involved.
The current results suggest that WMLs are influenced by
many genes with only small to moderate effects [29]. Sec-
ond, differences in the methodologies between studies
such as study designs, different sized samples, racial dif-
ferences (e.g., Mexican Americans vs. European), disease
status and varied MRI methodologies for WMLs evalua-
tion, suggests that the different results observed by these
studies may be study specific. Finally, most of the stud-
ies had limited power and may not detect linkage regions
or SNPs of small effect size. Therefore, replication of link-
age or association findings in independent samples will
be necessary before undertaking any further functional
investigations.

Although the GWAS is a comprehensive and unbiased
approach of identifying genetic variants of complex hu-
man diseases, there are several issues that arise with this
study design. These include high potential rates of false
positive results due to multiple testing, the necessity for
large sample sizes, lack of information on the functions of
identified genes in many cases, and insensitivity to rare
and structural variants [79].

Candidate Gene Approach

A number of candidate genes that are involved in puta-
tive pathways leading to the formation and progression of
WMLs have been examined, as summarized in Table 1. A
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smaller number of studies have also assessed gene—gene
interactions, which are detailed in Table 2.

Cholesterol Regulation and
Atherosclerosis-Related Genes

The most important gene in this group, Apolipoprotein E
(APOE), encodes a plasma glycoprotein (ApoE) involved
in the transport of cholesterol and other hydrophobic
molecules across the membrane of various cells [80]. In
addition to being involved in lipoprotein transport, ApoE
plays an important role in neuronal repair, including den-
drite formation and synaptogenesis, which is an impor-
tant process in restoring the integrity of the brain in
response to injury [81,82]. An important APOE polymor-
phism is denoted by one of three alleles (E2-E4). The
APOE E4 allele is due to a T-C transition at codon 112, oc-
curs in approximately 25% of the Caucasian population,
and has been implicated in neuronal dysfunction [82].
The E4 allele is a well-established risk factor for late-onset
Alzheimer’s disease [83] in a dosage-dependent manner
[84]. The presence of APOE E4 has a large impact on
longevity, cardiovascular diseases, and other neurological
disorders including stroke, cerebral amyloid angiopathy,
Lewy body disease, multiple sclerosis, Parkinson’s dis-
ease, and several others. This raises the question whether
ApoE may participate in a range of molecular neurode-
generative mechanisms that might be common for sev-
eral disorders [85].

Studies have shown that E4 allele is not only asso-
ciated with vascular risk factors for WMLs [27,81] but
also with WML-associated disorders, particularly cogni-
tive impairment and dementia [86,87]. The E4 allele in-
creases the effect of cardiovascular disease on brain vol-
umes and white matter changes. However, the presence
of the E4 allele alone is not a risk factor for brain atrophy
or WMLs [88]. The APOE E4 allele also increases depres-
sive symptoms in people with WMLs [89]. In a large pop-
ulation of the Rotterdam Scan Study, APOE E4 carriers
had significantly increased deep WML volumes than did
subjects with the E3/E3 genotype, but this was not found
for periventricular WMLs. This could be due to a different
vascularization pattern between deep and periventricular
white matter. Participants with both hypertension and at
least one E4 allele had the highest volumes of both types
of WMLs [81]. On the other hand, other studies failed to
show any significant association for APOE E4 with WMLs
either in a population sample [90] or in patients with
Alzheimer’s disease [91]. Some studies have shown that
the E2 allele could be a risk factor for the development
of WMLs [92,93]. The mechanisms underlying this asso-
ciation are unclear, it has been suggested this could be
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Table 1 Genetic polymorphisms associated with White Matter Lesions (WMLs)

Gene Polymorphism PIOR n Sample Association Reference
Apolipoprotein E (APOE)

APOE E4 P <0.03 396 Population? cvDP [88]

APOE E4 P < 0.005 92 Population Depression® [89]

APOE E4 P=0.016 971 Population Hypertension® [81]

APOE E2/E3 OR=3.0;P=0.01 280 Population Positive© [92]

APOE E4 NS 93/583  Cl/Control None [116]¢

APOE E4 NS 55/66 AD/Control None [91]

APOE genotype NS 215/20  Dementia®/Control None [90]
Angiotensinogen (AGT)

AGT Promoter-20:c P=0.017 410 Population Positive [104]

AGT M235T P < 0.001 267 Population Positive [104]

AGT M235T P =0.008 >1000 Population Positive [103]
Angiotensin Il receptor type 1(AGTR1)

AGTR1 A1166C P < 0.005 134 Population Positive 1o

AGTR1 A1166C P < 0.05 93 Hypertensive Negative© [107]

AGTR1 A1166C NS 129/27  Ischemic stroke/Population None [111yd

AGTR1 A1166C NS 510 Acute BI None [112]
Angiotensin I-converting enzyme (ACE)

ACE D/D genotype P <0.05 182 Dementia Positive [114]

ACE D allele OR=2.95;P <0.01 129/27 Ischemic stroke/ Population Positive [111)¢

ACE D/D genotype P < 0.0005 229 LA combined with infarcts ~ Positive [115]

ACE D/D genotype OR=4.44;P=0.022 60 Hypertensive Positive [106]

ACE D allele NS 134 Population None [110)@

ACE D allele NS 93 Hypertensive None [107]
Aldosterone synthase (CYP11B2)

CYP11B2 TT genotype OR=4.61;P=0.009 829 Population Positive [122]
Methylenetetrahydrofolate reductase (MTHFR)

MTHFR A1298C P =0.001 68 PCSNL receiving MTX Positive [128]

MTHFR C677T P=0.017 178/85  Depressed/Non-depressed  Positive [129]
Brain-derived neurotrophic factor (BDNF)

BDNF V66M P =0.044 199/113 Depressed/Non-depressed  Positive [132]
Paraoxonase (PON1)

PON1 L55M LL genotype OR=2.65;P =0.004 264 Population Positive [134]

PON1 Q191R OR=6;P=0.02 104/113 ONFH/Control Positive [140]
Nitric Oxide Synthase (NOS3)

NOS3 G894T P <0.05 93 Hypertensive Positive [107]

NOS3 G894T NS 300/600 SVD/Control None [144]

NS, not significant; CVD, cardiovascular diseases; Cl, cerebral infarction; AD, Alzheimer’s disease; Bl, brain infarction; LA: leukoaraiosis; PCSNL, primary
CNS lymphoma; MTX, methotrexate; ONFH, osteonecrosis of the femoral head; SVD, small vessel disease.

@Population: community sample.
bAssociation observed only in interaction with stated medical conditions.

“Positive association: the genotype mentioned or the mutant allele/amino acid is associated with more WMLs, Negative association: genotype mentioned

or the mutant allele/amino acid is associated with less WMLs.
dNon-Caucasian population.

€Dementia: Alzheimer’s disease (AD), non-AD dementia or mixed neuropsychiatric disorder.

through impairment in repair mechanisms, which may
result in more damage after cerebral ischemia [92].

Hypertension-Related Genes

The observed association between WMLs and hyper-
tension raises the possibility that genes involved in the
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regulation of blood pressure may be implicated. Some of
the genes code for enzymes in the renin-angiotensin sys-
tem (RAS). RAS is a complex enzymatic pathway, and
is involved in the regulation of blood pressure and fluid
balance [94]. When the arterial blood pressure is low,
renin, a proteolytic enzyme, is secreted from the kidneys
to act on the inactive angiotensinogen (AGT) to form

CNS Neuroscience & Therapeutics 17 (2011) 525-540 © 2010 Blackwell Publishing Ltd
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Table 2 Gene—gene interactions as risk factors for white matter lesions (WMLs)

Gene 1 Gene 2 PIOR N Sample Reference

Methylenetetrahydrofolate APOE E4/E4 + E4/E3 P <0.005; OR=2.47 315/646 Leukoaraiosis/Control [117]°

reductase (MTHFR) 677TT

MTHFR 677TT APOE E2/E2 + E2/E3 P < 0.0005; OR =2.52 315/646 Leukoaraiosis/Control [11772

MTHFR 677TT Angiotensin I-converting P < 0.0005; OR=4.90 229/362 Leukoaraiosis/Control [115]2
enzyme(ACE)D/D

Apolipoprotein E (APOE) E2 allele ACE D/D P <0.05;0R=2.11 315/646 Leukoaraiosis/Control (11772

Angiotensinogen (AGT) M235T ACE D allele P <0.01;0R=11.70 93/583 Cerebral Infarction/Control [116]b-¢

Angiotensinogen (AGT) M235T APOE E4 allele NS 93/583 Cerebral Infarction/Control [116]°

AGT M235T No interaction between NS 93 Hypertensive subjects [107]

ACEI/D these polymorphisms

AGTR1 A1166C

NOS3 G894T

AGT M235T No interaction between NS 60 Hypertensive subjects [106]

AGTR1 A1166C these polymorphisms

ACE I/ID

@Unclear if control samples were in Hardy—Weinberg equilibrium.
®Non-Caucasian population.

“Genotype frequencies for the ACE control group were not in Hardy-Weinberg equilibrium.

angiotensin I, which is in turn hydrolyzed by angiotensin-
converting enzyme (ACE) to form the active Angiotensin
II. Angiotensin II causes blood vessels to constrict, result-
ing in increased blood pressure. Angiotensin II also stim-
ulates the secretion of the hormone aldosterone, which
causes an increase in the fluid volume of the body ulti-
mately increasing blood pressure. ACE, which is present
in the endothelial cells of the blood vessels, has an addi-
tional effect in degrading bradykinin, an active vasodila-
tor [95]. Genetic polymorphisms in relation to the major
enzymes in this pathway have been examined in relation
to small vessel disease and WMLs.

Angiotensinogen

The angiotensinogen gene (AGT), located on chromo-
some 142, has a large number of polymorphisms [94].
A missense mutation is found in exon 2, encoding thre-
onine instead of methionine at position 235 (M235T;
1s699). This mutation and a nucleotide substitution in the
promoter region (G-6A) are in tight linkage disequilib-
rium and have therefore been investigated in a number
of studies [96,97]. AGT polymorphisms have been associ-
ated with blood pressure, arterial stiffness, and other car-
diovascular phenotypes. The M235T polymorphism has
been linked to hypertension and cardiovascular disease
[98] as well as coronary artery disease and myocardial
infarction [99-102]. The presence of the threonine vari-
ant has been associated with WMLs and lacunes, inde-
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pendent of arterial hypertension [103]. Two follow-up
studies showed that this polymorphism is linked to lesion
progression as well [104,105]. On the other hand, two
other studies, both with small sample sizes, found no as-
sociation between WMLs and the M235T polymorphism
[106,107].

Production of AGT is regulated mainly at the transcrip-
tional level. Two common polymorphisms in the pro-
moter region at positions G-6A and A-20C have been
shown to alter transcriptional efficiency. One study on
the association of microangiopathy-related cerebral dam-
age (MARCD) with sequence alterations in the AGT
promoter region investigated four polymorphic sites,
which create five haplotypes. Individuals homozygous
for the —20:c allele showed a significant association
with MARCD [108], whereas the association of the —6:
a polymorphism showed borderline significance. More-
over, one haplotype (—6:a, —20:c, —153:g, —218:g) pre-
dicted MARCD considerably better than the —20:c allele,
independent of hypertension. If other studies can repli-
cate these results, this haplotype may serve as a genetic
marker for the identification of individuals prone to de-
velop WMLs.

Angiotensin Il Receptor type 1 (AGTR1)

Angiotensin II interacts with two subtypes of cell surface
receptors. Type 1 receptors mediate the major cardiovas-
cular effects of angiotensin II [109]. The AGTR1 gene
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maps to 3q21-q25 and more than 20 SNPs have been
identified; although none are located in the coding re-
gion. The A1166C polymorphism (rs5186) is one of the
most widely studied SNPs in the ATGR1 gene. The C al-
lele has been shown to increase ATGR1 expression and
is consequently a risk factor for cardiovascular diseases
[94,110]. However, there is inconsistency in the litera-
ture whether the C allele is a risk [110] or a protective al-
lele [107] for WMLs, whereas other studies have failed to
show any association of this polymorphism with WMLs
[111,112]. This could be partly explained by ethnic dif-
ferences in the samples used as the presence of C allele as
a risk factor has been only seen in non-Caucasians.

Angiotensin I-Converting Enzyme (ACE)

More than 100 polymorphisms have been identified in
the ACE gene, located on chromosome 17q23. The best
documented polymorphism is an insertion/deletion (I/D)
of a 287-base-pair DNA fragment within intron 16, which
accounts approximately for 40% of the total variance of
plasma ACE [94].

The D allele of the ACE gene appears to be associ-
ated with a higher risk of atherosclerotic complications
including coronary heart disease, myocardial infarction,
and stroke although it is not associated with hypertension
directly [113]. However, the deletion allele (D) in hyper-
tensive patients has been shown to be a risk factor for
the prevalence of WMLs [106]. The first study to report
the association of ACE DD genotype with WMLSs was per-
formed in dementia patients [114]. In another study, the
ACE D allele was significantly more frequent in patients
with leukoaraiosis combined with infarcts than in the
control group. However, in the same study, those who
had leukoaraiosis with no infarction failed to show this
association [115]. The ACE D allele was later shown to
be associated with lacunar infarction and CT-determined
WMLs [111], while other studies have failed to show any
associations with the ACE I/D polymorphism and WMLs
[107,110].

Some studies have shown that the interaction of cer-
tain unfavorable genetic mutations with the ACE D al-
lele can contribute to the evolution of leukoaraiosis. An
early Japanese study observed a synergistic effect of the
T allele of the AGT gene and the D allele of the ACE
gene on the incidence of cerebral infarctions [116]. How-
ever, due to the small sample size and wide confidence
interval of the odds ratio, and more importantly the fact
that ACE I/D genotype frequencies for the controls were
not in Hardy-Weinberg equilibrium, the reported associ-
ation should be considered spurious and the results re-
quire replication. The homozygous ACE D/D genotype in
combination with the APOE E4 or E2 allele has also been
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reported to contribute significantly to the development of
leukoaraioasis [117] (Table 2).

Aldosterone Synthase

Aldosterone has essential roles in maintaining intravas-
cular volume and blood pressure. Aldosterone synthase
is the enzyme responsible for the biosynthesis of aldos-
terone. Mutations in this gene (CYP11B2) cause either
hypertension or hypotension [118]. CYP11B2 is located
on chromosome 8q24.3 and is composed of nine exons
[119]. A polymorphism in the transcriptional regulatory
region of this gene was described in 1995 [120], in which
a C for T substitution at position —344 occurs in a puta-
tive binding site for the steroidogenic transcription factor
SF-1. This substitution causes an increased binding of SF-
1 to the —344C allele, resulting in an altered transcription
rate, and a decrease in aldosterone synthase and aldos-
terone levels [120,121]. This locus is an important candi-
date region in essential hypertension [121]. The T allele
was shown to be associated with an increased risk of se-
vere WMLs independent of classic vascular risk factors,
such as hypertension [122]. This result was confirmed by
the observation that the C allele is protective for severe
leukoaraiosis in patients with lacunar infarctions [112],
although, this association was marginally significant.

Homocysteine-Related Genes

In individuals without homocystinuria, methylenete-
trahydrofolate reductase gene (MTHFR) mutations have
been associated with high levels of serum total homo-
cysteine (tHcy), and impaired DNA synthesis. MTHFR is
a folic acid related enzyme, which plays a crucial role
in remethylation of homocysteine to methionine, and
thereby the biosynthesis of DNA and RNA [123]. The
MTHEFR gene is located on chromosome 1p36.6 and up
to 24 variants have been reported [124]. Two of the most
studied polymorphisms are located in the coding region; a
cysteine to threonine substitution at position 677 (C677T,
rs1801133) and an alanine to cysteine at position 1298
(A1298C, rs1801131), both of which result in high blood
tHcy levels.

Leukoaraiosis has been reported to be positively corre-
lated with the tHcy level and conversely correlated with
the serum folate level [125]. The MTHFR C677T poly-
morphism has been shown to be associated with symp-
tomatic subcortical infarction [126], silent brain infarcts
[127], and white matter changes [128]. One study re-
ported the association of MTHFR C677T variant with
WMLs [129]. The MTHFR A1298C polymorphism is also
reported to be linked with white matter changes [128].
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One study examined the MTHFR C677T and ACE I/D
polymorphisms in leukoaraiosis. Neither the homozygous
nor the heterozygous MTHFR C677T mutation alone was
found to be a risk factor for leukoaraiosis. The homozy-
gous MTHFR 677TT mutation combined with the ACE
D/D genotype was significantly more frequent in the
leukoaraiosis cohort than in the controls [115]. The in-
fluence of APOE genotypes in pair-wise combinations
with the MTHFR 677TT or ACE D/D mutation in patients
with leukoaraiosis were examined later. The homozygous
MTHEFR 677TT mutation in combination with the APOE
E4/E4 and E3/E4 genotypes or in combination with the
APOE E2/E2 plus E2/E3 genotypes can contribute to the
development of leukoaraioasis. The positive interactions
between these genotypes can be a result of their recipro-
cally facilitating effects [117] (Table 2). However, these
two studies have not mentioned whether the allele and
genotype frequencies were in Hardy—Weinberg equilib-
rium, therefore the results need to be replicated.

Regeneration-Related Genes

In the presence of neuronal injury, suboptimal regen-
erative processes may contribute to the development of
WMLs. Although a number of nerve growth factors are
involved in neuronal growth and regeneration, only the
brain-derived neurotrophic factor (BDNF) has been ex-
amined in relation to WMLs. In the affected white matter
of the ischemic brain, BDNF produced by glial cells plays
an important role in protecting and promoting the regen-
eration of nerve fibers [130]. The BDNF gene (BDNF) is
located between the boundary of 11p13 and 11p14 [131]
and the most common polymorphism, a substitution of
valine by methionine (V66M, 1s6265), is associated with
reduced production of BDNF. Carriers of the BDNF 66M
allele have shown both greater WML volumes in older
individuals [132] and an age-related decline in the sple-
nium fractional anisotropy [133].

Oxidative Stress-Related Genes

It is hypothesized that during the process of ageing, ox-
idative stress increases, leading to high levels of lipid per-
oxidation, and thereby greater severity of WMLs in the
elderly [134]. There are many genes involved in oxida-
tive stress pathways. Polymorphisms in some genes such
as the paraoxonase gene (PON) family and nitric oxide
synthase gene (NOS3) promote oxidative stress, whilst
mutations in other genes such as the mice P66Shc gene
whose product generates mitochondrial reactive oxygen
species (ROS) [135], protect cells against oxidative dam-
age. In addition to polymorphisms in genomic DNA, mi-
tochondrial DNA mutations may also be important as
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mitochondria are the major source of reactive oxygen
species (ROS) in the cell [136]. Thus, mitochondrial DNA
mutations may influence oxidative stress levels. More-
over, gene expression changes in the genes responsi-
ble for stress and inflammatory responses and energy
metabolism pathways are key contributory factors in ox-
idative stress-related aging processes [136].

Paraoxonase Gene (PON) Family

The PON family includes three genes, PON1, PON2
and PON3, aligned next to each other on chromo-
some 7. Members of the paraoxonase gene family encode
high-density lipoprotein (HDL)-related glycoproteins
with multienzymatic properties [137]. The paraoxonases
act as important protectors against cellular damage
from toxic agents, such as organophosphates and ox-
idized lipids found in plasma low-density lipoproteins.
Moreover, they may protect against development of
atherosclerosis [138].

Although relationships between polymorphisms in the
PON gene cluster and cardiovascular diseases have been
demonstrated previously [139], only PON1 (7q21.3)
has been investigated for association with white matter
changes. In the Austrian Stroke Prevention Study, ho-
mozygotes for the leucine substitution at coding position
55 (L55M, 1s854560), were reported to have a greater
extent of WMLs at baseline [134] and this was a predic-
tive factor for their progression over 3 years [105,134].
This study failed to show a significant association be-
tween a polymorphism in the coding region, which sub-
stitutes glutamine for arginine (Q191R) and the progres-
sion of WMLs. However, in patients with osteonecrosis of
the femoral head (ONFH), the Q191R and not the L55M
polymorphism showed an association with WMLs [140].
It is noteworthy that WMLs were present at an unex-
pectedly high frequency (>50%) in young patients with
ONFH [141].

Nitric Oxide Synthase

Oxygen free radicals seem to play an important role in
central nervous system injury after cerebral ischemia.
Nitric oxide synthase is the enzyme catalyzing the for-
mation of nitric oxide, a neuronal messenger molecule
and oxygen radical identified in several models of cere-
bral ischemia. The nitric oxide synthase gene (NOS3), is
mapped to 7q35-q36 [142] and three common polymor-
phisms have been identified: a promoter nucleotide sub-
stitution (T-786C), a deletion/insertion polymorphism
within intron 4 (intron 4ab) and a coding variant (G894T)
which is reported to increase the proteolytic activity
of the enzyme [143]. The first study investigating the
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association of NOS3 polymorphisms with small-vessel
disease found positive results only in association with la-
cunar infarcts and not with ischemic leukoaraiosis [144].
However, a later study, reported the association of G894T
polymorphism with WMLs in hypertensive individuals
[107].

Discussion

Examining the genetics of WMLs is important for a num-
ber of reasons: these lesions are common in older indi-
viduals, they are relatively easy to quantity using MRI,
they are a marker of small vessel disease in the brain,
they have high heritability, and WMLs may be a use-
ful endophenotype for small vessel diseases as well as
dementia.

The association of WMLs with some monogenic disor-
ders is further evidence of the role of genetic factors in
the causation of these lesions. However, monogenic dis-
orders account for a very small proportion of cases with
WMLs, and the high prevalence of these lesions in the
population argues for a complex genetic etiology, com-
prising multiple small gene effects. Because of the lack of
success of traditional linkage and candidate gene associa-
tion studies to observe consistent results, researchers are
also beginning to use genome-wide association studies to
discover new genetic variants associated with WMLs.

The genetic investigation of WMLs is still in its in-
fancy, with few candidate genes examined and only one
genome-wide association study undertaken. There have
been also a few linkage studies performed, providing sug-
gestive evidence of genetic linkage for WMLs, but the ac-
tual gene(s) involved are yet to be discovered. Among all
candidate genes investigated, the most consistent findings
were for AGT, where the initial findings were replicated
in a large population study (N > 1000). The complex-
ity of this field of investigation must, however, be ac-
knowledged. Firstly, there is wide variation in the quan-
titation of WMLs due to the different techniques being
used. While CT is relatively insensitive to this pathology,
T2-weighted imaging may not be the optimum method.
Even when FLAIR imaging is used to exclude dilated
perivascular spaces that are difficult to distinguish from
WMLs on routine T2-weighted imaging, there are con-
siderable differences in the detection of WMLs depending
upon the scanner make, field strength and imaging pro-
tocol being used. It is also noteworthy that DTI will often
detect abnormal diffusivity in white matter regions that
appear normal on T2-weighted imaging. A final decision
on what constitutes WMLs can therefore be difficult, and
it is likely that different investigators will use different cri-
teria to examine the same phenotype, which is likely to
make consistency of results difficult to achieve.
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There are other considerations in this research. It is not
clear whether genetic factors have a direct effect on small
vessel disease or act through a number of known risk
factors such as hypertension and diabetes. It is therefore
important to take these factors into consideration and to
examine the interactions between genetic and other risk
factors. Factors may be different for men and women. Al-
though some of the known risk factors for small vessel
disease are more common in men, WMLs are slightly, but
significantly more prevalent in women [145] suggesting
that there may be different mechanisms operating in men
and women. It is also possible that the risk factors will
vary according to age.

A major limitation of the current data is that the ge-
netic studies have been cross-sectional. Longitudinal data
suggest that WMLs are progressive, and the determinants
of progression may not be the same as cross-sectional
studies suggest [146]. However, currently, the main pre-
dictor of rate of progression is the extent of WMLs at base-
line, which suggests that the same factors are likely to be
involved.

Given these caveats, larger collaborative studies are
needed, which measure multiple potential risk factors
and include individuals of both sexes over a wide age
range. These studies should ideally be longitudinal to en-
able the examination of genetic factors that influence
the progression of WMLs. Standardized measures for the
identification and quantitation of WMLs are needed so
that replication is possible. It is also important to exam-
ine the functional correlates of WMLs to determine the
impact of these pathologies on domains such as cognition
and health. Gene-environment and gene—physical health
relationships should also be examined. This promises to
be a fruitful area of neurogenetic investigation in the
future.
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