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Inheritance pattern of familial moyamoya disease:
autosomal dominant mode and genomic imprinting
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Background: Although the cetiology of moyamoya disease (MMD) has not been fully clarified, genetic
analysis of familial MMD (F-MMD) has considerable potential to disclose it.

Objective: To determine the inheritance pattern and clinical characteristics of F-MMD to enable precise
genetic analyses of the disease.

Methods: 15 highly aggregated Japanese families (52 patients; 38 women and 14 men) with three or
more affected members were examined. The difference in categories of age at onset (child onset, adult
onset and asymptomatic) between paternal and maternal transmission was compared by x? statistics.
Results: In all families there had been three or more generations without consanguinity, and all types of
transmission, including father-to-son, were observed. Among a total of 135 offspring of affected people,
59 (43.7%) were patients with MMD or obligatory carriers. Affected mothers were more likely to produce
late-onset (adult-onset or asymptomatic) female offspring (p=0.007).

Conclusions: The mode of inheritance of F-MMD is autosomal dominant with incomplete penetrance. Thus,
in future genetic studies on F-MMD, parametric linkage analyses using large families with an autosomal
dominant mode of inheritance are recommended. Genomic imprinting may be associated with the

disease.

angiopathy characterised by progressive stenosis or

occlusion and affecting the terminal portions of the
bilateral internal carotid artery and the circle of Willis.
Collateral vessels develop at the base of the brain to
compensate for the progressive stenosis. These enlarged
collaterals appear as a puff of smoke on angiography, which
gives the disease its name.

MMD is predominantly found in East Asian populations,
with most reported cases originating from Japan, Korea and
China. The estimated annual incidence in Japan in 1994 was
0.35 per 100 000 population,’ whereas that in Europe was
one tenth of this.> It is well known that MMD has been
observed predominantly in women, with a female-to-male
ratio of 1.8."'° Recently, MMD has been diagnosed by
magnetic resonance imaging (MRI) and magnetic resonance
angiography (MRA),*” which makes it possible to detect
asymptomatic patients. Accordingly, familial occurrence has
been increasing; it was observed in 12.1% of the patients in
2004.” The female predominance, East Asian distribution and
familial occurrence of the disease imply the existence of
genetic risk factors.

To clarify the genetic background of MMD, several non-
parametric linkage analyses using mainly affected sibling
pairs have been carried out, showing linkages to 3p24.2-p26,
6425, 8923, 12p12 and 17q25.°° The association analysis of
tissue inhibitor of metalloproteinase 2 in 17925 showed that
a polymorphism in the promoter region was markedly
associated with familial MMD (F-MMD)."

To make further progress in genetic analysis of the disease,
it is important to enrol highly aggregated families with MMD
to characterise the clinical features and inheritance patterns
in F-MMD. Some unresolved issues are as follows:

Moyamoya disease (MMD) is an idiopathic progressive

(1) The mode of inheritance has not yet been determined.

(2) Some reports mention that paternal transmission led to
earlier onset than maternal transmission.'' However, the

difference between maternal and paternal transmission
has not been proved by a statistical analysis.

The aim of this study is to resolve these issues, to enable
precise genetic analyses of F-MMD.

METHODS

Study population

This study was approved by the ethics committee of the
Kyoto University Institutional Review Board (Kyoto, Japan),
and written informed consent was obtained from all the
participants. We collected cases of F-MMD by collaborating
with hospitals. These patients were diagnosed according to
the official diagnostic criteria of the Research Committee on
the Spontaneous Occlusion of the Circle of Willis of the
Ministry of Health and Welfare, Japan.* A clinical interview
and 1.5-T MRI and MRA examination were carried out for all
available relatives. We ascertained the medical history, age,
age at onset, age at diagnosis, first sign at onset, course of the
disease, treatment and associated diseases. For a few twin
cases of MMD, we reviewed the previous case reports. We
searched PubMed  (http://www.ncbi.nlm.nih.gov/entrez/
query.fcgi?db = PubMed) from 1968 to 2005 and the Japan
Medical Abstract Society (Japana Centra Revuo Medicina,
http://login.jamas.or.jp/enter.html) from 1983 to 2005 (full
data) using the keyword ‘“moyamoya twin” (‘“moyamoya
souseiji”” in Japanese). From both searches, only Japanese
families were included in this study.

Data analysis

We assumed the nearest common ancestor of the affected
people to be the founder of the family. We put the founder in
the first generation in the pedigree chart (fig 1). So, family 1

Abbreviations: F-MMD, familial moyamoya disease; MMD, moyamoya
disease; MRA, magnetic resonance angiography; MRI, magnetic
resonance imaging
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Figure 1 Families with familial moyamoya disease (MMD). AMI, acute myocardial infarction; CEA, carotid endoarterectomy; Cl, cerebral infarction;
epi, epileptic attack; (F), symptom fr I‘yee IA, intracranial aneurysm; ICH, intracerebral haemorrhage Rt. ICA, rlﬁhhnterncﬂ carotid artery; SAH,

subarachnoid hoemorrhagie TIA, transient ischaemic attack. Filled symbo|s indicate patients with MMD; half-fi
igatory carriers; gray-shaded symbols, people suspected to be affected with MMD; circles, women; squares, men;

MMD; dotted symbols, ob

ed symbols, patients with un||aierq|

diamonds, people of unknown sexudlity; crossed symbols, deceased people; arrows, probands; numbers in the nghi upper qngle of symbols ID of
patients; numbers in symbols, number of relatives; N, people who were confirmed fo be unaffected by angiography. Numbers below the circle show

age at onset, and symptom at the onset was shown in a parenthesis.

and family 2 were treated as three-generation families, and
family 14 was treated as a five-generation family. People who
were suspected to be affected according to their symptoms
but whose diagnosis had not been confirmed by MRI and
MRA or conventional angiography were treated as unaf-
fected. Patients with MMD and obligatory carriers were
treated as affected. Age at onset was divided into three
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groups: childhood onset (<15 years old), adult onset
(=15 years old) and adult asymptomatic patients (including
obligatory carriers). The difference in age at onset between
the four types of transmission (mother-to-daughter, mother-
to-son, father-to-daughter and father-to-son) was analysed
statistically using the y? test or Fisher's exact test. All
statistical analyses were carried out using SAS software V.8.2.



Inheritance pattern of familial moyamoya disease

RESULTS

We studied 15 families (fig 1), including five families
previously reported elsewhere.””"® Twelve families were
three-generation families, two were four-generation and
one was a five-generation family. No families showed
parental consanguinity. We studied a total of 52 patients
(38 women and 14 men; sex ratio 2.71) and 14 obligatory
carriers (9 women and 5 men). Among 14 obligatory carriers,
8 were diagnosed as not having MMD by MRI and MRA or
angiography, and 6 did not receive diagnostic examinations
(some may have been asymptomatic patients). The number
of children of affected people was 135 (84 women and 51
men; sex ratio 1.65), among whom 59 (43.7%) were affected.
All types of transmission, including father-to-son, were
observed (table 1). The ratio of maternal transmission to
paternal transmission was 3.44, showing maternal predomi-
nance, and mother-to-daughter transmission was most
commonly seen (60.0%). No difference in the category of
age at onset was observed between paternal and maternal
transmission, although a significant difference was observed
between mother-to-daughter transmission and the other
patterns of transmission (table 1; p = 0.028). Adult onset and
asymptomatic patients were more commonly seen with
mother-to-daughter transmission than with the other types
of transmission (p = 0.007) (see fig 1).

Familial occurrence of both unilateral and bilateral MMD
was observed in five families. There were six patients with
unilateral MMD, and all of them showed adult onset. In family
1, patient II-1 was diagnosed with probable MMD at 51 years
of age and remained unilateral for >18 years. In family 9,
patient II-1 remained unilateral for >4 years. No follow-up
data were available for the other patients (see fig 1).

In the literature, we found 17 twin pairs, including ours."”>°
Of 17 pairs, 14 were monozygotic, two were dizygotic and one
was of unknown zygosity. The ratio of monozygotic to dizygotic
twinning was about 2:1 in the general population,”’ whereas
that in patients with MMD was 4.7-7.5:1, showing mono-
zygotic predominance. All 12 monozygotic twins were female
except for two pairs of unknown sexuality. Among the 12
monozygotic twins, 5 pairs showed discordant phenotypes
(symptomatic v asymptomatic, bilateral v unilateral, or patients
vnon-patients). In family 14, for example, one of the twins was
a patient whereas the other was not.

DISCUSSION

Mode of inheritance

Owing to the lack of highly aggregated families with MMD,
its mode of inheritance has remained undetermined. We
studied as many as 15 large families with three or more
generations. Parental consanguinity was absent from these
families, which excluded the possibility of autosomal
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recessive inheritance. The families exhibited all types of
transmission, including father-to-son, which made X-linked
inheritance unlikely. As for the proportion of affected people
among the total offspring, 50% indicates an autosomal
dominant mode and 25% indicates an autosomal recessive
mode of inheritance. In our patients, nearly one half of the
children of affected people have become affected, which
supports an autosomal dominant model with incomplete
penetrance. Although the pedigree analysis carried out by
Seol et al’* yielded no specific pattern of inheritance in F-
MMD, they recruited only small families with two affected
members in each family, which made it difficult to tell the
pattern of inheritance.

Genomic imprinting and epigenetic modification

We have shown that transmission is predominantly maternal
and that affected mothers were more likely to produce late-
onset (adult-onset or asymptomatic) female offspring. This
non-mendelian sex-related pattern of inheritance is referred
to as “parent-of-origin effect”. One explanation for the effect
is genomic imprinting, the molecular basis of which is
epigenetic mechanisms such as DNA methylation and
histone acetylation.” It is noteworthy that the Prader—Willi
syndrome and Angelman’s syndrome, which are well known
for their genomic imprinting, are reported to be associated
with moyamoya angiopathy.**

It is well known that patients with MMD are predomi-
nantly female. We have shown that the children of affected
people are also predominantly female, whether affected or
not, and that most monozygotic twins were female. This
suggests that a gene responsible for MMD may be associated
with sex determination.

We have shown that the proportion of monozygotic
twinning is higher in MMD than in the general population.
Most monozygotic twin pairs were female, and there were
several pairs of monozygotic twins who were discordant for
MMD. A good example of female-dominant monozygotic
twins with discordant phenotypes is the
Beckwith—Wiedemann syndrome, which is also charac-
terised by genomic imprinting. Weksberg et al””> reported that
a loss of imprinting in the pre-implantation period would be
a credible aetiology for the twinning as well as the
discordances between monozygotic twins. Another example
is Noonan’s syndrome, which is caused by a mis-sense
mutation in PTPN11.** The PTPN11 gene has been implicated
in oogenesis in Caenorhabditis elegans, and is thought to be
associated with oogenesis and twinning in humans.*
Noonan'’s syndrome is known to cause moyamoya angio-
pathy,” indicating that MMD might be associated with the
genes that control twinning.

Table 1 Differences in age at onset with four types of transmission
F—F FFM M-F  M-M  Materndl Paternal p Valve F-F Non-F—F p Valve
Total number 25 7 6 4 32 10 25 17
Class of age at onset
Child onset (0-14 years) 7 5 4 3 12 7 0.193* 7 12 0.028*
Adult onset (=15 years) 10 1 0 1 11 1 10 2
Asymptomatict 8 1 2 0 9 2 8 8
Child onset 12 7 0.108 7 12 0.011
Adult onset 11 1 10 2
Child onset 12 7 0.144 7 12 0.007
Non-child onset 20 3 18 5

of F-M, M—F and M—M.

F—F, female-to-female transmission; F—M, female-to-male transmission; M—F, male-to-female transmission; M—M, male-to-male transmission. Non-F—F consists

*Calculated comparing three classes of age at onset; tincludes asymptomatic patients with MMD and obligatory carriers. Non-child onset indicates adult onset,
asymptomatic and obligatory carriers. p Values were calculated by % statistics or Fisher’s exact test.
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Thus, in addition to genetic risk factors, epigenetic factors
such as genomic imprinting, sex determination and twinning
may be associated with the disease.

Unilateral MMD

Although MMD is defined as a bilateral lesion, unilateral
involvement also occurs. Most paediatric patients with
unilateral MMD develop a bilateral lesion within 1-2 years,
whereas lesions in adults tend to remain unilateral.”® The
official diagnostic criteria of the Research Committee on the
Spontaneous Occlusion of the Circle of Willis of the Ministry
of Health and Welfare classify adult cases with bilateral
occlusive lesions as “definite” MMD and those with
unilateral involvement as ““probable” MMD. We investigated
six cases of familial occurrence of probable MMD. The
coincidence of probable and definite MMD in a single family
indicates that they reflect different phenotypes caused by the
same genetic defects.

Future linkage analysis

Although previous studies shared several pedigrees in their
non-parametric linkage analyses, they showed different
linkage regions. There seem to be three main explanations
for this phenomenon. Firstly, MMD may be caused by several
different mechanisms (disease heterogeneity). Secondly,
MMD exhibits different modes of inheritance—namely,
autosomal dominant and autosomal recessive (genetic
heterogeneity). Thirdly, several genetic factors in different
loci can cause the same disease (locus heterogeneity).

In addition to the issue of heterogeneity, we have shown
that the disease may be susceptible to epigenetic modifica-
tions. Therefore, the only feasible approach to identify the
gene responsible would be positional cloning. To solve the
issue of genetic heterogeneity, we need to collect large
families of three or more generations without consanguinity,
in which the autosomal dominant mode can be safely
assumed. Linkage analysis of large families gives us a
relatively high logarithm of odds score in each family, which
makes clear the existence of disease heterogeneity or locus
heterogeneity. Given the reduced penetrance, affected mem-
ber-only analysis may be the most rational approach, in
which obligatory carriers should be treated as “‘affected”.
Patients with unilateral MMD should also be included in the
analysis.

In the genetic study on intracranial aneurysm, we applied a
similar approach by collecting 29 highly aggregated Japanese
families. We were able to successfully show the linkage to
chromosome 17 and identified TNFRSFI3B as a candidate
gene.zwu

CONCLUSIONS

Pedigree analysis of highly aggregated Japanese families with
MMD indicates that the mode of inheritance is autosomal
dominant with reduced penetrance. Thus in future genetic
studies on F-MMD, parametric linkage analyses using large
families in which the autosomal dominant mode is safely
assumed are recommended. Epigenetic modification such as
genomic imprinting may be associated with the disease.
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