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Evaluating Japanese Patients With the Marfan Syndrome Using
High-Throughput Microarray-Based Mutational Analysis of
Fibrillin-1 Gene

Naomi Ogawa, MD, PhD*°, Yasushi Imai, MD, PhD*°, Yuji Takahashi, MD, PhD%<,
Kan Nawata, MD, PhD®, Kazuo Hara, MD, PhD®#, Hiroshi Nishimura, MD, PhD?,
Masayoshi Kato, MD, PhD?, Norifumi Takeda, MD, PhD?, Takahide Kohro, MD, PhDeR,
Hiroyuki Morita, MD, PhD", Tsuyoshi Taketani, MD, PhDP, Tetsuro Morota, MD, PhDP,
Tsutomu Yamazaki, MD, PhD®', Jun Goto, MD, PhD®®, Shoji Tsuji, MD, PhD?*,
Shinichi Takamoto, MD, PhD®, Ryozo Nagai, MD, PhD*®, and Yasunobu Hirata, MD, PhD**

Marfan syndrome (MS) is an inherited connective tissue disorder, and detailed evaluations
of multiple organ systems are required for its diagnosis. Genetic testing of the disease-
causing fibrillin-1 gene (FBN1) is also important in this diagnostic scheme. The aim of this
study was to define the clinical characteristics of Japanese patients with MS and enable the
efficient and accurate diagnosis of MS with mutational analysis using a high-throughput
microarray-based resequencing system. Fifty-three Japanese probands were recruited, and
their clinical characteristics were evaluated using the Ghent criteria. For mutational
analysis, an oligonucleotide microarray was designed to interrogate FBN1, and the entire
exon and exon-intron boundaries of FBN1 were sequenced. Clinical evaluation revealed
more pulmonary phenotypes and fewer skeletal phenotypes in Japanese patients with MS
compared to Caucasians. The microarray-based resequencing system detected 35 kinds of
mutations, including 23 new mutations. The mutation detection rate for patients who
fulfilled the Ghent criteria reached 71%. Of note, splicing mutations accounted for 19% of
all mutations, which is more than previously reported. In conclusion, this comprehensive
approach successfully detected clinical phenotypes of Japanese patients with MS and
demonstrated the usefulness and feasibility of this microarray-based high-throughput
resequencing system for mutational analysis of MS. © 2011 Elsevier Inc. All rights
reserved. (Am J Cardiol 2011;108:1801-1807)

The Marfan syndrome (MS) is an inherited connective
tissue disorder with an autosomal dominant inheritance, pri-
marily involving the skeletal, ocular, and cardiovascular sys-
tems, caused by mutations in fibrillin-1 gene (FBN1).! Diag-
nosis of the MS has been made using the Ghent criteria® on the
basis of data from European and American populations, but the
Ghent criteria may not be completely suitable for the Japanese
population.® Therefore, epidemiologic and genetic surveys in
the Japanese population are mandatory to establish more Jap-
anese-specific (or Asian-specific) diagnostic criteria for the
MS. The Ghent criteria were recently further revised.* More
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weight is now given to FBNI1 testing, and a diagnosis can be
made if a patient has the FBN1 mutation plus either an aortic
phenotype or ectopia lentis. These new criteria are much sim-
pler than the original criteria. Thus, genetic testing of MS is
becoming more important. FBN1 spans a 230-kb genomic
region and contains 65 exons. More than 1,000 reported mu-
tations are spread throughout the gene and are mostly unique in
each affected family.>® Classic genetic analysis methods such
as direct sequencing are very time consuming. Thus, the in-
troduction of a more efficient genetic analysis tool is needed.
Custom-designed resequencing microarrays enable the analy-
sis of multiple genes spanning 30 to 300 kb on a single array. The
microarray identifies individual nucleotides by comg)araﬁvc, high-
fidelity hybridization using oligonucleotide probes’ (Figure 1).
In the present study, we comprehensively evaluated the clinical
characteristics of Japanese patients with suspected MS and also
conducted mutational analysis of these patients by adopting a
high-throughput genetic diagnosing system to achieve more
efficient and accurate diagnoses.

Methods

Fifty-three consecutive probands suspected of having
MS who visited the MS clinic at our hospital were enrolled.
All patients were assessed using the original Ghent crite-

ria.>1% This study was conducted according to the Declara-
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Figure 1. Representative example of mutational analysis using the present microarray-based resequencing system. (A) The microarray identifies individual
nucleotides by comparative, high-fidelity hybridization using oligonucleotide probes that are synthesized in situ by photolithography and solid-phase DNA
synthesis. For each base position, 8 unique 25-mer probes (4 oligonucleotide probes for each strand) are tiled on the array, and each 25-mer probe is varied
at the central position to incorporate each possible nucleotide (A, G, C, or T), allowing the detection of all possible nucleotide substitutions. (B) Scan images
of the probes around the nucleotide position 1709. In patients with the FBN1 ¢.1709G>C mutation, high signal intensities can be observed in probe G and
C at nucleotide 1709 compared to control. (C,D) Signal intensity data at nucleotide position 1709. The intensity data for each base position can be also
displayed as traces and bar graphs. The missense mutation (c.1709G>C) was successfully detected (C) and was verified by direct sequencing (D).

tion of Helsinki and was approved by the institutional ethics
committee. Written informed consent was obtained after
providing a detailed explanation of the study. Genomic
deoxyribonucleic acid (DNA) was extracted from buffy coat
using a Genomix DNA extraction kit (Talent, Trieste, Italy).
For amplification of the 65 exons of FBNI, polymerase
chain reaction (PCR) primers were designed by referring to
previous reports.''~!? After performing the PCRs according
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to the standard protocol, the PCR products were subjected to
hybridization on the microarray.

The resequencing microarray was designed on the basis
of the reference sequences from the Ensembl database.
Because highly homologous sequences lead to cross-hybrid-
ization, FBN1 was checked for possible repetitive se-
quences using RepeatMasker software (http://repeatmasker.
org/chi-bin/webrepeatmasker). No repetitive elements were
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Table ! Table 2
Background of participants who underwent genetic analysis (n = 53) Detailed clinical findings of Ghent-positive patients (n = 45)
Variable Total Ghent-Positive Criterion n (%)
Patients X T
(n = 53) (n = 45) Skeletal ma!or criteria
Pectus carinatum 9/42 (21%)
Age (years) 33.1+98 33.1 104 Pectus excavatum, requiring surgery 7/44 (16%)
Men 35/53 (66%) 30/45 (67%) Arm span/height ratio >1.05 8/41 (20%)
Ghent positive 45/53 (85%) 45/45 (100%) Wrist and thumb signs 32/43 (74%)
Skeletal major criteria 12/49 (25%) 12/41 (29%) Scoliosis of >20% or spondylolisthesis 21/44 (48%)
Skeletal minor criteria 19/49 (39%) 17/41 (42%) Reduced extension at the elbows (<170°) 2/41 (5%)
Ectopia lentis 25/53 (47%) 25/45 (56%) Medial displacement of medial malleolus, causing 16/41 (39%)
Cardiovascular major criteria 48/53 (91%) 44/45 (98%) pes planus
Cardiovascular minor criteria 36/48 (75%) 32/41 (78%) Protrusio acetabuli 8/39 (21%)
Pulmonary 22/49 (45%) 19/42 (45%) Skeletal minor criteria
Skin 26/49 (53%) 23/42 (55%) Pectus excavatum of moderate severity 10/44 (23%)
Dural ectasia 34/47 (72%) 33/40 (83%) Joint hypermobility 7141 (17%)
Family history of MS 31/55 (56%) 28/45 (62%) Highly arched palate with crowding of teeth 31/40 (78%)
Facial appearance 15/40 (38%)
Data are expressed as mean = SD or as number (percentage). Cardiovascular major criteria
Dilatation/dissection of the ascending aorta 44/45 (98%)

observed. The microarray contained sense and antisense
sequences for the 65 exons of FBN1 and =12 flanking base
pairs of the splice junctions. The PCR product was frag-
mented, end-labeled with biotin, and hybridized to the ar-
ray. Washing and staining with streptavidin-phycoerythrin
were performed on automated fluidic stations according to
the manufacturer’s protocol (Affymetrix, Santa Clara, Cal-
ifornia). Hybridization signals were read by a high-resolu-
tion laser scanner, and the data collection and interpretation
were carried out using GeneChip Operating Software and
GeneChip Sequence Analysis Software (Affymetrix), re-
spectively.

Candidate nucleotide substitutions detected by the mi-
croarray-based resequencing system were subsequently
validated by fluorescent dideoxy DNA sequencing using
BigDye terminator version 3.1 on an ABI PRISM 3100x!
genetic analyzer (Applied Biosystems, Foster City, Cal-
ifornia).

Some patients underwent cardiovascular surgery, and
written informed consent for research use of surgical spec-
imens was obtained from each patient. Total ribonucleic
acid (RNA) was extracted using an RNeasy Fibrous Tissue
Mini Kit (Qiagen, Venlo, The Netherlands). For patients
whose aortic tissues were not available, total RNA was
extracted from blood using a QIAamp RNA Blood Mini Kit
(Qiagen). The RNA was converted to complementary DNA
using SuperScript III First-Strand Synthesis SuperMix (In-
vitrogen, Carlsbad, California). PCR analyses were per-
formed with specific primers designed for the target regions.
PCR samples or subcloned plasmids after TA cloning of
PCR products using a TOPO-TA vector (Invitrogen) were
subjected to fluorescent dideoxy DNA sequencing.

DNA from patients whose mutations were not found by
the aforementioned methods was screened by multiplex
ligation-dependent probe amplification using a SALSA
MLPA kit P065/P066 (MRC-Holland, Amsterdam, The
Netherlands)'* for large deletions and duplications.

All quantitative data are expressed as mean * SD. Statis-
tical comparisons of distributions between groups were made
using the chi-square test. Significance was taken as p <0.05.

Cardiovascular minor criteria

Mitral valve prolapse 23/42 (55%)

Dilatation of main pulmonary artery 9720 (45%)
Calcification of mitral annulus 0/34 (0%)
Dilatation/dissection of descending 12/43 (28%)

thoracic/abdominal aorta
Pulmonary minor criteria

Spontaneous pneumothorax 13/43 (30%)

Apical blebs 15/44 (34%)
Skin minor criteria

Striae atrophicae 24142 (57%)

Recurrent or incisional herniae 0/41 (0%)

Results

Of the 53 probands enrolled, 45 were diagnosed with
MS according to the original Ghent criteria. Because our
Marfan clinic offers cardiac surgery and some patients
were referred for aortic surgery from other hospitals,
most of the patients had aortic phenotypes (Table 1).
Dural ectasia and ectopia lentis were common findings,
and positive family histories were seen in about half of
the probands. We confirmed a lower frequency for some
of the skeletal manifestations in Japanese patients with
MS compared to that reported in a Western database,
such as an arm span/height ratio >1.05 (20% in our study
vs 55% in Western populations) and reduced extension at
the elbows (<170°) (5% vs 15%), findings that were
similar to the report of Akutsu et al*¢ (Table 2). How-
ever, the frequency of major skeletal criteria (29%) was
higher than a previous Japanese report (15%), which is
partially due to a lack of evaluation of protrusio acetabuli
in the earlier study. We found a higher frequency of
spontaneous pneumothorax (30% vs 7%) in our Japanese
population compared to a previous study conducted in
Western patients. Calcification of the mitral annulus and
frequency of dilatation of the main pulmonary artery
were rarely reported. Actually, mitral annular calcifica-
tion was not detected at all. However, pulmonary artery
dilatation was relatively frequent (45% [9 of 20]) in our
study, after excluding those patients whose main pulmo-
nary artery diameters were difficult to evaluate.
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Table 3
Mutations found in this study

Exon Complementary DNA

Protein

Missense mutations

4 c.386G>A p-Cys 129 Tyr

13 c.1709G>C* p.Cys 570 Ser

14 c.1786T>G* p-Cys 596 Gly

15 c.1911T>G* p.Cys 637 Trp

18 c.2171T>G* p-lle 724 Arg

18 c.2201G>T p.Cys 734 Phe

21 c.2638G>A p.Gly 880 Ser

24 c.3043G>A p-Ala 1015 Thr

26 ¢.3263A>G* p-Asn 1088 Ser

28 c.3503A>G p.Asn 1168 Ser

34 c.4280A>G* p-Tyr 1427 Cys

43 €.5371T>C* p.Cys 1791 Arg

47 c.5873G>A* p-Cys 1958 Tyr

50 ¢.6296G>T p-Cys 2099 Phe

53 c.6518G>A* p.Gly 2173 Ser

57 c.7015T>G* p.Cys 2339 Gly

60 ¢.7466G>A* p-Cys 2489 Tyr

62 c.7754T>C p.lle 2585 Thr (2 probands)
Nonsense mutations

8 c.H45T>A* p.Cys 315 X

12 c.1585C>T p.Arg 529 X

29 C3603C>A% p.Cys 1201 X

37 c.4709G>A* p.Trp 1570 X

38 c4TTIG>T* p.Glu 1593 X

38 c.4786C>T p.Arg 1596 X

54 ¢.6658C>T p.Arg 2220 X

58 ¢.7240C>T p.Arg 2414 X

65 c.8521G>T* p.Glu 2841 X
Splicing mutations

11-12 cIVS11+5G>A p-Cys474Tyr Glud75_Asp490del

15-16 ¢IVS15-3T>G*

16-17 c.IVS16+3A>C*

18-19 cIVS18+1G>C*

34-35 c.IVS34-1G>A* p-Aspl446ValfsX21

40-41 cIVS40+1G>A*

52-53 €.6453C>T* p-Cys2151Tyr, Glu2152_Asp2166del

56-57 c.IVS56+5G>A*
Deletion mutations

54 c.6665delT* p.Val2222GlyFsX69

54 €.6703-6704delGG* p.Gly22351lefsX7

55 c.6837delG* p.Tyr2280IlefsX 10

57 ¢. 7071_7079delCGTCACCAA* p.Val2358SerfsX511

65 c. 8532_8delTACAACT* p.Thr2785X

3 Exon 3 deletion*

* Newly found mutation.

In our mutational analysis, the base call rate of this
system for FBN1 was >96% when examining 5 repre-
sentative cases, and resequencing as many as 12,688 bp
per patient was easily accomplished in 3 working days,
demonstrating the high fidelity and high throughput of
this system.

In the 53 probands, 35 kinds of FBN1 mutations were
found in 36 probands using this system (Table 3). There
were 18 missense and 9 nonsense mutations. Eight other
mutations located near the exon-intron boundaries were
thought to alter the splicing patterns. Supplemental direct
sequencing in probands with no mutation detected by the
microarray-based method revealed 5 deletion mutations in

FBNI (Table 3). Furthermore, multiplex ligation-dependent
probe amplification assay revealed a large deletion mutation
(exon 3) in 1 proband. Finally, novel mutations were found
in 23 probands using microarray and in 29 probands in total.
All possible mutations found by the microarray-based rese-
quencing system were verified by direct sequencing, and
thus the microarray detected point mutations with 100%
accuracy. A representative example of genetic analysis us-
ing the microarray-based resequencing system is shown in
Figure 1. Of 18 missense mutations, 11 were either affecting
or creating cysteine residues. For other novel missense mu-
tations, none of the mutations were found in =200 ethni-
cally matched control subjects. The mutation detection rate
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Table 4

Number of mutations detected

Mutation Detection Method Total Ghent Other
(n = 53) Positive (n = 8)

(n = 45)

Microarray 36 (68%) 32 (711%) 4 (50%)

Direct sequencing 5(9%) 5(11%) 0

Multiplex ligation-dependent 1(2%) 1 (2%) 0

probe amplification

Total of all 3 modalities 42 (79%) 38 (84%) 4 (50%)

of the microarray-based resequencing system for the Ghent-
positive patients was 71%. The overall mutation detection
rate after additional analysis by fluorescent dideoxy DNA
sequencing and multiplex ligation-dependent probe ampli-
fication reached 84% (Table 4).

Eight possible splicing mutations were identified, and
these mutations constituted 19% of all mutations, which
was more than the 11% currently reported in the UMD-
FBN1 mutation database.” One patient and his 2 relatives
with MS had the same silent mutation in FBN1 exon 52
(c.6453C>T, p.Cys2151Cys; Figure 2). Therefore, we re-
sequenced complementary DNA from his aortic tissue and
verified an alternation of the splicing pattern between FBN1
exon 52 and 53. The C at nucleotide position 6453 of FBN1
complementary DNA was substituted with a T, which re-
sulted in the creation of a new splicing donor site, causing
abnormal shorter messenger RNA. Another patient had a
mutation at the fifth nucleotide of the beginning of intron 11
(c.IVS11+5G=>A), although it is well known that the first 2
nucleotides at the beginning of the intron are very important as
a splice donor site. We found by sequencing the complemen-
tary DNA that the latent splice donor site within exon 11 was
activated and created the frame-shift mutation (Figure 2).

Six additional mutations possibly causing a splicing ab-
erration were also found (Table 3). Although aortic tissue
was unavailable for these patients, splicing aberrations were
successfully confirmed in 2 whose complementary DNA
was clinically available by resequencing FBN1 complemen-
tary DNA obtained from peripheral blood (Figure 2).

In published research, it has been suggested that muta-
tions causing the in-frame loss or gain of the central coding
sequence through deletions, insertions, or splicing errors are
thought to be associated with more severe disease pheno-
types. In contrast, nonsense mutations that result in rapid
degradation of mutant transcripts are reported to be poten-
tially associated with milder conditions. However, we could
not find any associations between mutation types and clinical
severity in our study subjects. A higher incidence of ectopia
lentis in patients who carried a missense mutation involving a
cysteine substitution or splicing mutation has been reported.'
However, these correlations were not observed in our study.
Among 4 patients who had mutations located between FBN1
exons 24 and 32, the so-called “neonatal region,” none had the
neonatal or early-onset form of MS.

Discussion

The Ghent criteria for MS diagnosis are based on data
obtained mainly from European and American populations.

Our clinical evaluations revealed that there were more pul-
monary phenotypes and fewer skeletal phenotypes in Japa-
nese patients with MS compared to Western patients. There-
fore, the criteria for systemic and orthopedic features in the
Ghent nosology may not be entirely suitable for application
to Japanese and perhaps other Asian populations. Further
epidemiologic and genetic studies in the Japanese popula-
tion should be conducted to establish Asian- or Japanese-
specific diagnostic criteria for MS.

The present microarray-based resequencing system is an
efficient method for rapid and affordable mutation analysis
of heterogenous disorders such as MS. The mutation detec-
tion rate is influenced by the accuracy of the clinical diag-
nosis of MS, the type of mutation, and the ability of the
testing method. It ranged from 55% to 91% in previous
reports.' 15718 The mutation detection rate of our system
was concordant with previous reports. Its greatest advan-
tages are high throughput and digitalized sequencing data.
The digitally retrieved sequencing data are easily comput-
able and can be displayed in various ways. In most of the
cases, we could identify the mutations within a few minutes
of data collection. Several other causative genes, such as
transforming growth factor receptor types 1 and 2 (TGFBR1
and TGFBR2),'® smooth muscle c-actin (ACTA2),%° myo-
sin heavy chain 11 (MYH11),%! and SMAD3,? have been
identified for syndromic or nonsyndromic aortic aneurysms
and dissection. Such additional candidate genes can also be
included on the same array because 1 array can resequence
up to 300 kb.

Our system can detect point mutations with 100% accu-
racy and thus is a reliable first screening method for detect-
ing single nucleotide substitutions. In contrast, it is difficult
to detect heterozygous deletion or insertion mutations, be-
cause an abnormal allele containing a deletion or an inser-
tion mutation is difficult to hybridize to probes. For patients
with MS with no mutation detected by the microarray sys-
tem, conventional direct sequencing and multiplex ligation-
dependent probe amplification was helpful for searching for
possible deletion or insertion mutations. Because there is a
certain number of patients with MS without mutations in
FBN1,'21° the 7 probands without any mutations may have
possessed mutations in undiscovered disease-causing genes.

Eight splicing mutations that accounted for 19% of all
the mutations were found. Because this type of mutation
represented a greater proportion than that of previous re-
ports, every exon-intron boundary should be resequenced. It
is also advisable to obtain messenger RNA in addition to
DNA for analyzing the splicing pattern. We successfully
demonstrated altered splicing patterns using FBN1 messen-
ger RNA extracted from peripheral leukocytes. Thus, we
also recommend the extraction of RNA as well as genomic
DNA from peripheral blood, if a surgically retrieved spec-
imen is not available.

We also assessed patients using the recently published
revised Ghent criteria. Forty-two of the 45 original Ghent-
positive patients were also diagnosed with MS using the
revised criteria. One patient, who was positive according to
the original Ghent criteria, did not satisfy the revised criteria
and was diagnosed with ectopia lentis syndrome. Two pa-
tients (aged 20 and 30 years) failed to meet the revised Ghent
criteria because their z scores of aortic diameter were not
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Figure 2. Representative splicing mutations in our study. (4) C-to-T substitution at nucleotide position 6453 produced a 6-nucleic acid sequence

(c.6452-6457) (underlined) identical to that of IVS52+1 to +6 (gtgagt)

(underlined), and this was recognized as the splicing donor site. The following

nucleotides of exon 52 from this point were deleted in the mutant allele. (B) The fifth nucleotide at the beginning of intron 11 was substituted from G to A
(c.IVS11+5G>A). Resequencing of complementary DNA revealed that the latent splice donor site within exon 11 (underlined) was activated and became
anew splice donor site and created the frame-shift mutation. (C) The last nucleotide of intron 34 was substituted from G to A (¢.IVS34-1G>A). Resequencing
FBN1 complementary DNA obtained from the peripheral blood demonstrated the splicing aberration, resulting in the deletion of 11 nuclectides of exon 35.

satisfactory, although their aortas dilated gradually later on.
One patient met the revised Ghent criteria after genetic analysis
of FBNI1. Although further studies are warranted to clarify the
properties and usefulness of the novel Ghent criteria, genetic
testing is more important, although it is not mandatory. In such
a setting, a high-throughput resequencing method such as the
present microarray-based resequencing system can be a pow-
erful tool for making an accurate diagnosis of MS.
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Summary

The High Prevalence of Periodontitis in Patients
with Marfan Syndrome

by

Mieko Aoki®, Yasushi Imai, Daishi Fujita,
Naomi Ogawa, Masayoshi Kato, Hiroshi Nishimura,
Jun-ichi Suzuki, Yasunobu Hirata, Ryozo Nagai

from

1 Department of Cardiovascular Medicine, University of
Tokyo Hospital

Marfan syndrome is a connective tissue disorder with
autosomal dominant inheritance.

The disease affects mainly the skeletal, cardiovascular,
and ocular systems. Patients with this syndrome often
demonstrate oral and maxillofacial manifestations includ-
ing highly arched palate with crowding of teeth. In order
to evaluate the clinical characteristics in Japanese Marfan
syndrome patients, we evaluated the periodontal status of
those patients who were diagnosed as Marfan syndrome
according to the Ghent nosology (n=20). The results
showed that the number of teeth present was 27. Probing
pocket depth were 2.8154+0.624 mm, bleeding on probing
11.567+8.394%, and percentages of CPI (community
periodontal index) codes 3 or 4 75%. Our results demon-
strate the significantly high prevalence of severe periodon-
titis in patients with Marfan syndrome. The connective
tissue disorder in Marfan syndrome may also increase
susceptibitity to inflammatory breakdown of periodontal
tissue.

Key words Marfan syndrome, periodontitis, CPI
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