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Ehlers-Danlos syndrome, vascular type (VEDS) (MIM #130050) is an autosomal dominant disorder caused
by type Ill procollagen gene (COL3A1) mutations. Most COL3A1 mutations are detected by using total RNA
from patient-derived fibroblasts, which requires an invasive skin biopsy. High-resolution melting curve
analysis (hrMCA) has recently been developed as a post-PCR mutation scanning method which enables
simple, rapid, cost-effective, and highly sensitive mutation screening of large genes. We established a
hrMCA method to screen for COL3A1 mutations using genomic DNA. PCR primers pairs for COL3A1 (52
amplicons) were designed to cover all coding regions of the 52 exons, including the splicing sites. We
used 15 DNA samples (8 validation samples and 7 samples of clinically suspected vEDS patients) in this
study. The eight known COL3AT mutations in validation samples were all successfully detected by the
hrMCA. In addition, we identified five novel COL3A1 mutations, including one deletion (c.2187delA)
and one nonsense mutation (¢.2992C>T) that could not be determined by the conventional total RNA
method. Furthermore, we established a small amplicon genotyping (SAG) method for detecting three
high frequency coding-region SNPs (rs1800255:G>A, rs1801184:T>C, and rs2271683:A>G) in COL3A1 to
differentiate mutations before sequencing. The use of hrMCA in combination with SAG from genomic
DNA enables rapid detection of COL3A1 mutations with high efficiency and specificity. A better under-
standing of the genotype-phenotype correlation in COL3A1 using this method will lead to improve in
diagnosis and treatment.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

have been detected using a reverse transcriptase PCR (RT-PCR) di-
rect-sequencing method with total RNA extracted from patient

Ehlers-Danlos syndrome, vascular type (VEDS), formerly called
type IV EDS (MIM #130050) [1,2], is an autosomal dominant
disorder caused by heterogeneous mutations of the gene encoding
type III procollagen (COL3A1: MIM #120180) [3]. Its main clinical
features are rupture of blood vessels or internal organs such as
the uterus and bowel [4,5]. In the management of aneurysms, it
is important to distinguish patients with vEDS due to a COL3A1
mutation from other aneurysm syndromes with FBN1 or TGFBR
mutations, because tissue friability is different in these syndromes
[6]. Since COL3A1 is composed of 52 exons, most COL3A1 mutations

Abbreviations: VEDS, Ehlers-Danlos syndrome vascular type; COL3A1, type III
procollagen gene; hrMCA, high-resolution melting curve analysis; SAG, small
amplicon genotyping; cSNP, coding region single nucleotide polymorphism; Ct,
cycle threshold; NMD, nonsense-mediated mRNA decay.
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fibroblasts, which involves an invasive skin biopsy and cell culture
[5]. Therefore, we considered an alternative rapid screening meth-
od to detect COL3A1 mutations from genomic DNA.

Most mutation screening methods such as single-strand
conformational polymorphism analysis [7], and denaturing high-
performance liquid chromatography [8] require post-PCR manipu-
lations, and are time consuming. A new mutation screening system
termed “high-resolution melting curve analysis” (hrMCA) has
recently been developed for rapid scanning of sequence variants
[9-11]. The hrMCA is a closed-tube method that requires only
one PCR reaction with fluorescence dye and melting analysis.
Because of its ease of use, simplicity, flexibility, low cost, nonde-
structive nature, and high sensitivity (98%) and specificity (99.4%)
[12], htMCA is quickly becoming the tool of choice for mutation
screening, especially of large genes [13].

In this study, we evaluated the hrMCA method using genomic
DNA to screen the entire coding region of COL3A1. In addition,
we applied detection of high frequency coding-region SNPs in
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COL3A1 before sequencing, which are difficult to differentiate from
mutations by hrMCA.

2. Materials and methods
2.1. Samples

We used 15 genomic DNA samples (8 validation samples with
known COL3A1 mutations to validate the hrMCA, and 7 clinically
suspected Japanese vEDS patients) in this study. Informed consent
was obtained from each patient. Genomic DNA samples were ex-
tracted from the peripheral blood using standard procedures. Clin-
ically suspected VEDS patients were also analyzed by using the
total RNA method (RT-PCR direct-sequencing) as described previ-
ously [5].

2.2. PCR for the hrMCA method

We designed 52 PCR primer pairs covering the entire coding re-
gion of COL3A1, containing 52 exons and the adjacent exon-intron
junctions, by using the GenBank genetic sequence database
(GenBank ID: NM_000090.3) as the reference (Supplementary
Table 1). All primers were designed with the LightScanner Primer
Design software program (Idaho Technology, UT, USA). The number
of domains of each amplicon was predicted by Poland’s algorithm
(http://www.biophys.uni-duesseldorf.de/local/POLAND/poland.
html) [14]. For each amplicon, the best annealing temperature for
DNA amplification was determined by using a gradient temperature
of 58 °Cto 72 °Cin a CFX96 Real-Time PCR detection system (Bio-Rad
Laboratories, CA, USA) with control genomic DNA. DNA amplifica-
tion was performed for each amplicon in 96-well microtiter plates
with a 10-pl final volume containing 20 ng of genomic DNA,
200 uM each of deoxynucleotide triphosphates (dNTPs), 1 x LCGreen
Plus (Idaho Technology), 1x Ex Taq buffer, 0.5 U of Ex Taq enzyme
(Takara Bio, Shiga, Japan), and 0.25 uM of each primer.

The thermocycling conditions were: 2 min at 95 °C, followed by
45 cycles of amplification consisting in 30s at 94°C and 30s at
gradient temperature from 62 °C to 67 °C. To promote heterodu-
plex formation, the samples were subsequently denatured by heat-
ing to 94 °C for 30 s and cooled to 25 °C for 30s.

2.3. hrMCA

After the PCR, the plates were imaged in a 96-well LightScanner
instrument (Idaho Technology) to examine the differences in the
melting curves between the patient samples and the control. The
plates were heated at 0.1 °C/s, and the fluorescence was measured
from 70 °C to 98 °C. The melting curves were analyzed by using the
LightScanner Call IT 1.5 software program (Idaho Technology)
according to the manufacturer’s protocol. All melting curves devi-
ating from the wild-type curve and appearing as a different color in
different plots potentially contain a variant.

2.4. Small amplicon genotyping (SAG) for coding-region SNPs (cSNPs)
in COL3A1

We used a SAG method based on hrMCA to genotype three
cSNPs with high frequency in COL3A1 [15,16]. These include
rs1800255:G>A, rs1801184:T>C, and rs2271683:A>G on exons
31, 33, and 49 of COL3A1, respectively. All three primer pairs were
set on each exon so that the same primer pairs could be used for
both genomic DNA and cDNA to detect the sequence discrepancies
between genomic DNA and cDNA of the same patient (Supplemen-
tary Table 2).

DNA amplification was performed in a 96-well plate with a 10-
ul final volume containing 4 pl of 2.5x high-sensitivity genotyping
master mix (Idaho Technology), 1 uM of each primer, and 20 ng of
genomic DNA or cDNA derived from 25 ng of total RNA. The ther-
mocycling conditions were: 2 min at 95 °C, followed by 45 cycles
of 30s at 94 °C and 30's at 72.6 °C (rs1801184 and rs2271683) or
74.7 °C (rs1800255). After PCR, the plate was imaged in a LightS-
canner and genotype identification was performed manually by
using internal calibration.

2.5. Cycle sequencing

Samples from vEDS patients showing abnormal hrMCA profiles
were sequenced with BigDye Terminator v3 (Applied Biosystems,
CA, USA) according to the manufacturer’s protocol and analyzed
with ABI Prism 3130 (Applied Biosystems).

3. Results
3.1. Primer design and PCR optimization for hrMCA of COL3A1

The optimized PCR primers for the entire coding region of
COL3A1 are shown in Supplementary Table 1. The amplicon length
was 124-330 bp, and the best annealing temperature was between
62 °C and 67 °C. There were 45 amplicons with two domains
(which are a result of a high GC region with differences within
the same amplicon) and seven amplicons with one domain. The ex-
pected number of domains by Poland’s algorithm and the actual
hrMCA-derived number of domains were almost the same (97%
correct; data not shown). To maximize the sensitivity, the frag-
ment of exon 49 was split into two amplicons.

3.2. COL3A1 mutation screening by hrMCA

After determining the best conditions, we set up a COL3A1
mutation screening system based on hrMCA using genomic DNA.
In this system, three patient samples and one control could be
simultaneously analyzed in three 96-well plates (data not shown).
When we started to check the differences in the melting curves be-
tween the patient samples and control by hrMCA, we obtained
false positive different melting curves with the same nucleotide se-
quences in the same amplicon. These samples showed a large dif-
ference in Ct values, a fractional number of cycles in the PCR
amplification curve of the real-time PCR, in the same amplicon de-
tected by the real-time PCR detection instrument. The Ct value
should be the same for each amplicon when the same primers
are used to assay the mutant target [17]. In this study, the Ct value
of each amplicon was 23-33 (mean = 25) (data not shown). There-
fore, we used of all the samples with the same Ct value (Ct +0.7)
within the same amplicon to reduce the false positives.

In eight validation samples, all mutations were correctly identi-
fied (Table 1A), including five missense (Fig. 1A-D) and three
splice-site (Fig. 1H and I) mutations. Next, among clinically
suspected VEDS patients, we found COL3A1 mutations in seven
patients, including five novel mutations, by the hrMCA method
followed by sequencing (Table 1B). The mutations included two
novel missense mutations (c.539G>A; Fig. 1E, and c.2150G>A;
Fig. 1F), three splice-site mutations (one novel splice-mutation at
c.897+1G>C; Fig. 1G and two at c.1662+1G>A; Fig. 11), one novel
nonsense mutation (c.2992C>T; Fig. 1]) and one novel deletion
mutation (1-bp) in exon 32 (c.2187delA; Fig. 1K). We also evalu-
ated six of the seven suspected clinical samples by the total RNA
method, but the nonsense mutation found by the hrMCA in
genomic DNA could not be detected by the total RNA method.
The deletion mutation (c.2187delA) had a frameshift, leading to a
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Table 1

COL3AT mutations detected by hrMCA of genomic DNA.
Mutation type (s) Location Variation Effect Nucleotide patterns (Wild/Mutant) Index Reference Fig. 1
A. Validation samples
Missense Exon 18 c.1159G>T p.G387W G/T 1 [5] A
Missense Exon 27 c.1844G>A p.G615E GJA 1 [5] B
Missense Exon 42 ¢.2995G>A p.G999S G/A 1 [4] C
Missense Exon 44 c.3131G>A p.G1044D G/A 2 [18] D
Splice-site Intron 20 c.1347+1 G>A G/A 1 [5] H
Splice-site Intron 24 c.1662+1G>A G/A 32 [19] [
Splice-site Intron 24 c.1662+2 T>G T/G 1 [20} [
Mutation type (s) Location Variation Effect Nucleotide patterns (Wild/Mutant) Index Fig. 1
B. Novel mutations
Missense Exon 7 ¢.539G>A p.G180D GJA 1 E
Missense Exon 32 c.2150G>A p.G717D GjA 1 F
Splice-site Intron 13 c.897+1G>C G/C 1 G
Nonsense Exon 42 c.2992C>T p-Q998X C/T 1 ]
Frameshift (deletion) Exon 32 c.2187delA Aldel 1 K

Coding (c.) and protein (p.) sequences of COL3A1 are shown by the GenBank ID: NM_000090.3 with +1 corresponding to A of the ATG initiation codon.
2 One sample was a validation sample and two were clinically suspected vEDS samples.
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Fig. 1. Different types of COL3A1 mutations detection by the hrMCA method: missense mutations (A-F), splice-site mutations (G-1), mutations with nonsense-mediated mRNA
decay; nonsense (j)and 1 bp deletion (K). Different melting curve patterns are shown between wild type and mutant COL3A1.(A) c.1159G>T inexon 18; (B)c.1844G>Ainexon 27;
(€)¢.2995G>Ain exon 42; (D) ¢.3131G>A in exon 44 (two different individuals); (E) c.539G>Ainexon 7; (F) c.2150G>A in exon 32; (G) c.897+1G>Cat intron 13; (H) c.1347+1G>A
at intron 20; (1) ¢.1662+1G>A (three different individuals), and c.1662+2T>G (one individual) at intron 24; (}) ¢.2992C>T in exon 42; (K) ¢.2187delA in exon 32.

premature termination codon (TAG) 181 nucleotides downstream
in exon 35.

Two samples from different individuals with the same mutation
at ¢.3131G>A in exon 44 showed the same melting curve pattern
(Fig. 1D). In exon 24 amplicon, four splice-site mutations (three
€.1662+1G>A from different individuals and one c.1662+2T>G;
Fig. 11) were analyzed together by the hrMCA method. The three
samples with the ¢.1662+1G>A mutation showed the same pattern,
but the ¢.1662+2T>G sample showed a different pattern; all

melting curves were different from the control. These results
showed the high sensitivity and specificity of the hrMCA method.

3.3. Heterozygous cSNPs screening by SAG

The hrMCA method could not distinguish between mutations
and SNPs. Among 12 Japanese patients, we found 9 samples with
one of three common cSNPs of COL3A1 (rs1800255:G>A,
rs1801184:T>C, and rs2271683:A>G) by sequencing. One of these
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cSNPs is present in more than half of the European or Japanese
population (http://www.ncbi.nlm.nih.gov/snp/). Therefore, to pre-
dict the common heterozygous ¢SNPs in COL3A1 by the SAG meth-
od is important to reduce unnecessary sequencing. By the SAG
method (Supplementary Table 2), both genomic DNA and cDNA
from the same patient showed the same reproducible pattern for
all three cSNPs (Fig. 2A-C), and we could clearly differentiate be-
tween the wild type (homozygous) and the SNP type (heterozy-
gous) for all three cSNPs.

When this SAG method was applied for the patient with the
nonsense mutation, the results showed different melting curves
between genomic DNA and cDNA at two heterozygous cSNPs
(rs1801184:T>C, and rs2271683:A>G) (Fig. 2D and E), suggesting
that there were nucleotide discrepancies between genomic DNA
and cDNA of the same patient. In this sample, we also found se-
quence discrepancies between genomic DNA and cDNA at the
two heterozygous c¢SNPs and the nonsense mutation position
(€.2992C>T) by sequencing (data not shown).

4. Discussion

We successfully established a method for mutation screening of
the entire coding region of COL3A1 for diagnosis of VEDS using gra-
dient PCR reactions and the hrMCA method for genomic DNA, fol-
lowed by sequencing of abnormal hrMCA exons. By this method,
COL3A1 mutations can be screened easily and rapidly with high
sensitivity and specificity without an invasive skin biopsy proce-
dure. In addition, this system enables to detect more COL3A1 muta-
tions caused by nonsense-mediated mRNA decay (NMD), nonsense
mutations and small deletions that could not be detected by the
conventional total RNA method.

For screening COL3A1 mutations, two important factors were
noted that indicate the superiority of the hrMCA method. First,
COL3A1 mutations are heterozygous in an autosomal dominant
manner, which favors higher sensitivity and specificity in hrMCA
than those for homozygous mutations [21,22]. The heterozygous
detection rate has nearly 100% sensitivity [23], because heterozy-
gotes form a proportion of heteroduplexes which melt differently
to perfectly matched homoduplexes [24]. Second, the nucleotide
levels in COL3A1 mutations are preferable for hrMCA because a high-
er difference in the melting temperature results in a greater differ-
ence between the mutant melting curve and the control as

determined by the hrMCA method [15]. The mutation patterns of
G/A or T/C and G/T or A/C had a melting temperature that differed
by 2 °C from the control, whereas the G/C or A/T patterns had only
a 1 °C difference [12,15]. According to the reported COL3A1 muta-
tions, more than 85% of the missense and splice-site mutations
showed G/A or G/T or T/C patterns (Human Gene Mutation Database
(HGMD; http://www.hgmd.cf.ac.uk/ac/all.php)), which can be eas-
ily detected by the hrMCA method because of the greater melting
temperature difference between the mutant and the wild type.

In determining the hrMCA conditions for the primer setting in
each exon, the number of melting domains, which are a result of a
high GC difference within the amplicon, should be considered. The
number of domains for each amplicon could be predicted by Po-
land’s algorithm before making the primers. Because hrMCA
depends on the GC content of the amplicon, multiple domains can
mask the presence of a mutation. Some researchers argue strongly
for the use of small products, and against the use of multiple do-
mains [25,26], but the optimal number of domains for hrMCA is still
unclear [22]. In our experiment, we were able to generate the ampli-
con with shortest possible length in each exon containing one or two
melting domains because the length of each exon of COL3A1 is short.

It is important to reduce the false-positive results obtained by
hrMCA. Samples with insufficient amplification should be reana-
lyzed from the PCR step in hrMCA [14]. However, it is sometimes dif-
ficult to determine whether amplification is sufficient. Therefore, we
used the same Ct value (Ct + 0.7) as a standard which is easy to eval-
uate, and the number of false-positive samples was reduced. For
amplification of hrMCA samples, it is important to select the samples
that have the same Ct value in each amplicon using a real-time PCR
detection system.

In the present study, a nonsense mutation (¢.2992C>T) could be
detected only from genomic DNA by the hrMCA method, but not by
the total RNA method. This discrepancy between genomic DNA and
cDNA occurs because mRNA of the mutant allele does not mature
as a result of NMD [27]. The deletion mutation (c.2187delA) in this
study leads to a frameshift, causing a premature termination codon
in exon 35 and is predicted not to be detected by the conventional
total RNA method because of NMD [27,28]. In COL3A1, the reported
mutations with NMD are very rare compared to other collagen
gene mutations that cause diseases, because most COL3A1 muta-
tions have been detected previously using the total RNA method.
The hrMCA method using genomic DNA in this study showed
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Fig. 2. COL3A1 cSNP detection by the SAG method using genomic DNA and cDNA from the same individual: (A-C) Different melting curve patterns are shown between wild-
type (homozygous) and SNP-type (heterozygous) in three common cSNPs. (A) rs1800255:G>A in exon 31 (G/G, G/A, A/A); (B) rs1801184:T>C in exon 33 (T/T, T/C); (C)
rs2271683:A>G in exon 49 (A/A, A/G) genotypes. (D and E) Melting curve discrepancies between genomic DNA and cDNA are shown in COL3A1 nonsense mutation patient
compared to the control. (D) rs1801184:T>C in exon 33 and (E) rs2271683:A>G in exon 49.
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higher mutation detection efficiency than the total RNA method.
The number of mutations in COL3A1, including those caused by
NMD, will likely be increased by mutation screening using genomic
DNA. Screening of COL3A1 mutations should be performed for the
entire coding region of the gene by using genomic DNA for all pa-
tients showing the typical features of vEDS, regardless of whether
there are negative findings based on a cDNA analysis, because non-
sense mutations can occur at any position in the coding region.

Our SAG method enabled screening of the three most common
cSNPs with high frequencies in COL3A1, and for prediction of cSNPs
or mutations before sequencing. By the SAG method, nonsense
mutations with any of the heterogeneous cSNPs of COL3A1 can
be predicted by checking for discrepancies between genomic
DNA and cDNA. Therefore, our establishment of hrMCA for exon
screening in combination with SAG of cSNPs from genomic DNA
enables detection of COL3A1 mutations with high sensitivity and
specificity using a minimally-invasive procedure.

Emphasizing the importance of the new screening method,
NMD has been shown to modulate the clinical outcome of genetic
diseases [29]. In COL3A1, the phenotype severities might differ be-
tween different types of COL3A1 mutations [28]. In the case of mis-
sense and splice-site mutations, production of the COL3A1 protein
is reduced to one-eighth of the usual amount because of a domi-
nant negative effect [2]. However, in the case of mutations with
NMD, such as frame shift and nonsense mutations, the production
of COL3A1 is reduced by half because of haploinsufficiency. Ap-
proaches to protect transcripts containing a premature termination
codon from NMD could potentially be used as an alternative treat-
ment [29]. A better understanding of the genotype-phenotype cor-
relation in COL3A1 using this method will lead to improve in the
diagnosis and treatment of vEDS.

Acknowledgments

The authors wish to thank all of the patients and family mem-
bers who participated in this study, and all the clinicians for refer-
ring the families. This work was supported in part by a grant from
Grants-in Aid for Scientific Research (C) from the Ministry of
Health, Education, Culture, Sports, Science and Technology of Ja-
pan, and by a Grant-in-Aid for Research on intractable disease from
the Ministry of Health, Labor and Welfare of Japan.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.bbrc.2011.01.011.

References

{1] D.P. Germain, Ehlers-Danlos syndrome type IV, Orphanet |. Rare Dis. 2 (2007)
32.

[2] A. Watanabe, T. Shimada, Vascular type of Ehlers-Danlos syndrome, J. Nippon
Med. Sch. 75 (2008) 254-261.

[3] R Dalgleish, The human collagen mutation database 1998, Nucl. Acids Res. 26
(1998) 253-255.

[4] M. Pepin, U. Schwarze, A. Superti-Furga, P.H. Byers, Clinical and genetic
features of Ehlers-Danlos syndrome type 1V, the vascular type, N. Engl. J. Med.
342 (2000) 673-680.

[5] A. Watanabe, T. Kosho, T. Wada, N. Sakai, M. Fujimoto, Y. Fukushima, T.
Shimada, Genetic aspects of the vascular type of Ehlers-Danlos syndrome
(VEDS, EDSIV) in Japan, Circ. J. 71 (2007) 261-265.

[6] B.L. Loeys, U. Schwarze, T. Holm, B.L. Callewaert, G.H. Thomas, H. Pannu, J.F. De
Backer, G.L. Oswald, S. Symoens, S. Manouvrier, A.E. Roberts, F. Faravelli, M.A.
Greco, R.E. Pyeritz, D.M. Milewicz, P.J. Coucke, D.E. Cameron, A.C. Braverman,
P.H. Byers, AM. De Paepe, H.C. Dietz, Aneurysm syndromes caused by
mutations in the TGF-beta receptor, N. Engl. J. Med. 355 (2006) 788-798.

{7] M. Orita, H. Iwahana, H. Kanazawa, K. Hayashi, T. Sekiya, Detection of
polymorphisms of human DNA by gel electrophoresis as single-strand
conformation polymorphisms, Proc. Natl Acad. Sci. USA 86 (1989) 2766-2770.

[8] E. Holinski-Feder, Y. Muller-Koch, W. Friedl, G. Moeslein, G. Keller, J. Plaschke,

W. Ballhausen, M. Gross, K. Baldwin-Jedele, M. Jungck, E. Mangold, H.

Vogelsang, H.K. Schackert, P. Lohsea, J. Murken, T. Meitinger, DHPLC

mutation analysis of the hereditary nonpolyposis colon cancer (HNPCC)

genes hMLH1 and hMSH2, ]. Biochem. Biophys. Methods 47 (2001) 21-32.

C.T. Wittwer, G.H. Reed, C.N. Gundry, J.G. Vandersteen, R,J. Pryor, High-

resolution genotyping by amplicon melting analysis using LCGreen, Clin.

Chem. 49 (2003) 853-860.

[10] N. van der Stoep, C.D. van Paridon, T. Janssens, P. Krenkova, A. Stambergova, M.
Macek, G. Matthijs, E. Bakker, Diagnostic guidelines for high-resolution
melting curve (HRM) analysis: an interlaboratory validation of BRCA1
mutation scanning using the 96-well LightScanner, Hum. Mutat. 30 (2009)
899-909.

[11] E. Rouleau, C. Lefol, V. Bourdon, F. Coulet, T. Noguchi, F. Soubrier, L. Bieche, S.
Olschwang, H. Sobol, R. Lidereau, Quantitative PCR high-resolution melting
(qPCR-HRM) curve analysis, a new approach to simultaneously screen point
mutations and large rearrangements: application to MLH1 germline mutations
in Lynch syndrome, Hum. Mutat. 30 (2009) 867-875.

[12] GH. Reed, CT. Wittwer, Sensitivity and specificity of single-nucleotide
polymorphism scanning by high-resolution melting analysis, Clin. Chem. 50
(2004) 1748-1754.

[13] R. Almomani, N. van der Stoep, E. Bakker, J.T. den Dunnen, M.H. Breuning, L.B.
Ginjaar, Rapid and cost effective detection of small mutations in the DMD gene
by high resolution melting curve analysis, Neuromuscul. Disord. 19 (2009)
383~390.

[14] H. Do, M. Krypuy, P.L. Mitchell, S.B. Fox, A. Dobrovic, High resolution melting
analysis for rapid and sensitive EGFR and KRAS mutation detection in formalin
fixed paraffin embedded biopsies, BMC Cancer 8 (2008) 142,

[15] M. Liew, R. Pryor, R. Palais, C. Meadows, M. Erali, E. Lyon, C. Wittwer,
Genotyping of single-nucleotide polymorphisms by high-resolution melting of
small amplicons, Clin. Chem. 50 (2004) 1156-1164.

[16] J. Montgomery, C.T. Wittwer, R. Palais, L. Zhou, Simultaneous mutation
scanning and genotyping by high-resolution DNA melting analysis, Nat.
Protoc. 2 (2007) 59-66.

[17] J. Morlan, J. Baker, D. Sinicropi, Mutation detection by real-time PCR: a simple,
robust and highly selective method, PLoS One 4 (2009) e4584.

[18] Y. Nishiyama, J. Nejima, A. Watanabe, E. Kotani, N. Sakai, A. Hatamochi, H.
Shinkai, K. Kiuchi, K. Tamura, T. Shimada, T. Takano, Y. Katayama, Ehlers-
Danlos syndrome type IV with a unique point mutation in COL3A1 and familial
phenotype of myocardial infarction without organic coronary stenosis, J.
Intern. Med. 249 (2001) 103-108.

[19] U. Schwarze, J.A. Goldstein, P.H. Byers, Splicing defects in the COL3A1 gene:
marked preference for 5’ (donor) spice-site mutations in patients with exon-
skipping mutations and Ehlers-Danlos syndrome type IV, Am. J. Hum. Genet.
61 (1997) 1276-1286.

[20] O. Okamoto, T. Ando, A. Watanabe, F. Sato, H. Mimata, T. Shimada, S. Fujiwara,
A novel point mutation in type Il collagen gene resulting in exon 24 skipping
in a case of vascular type Ehlers-Danlos syndrome, Arch. Dermatol. Res. 300
(2008) 525-529.

[21] RH. Vossen, E. Aten, A. Roos, J.T. den Dunnen, High-resolution melting analysis
(HRMA): more than just sequence variant screening, Hum. Mutat. 30 (2009)
860-866.

[22] CT. Wittwer, High-resolution DNA melting analysis: advancements and
limitations, Hum. Mutat. 30 (2009) 857-859.

[23] LS. Chou, E. Lyon, C.T. Wittwer, A comparison of high-resolution melting
analysis with denaturing high-performance liquid chromatography for
mutation scanning: cystic fibrosis transmembrane conductance regulator
gene as a model, Am. |. Clin. Pathol. 124 (2005) 330-338.

[24] E.A. Takano, G. Mitchell, S.B. Fox, A. Dobrovic, Rapid detection of carriers with
BRCA1 and BRCA2 mutations using high resolution melting analysis, BMC
Cancer 8 (2008) 59.

[25] E.A. Tindall, D.C. Petersen, P. Woodbridge, K. Schipany, V.M. Hayes, Assessing
high-resolution melt curve analysis for accurate detection of gene variants in
complex DNA fragments, Hum. Mutat. 30 (2009) 876-883.

[26] M. Krypuy, A.A. Ahmed, D. Etemadmoghadam, S.J. Hyland, A. DeFazio, S.B. Fox,
].D. Brenton, D.D. Bowtell, A. Dobrovic, High resolution melting for mutation
scanning of TP53 exons 5-8, BMC Cancer 7 (2007) 168.

[27] U. Schwarze, W.I. Schievink, E. Petty, M.R. Jaff, D. Babovic-Vuksanovic, KJ.
Cherry, M. Pepin, P.H. Byers, Haploinsufficiency for one COL3A1 allele of type
HI procollagen results in a phenotype similar to the vascular form of Ehlers-
Danlos syndrome, Ehlers-Danlos syndrome type IV, Am. J. Hum. Genet. 69
(2001) 989-1001.

[28] A. Plancke, M. Holder-Espinasse, V. Rigau, S. Manouvrier, M. Claustres, P. Khau
Van Kien, Homozygosity for a null allele of COL3A1 results in recessive Ehlers-
Danlos syndrome, Eur. J. Hum. Genet. 17 (2009) 1411-1416.

{29] M. Khajavi, K. Inoue, J.R. Lupski, Nonsense-mediated mRNA decay
modulates clinical outcome of genetic disease, Eur. |. Hum. Genet. 14
(2006) 1074-1081.

(9



AMERI.CAN JOURNAL OF

medical :enetics

Tomoki Kosho,'* Nobuhiko Dkamoto, Hirofumi Ohashu Yoshinori Tsurusakl Yoko Imai,

Yumiko Hibi- Ko, Hiroshi Kawame, Tomomi Homma, Saori Tanabe, Mltsuhiro Kato,

Yoko Hiraki,!! Takanori Yamagata, Shoji Yano,"? Satoru Sakazume, Takuma Ishii,*41®

Toshiro Nagai,'* Tohru Ohta,’ Norio Niikawa, '® Seiji Mizuno,! Tadashl Kaname,'®

Kenji Narltom|, Yoko Naruml, Ke:ko Waku:, YOShImItSU Fukush'ma Satoko M:gatake,

Takeshi Mizuguchi,* Hirotomo Saitsu,* Noriko Miyake,* and Naomichi Matsumoto™**
‘Department of Medical Genetics, Shinshu University School of Medicine, Matsumoto, Japan

®Department of Medical Genetics, Osaka Medical Center and Research Institute for Maternal and Child Health, lzumi, Japan
3Division of Medical Genetics, Saitama Children’s Medical Center, Saitama, Japan

*Department of Human Genetics, Yokehama City University Graduate School of Medicine, Yokohama, Japan

*Division of Pediatrics, Japanese Red Cross Medical Center, Tokyo, Japan

®Department of Genetic Counseling, Graduate School of Humanities and Sciences, Ochanomizu University, Tokyo, Japan
’Division of Medical Genetics, Nagano Children’s Hospital, Azumino, Japan

8pivision of Pediatrics, Yamagata Prefectural Shinjo Hospital, Shinjo, Japan

®Division of Pediatrics, Yamagata Prefectural and Sakata Municipal Hospital Organization Nihon-Kai General Hospital, Sakata, Japan

1D[k-:partment of Pediatrics, Yamagata University Faculty of Medicine, Yamagata, Japan

“Hiroshima Municipal Center for Child Health and Development, Hiroshima, Japan

120epartment of Pediatrics, Jichi Medical University, Shimotsuke, Japan

“3Genetics Division, Department of Pediatrics, LAC 4 USC Medical Center, Keck School of Medicine, University of Southern California,
Los Angeles, California,

“Department of Pediatrics, Dokkyo Medical University Koshigaya Hospital, Koshigaya, Japan
'*Nakagawa-No-Sata [Hospital for the Disabled), Matsubushi, Japan
‘®Research Institute of Personalized Health Sciences, Health Sciences University of Hokkaido, Tobetsu, Japan

Conflict of Interest: The authors have no conflict of interest to declare.

Grant sponsor: Ministry of Health, Labour and Welfare; Grant sponsor: Japan Science and Technology Agency; Grant sponsor: Strategic Research
Program for Brain Sciences; Grant sponsor: Grant-in-Aid for Scientific Research on Innovative Areas (Transcription cycle) from the Ministry of
Education, Culture, Sports, Science and Technology of Japan; Grant sponsor: Grant-in-Aid for Scientific Research from the Japan Society for the
Promotion of Science; Grant sponsor: Grant-in-Aid for Young Scientists from the Japan Society for the Promotion of Science; Grant sponsor: Grant
for 2012 Strategic Research Promotion of Yokohama City University; Grant sponsor: Research Grants from the Japan Epilepsy Research Foundation;
Grant sponsor: Takeda Science Foundation.

“Correspondence to:

Dr. Tomoki Kosho, M.D., Department of Medical Genetics, Shinshu University School of Medicine, 3-1-1 Asahi, Matsumoto, Nagano 390-8621,
Japan. E-mail: ktomoki@shinshuu.ac.jp

“*Correspondence to:

Naomichi Matsumoto, M.D., Ph.D., Department of Human Genetics, Yokohama City Graduate School of Medicine, 3-9 Fukuura, Kanazawa-Ku,
Yokohama 236-0004, Japan. E-mail: naomat@yokohama-cu.ac.jp

Article first published online in Wiley Online Library (wileyonlinelibrary.com): 1 May 2013

DOT 10.1002/ajmg.a.35933

© 2013 Wiley Periodicals, Inc. 1221



1222

AMERICAN JOURNAL OF MEDICAL GENETICS PART A

l7Department of Pediatrics, Central Hospital, Aichi Human Service Center, Kasugai, Japan

*®pepartment of Medical Genetics, Faculty of Medicine, University of the Ryukyus, Nishihara, Japan

Manuscript Received: 31 August 2012; Manuscript Accepted: 11 February 2013

Coffin=Siris syndrome (CSS; OMIM 135900) was first described by
Coffin and Siris [1970]. It is a rare congenital anomaly syndrome
characterized by developmental delay or intellectual disability (ID),
coarse facial appearance, feeding difficulties, frequent infections,
and hypoplastic-to-absent fifth fingernails and fifth distal phalanges
[Devy and Baraitser, 1991; Fleck etal., 2001; Schrieret al., 2012]. We
recently reported on mutations in six genes encoding components
of the SWltch/sucrose nonfermentable (SW1/SNF)-like chromatin
remodeling complex in 20 of 23 patients clinically diagnosed with
CSS: SMARCBI in four patients, SMARCA4 in six, SMARCA2 in
one, SMARCE] in one, ARIDIA in three, and ARIDIB in five
[Tsurusaki et al.,, 2012]. In the same journal issue, truncating
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review of the literature.

Am ] Med Genet Part A 161A:1221-1237.

mutations in ARID 1B were reported in three patients with CSS and
microdeletions encompassing ARIDIB were reported in three
patients with ID and remnants of CSS [Santen et al., 2012].
Furthermore, missense mutations of SMARCA2 were reported
in 36 patients with Nicolaides—Baraitser syndrome (NCBRS;
OMIM#601358) [van Houdt et al.,, 2012]. NCBRS was first de-
scribed by Nicolaides and Baraitser {1993] and it is a recently
delineated condition characterized by severe 1D with absent/limited
speech, seizures, short stature, sparse hair, typical facial character-
istics, brachydactyly, prominent finger joints, and broad distal
phalanges; the main differential diagnosis is CSS [Sousa
et al., 2009]. ARID1B has also been reported to be a cause of ID.
Nagamani et al. [2009] reported four patients with interstitial
deletion of 6q25.2-q25.3 including ARIDI1B, all of whom man-
ifested microcephaly, developmental delay, facial characteristics,
and hearing impairment, and two of whom had agenesis of the
corpus callosum. Halgren et al. [2012] reported eight patients with
haploinsufficiency of ARIDIB (de novo chromosomal transloca-
tion involving ARIDIB in one, intragenic deletions in three, and
microdeletion including ARID1Bin four), who manifested agenesis
or hypoplasia of the corpus callosum, ID with speech impairment,
and autism. Hoyer et al. [2012] very recently conciuded that
haploinsufficiency of ARIDIB is a relatively frequent cause of
moderate-to-severe ID from their findings that 0.9% (8/887) of
patients with unexplained ID had truncating mutations in the gene.
Michelson et al. [2012] also very recently reported a patient with an
interstitial 1.19 Mb deletion of 6q25.2 including ARIDIB and
ZDHHC14, who manifested global developmental delay, facial
characteristics, dysgenesis of the corpus callosum, limb anomalies,
and genital hypoplasia.
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To delineate the clinical consequences of mutations affecting
components of the SWI/SNF complex (CSS, NBS, and ARIDI1B-
related ID syndrome), we report the individual clinical information
for 20 previously reported patients [ Tsurusaki et al., 2012} as well as
an additional patient with an SMARCA4 mutation. Furthermore,
we create a comprehensive list of all reported patients (including
our series) with mutations affecting components of the SWI/SNF
complex (Tables [a-Ic), which will be helpful when discussing
similarities and differences among these conditions.

SMARCBI-1 (Subject 4 [Tsurusaki et al., 2012]; Fig. 1a~i): She was
born at 42 weeks of gestation after an uncomplicated prenatal
period. Her birth weight was 3,008 g (—0.55D). She had: cleft palate
with exudative otitis media; congenital dislocation of the right hip;
pectus excavatum; sucking/feeding difficulty. She underwent sur-
gical correction of cleft palate and insertion of ventilation tubes at
age 2 6/12 years. Hearing aids were required for bilateral, severe,
mixed hearing impairment with a threshold of 80-90 dB. At age
4 years, she developed tonic seizures, which were treated with
carbamazepine. Scoliosis, found at age 2 years, progressed with a
Cobb angle of =150°. She showed hypotonia and motor develop-
ment was severely delayed: she raised her head atage 1 8/12 vears, sat
alone at 2 3/12 years, and walked independently at 7 years. From
ages 12 to 18 years, she vomited frequently and had recurrent
infections. She had multiple dental caries, treated under general
anesthesia at age 16 years. At age 21 years, she weighs 30 kg
(—3.4 SD), her height is 112.5 cm (—8.4 SD), and her occipito-
frontal circumference (OFC) is 51.2 cm (—2.9 SD). She under-
stands simple commands in daily life, expresses herself with
gestures, and likes to play portable personal computer games,
but speaks no words. She has serious behavioral problems
such as impulsiveness, hyperactivity, and self-injurious behaviors
(including skin picking). She becomes exhausted easily.
SMARCBI-2 (Subject 11 [Tsurusaki et al., 2012]): Her prenatal
period was complicated by intrauterine growth retardation. She
was born at 38 weeks of gestation. Her birth weight was 2,088 ¢
(—1.8 SD), length was 42 cm (—2.9 SD), and OFC was 33 cm
(0 SD). She had a small ventricular septal defect (VSD). Diaphrag-
matic hernia was corrected surgically at age 5 months. She had
sucking/feeding difficulties. She showed hypotonia and motor
development was severely retarded: she rolled over at age 3 years.
Generalized seizures developed and were controlled with valproic
acid. Magnetic resonance imaging (MRI) of the brain showed
cerebellar hypoplasia and Dandy—Walker malformation. She had
visual impairment that was corrected with spectacles; hearing
impairment with a threshold of 60 dB in the right ear and 50 dB
in the left ear was noted. Atage 7 years, her weightis 12 kg (—3.15D)
and heightis 105 cm (—2.7 SD). Shessits for several seconds with her
hands, distinguishes her family members from others, and smiles
when called by her name. She has visual and hearing impairment.
SMARCBI-3 (Subject 21 [ Tsurusaki et al., 2012]; Fig. 1j-p): Her
prenatal period was complicated by intrauterine growth retarda-
tion and oligohydramnios. She was born at 38 weeks of gestation,
followed by resuscitation through endotracheal intubation. Her

birth weight was 1,746 g (—2.6 SD). Surfactant treatment was
undertaken for pulmonary hemorrhage. She had micrognathia,
exotropia, and a dark complexion. She suffered from complex
partial seizures. She sucked poorly and then had feeding difficulty
associated with gastroesophageal reflux (GER), which required
gastrostomy. She showed hypotonia with severe delay in motor
development. A hypoplastic corpus callosum was observed. At
age 7 years, she weighs 12 kg (~3.0 SD), has a height of 97 cm
(—4.5 SD), and an OFC of 44 cm (—5.1 SD). She is unable to sit
alone, and moves by rolling over. She cannot communicate with
others or speak any words, but smiles when she appears to be happy.

SMARCBI-4(Subject 22 [Tsurusakietal., 2012]): He wasborn at
37 weeks of gestation. His birth weight was 2,784 g (+0.2 SD). He
was admitted to hospital as a newborn for treatment of transient
tachypnea. He had pyloric stenosis that was corrected surgically. He
sucked poorly and then had feeding difficulties associated with
GER, requiring gavage-feeding and resulting in failure to thrive. He
showed hypotonia and motor development was severely delayed.
MRI of the brain showed hypoplasia of the corpus callosum. He
suffered from recurrent respiratory tract infections. At age 2 years,
he weighed 9.7 kg (—2.3 SD), his height was 83.4 cm (—2.2 SD),
and had an OFC of 43 cm (—3.3 SD). At age 3 years, he rolls over,
but cannot sit alone or speak words.

L%
e

SMARCA4-1 (Subject 9 [ Tsurusaki et al,, 2012]; Fig. 2a—~c): He was
born at 39 weeks of gestation. His birth weight was 2,880 g. Sucking
or feeding difficulties were not reported, but abdominal distension
occurred in infancy and constipation was frequent in childhood.
Possible seizures developed once at age 1 2/12 years with uncon-
sciousness but without electrocardiographic abnormalities. The
submucosal cleft palate was corrected surgically at age 1 6/12 years.
Congenital torticollis with vestigial (right) and shortened (left)
cleidomastoid muscles was corrected surgically. His right chest was
funnel-shaped with a hypoplastic right pectoral major muscle.
Exudative otitis media in the left ear was recurrent. He showed
hypotonia in his infancy and motor development was mildly
delayed: he raised his head at age 4 months, sat alone at 10 months,
crawled at 11 months, and stood alone at 1 3/12 years. His hair has
been bristly and gray-streaked since childhood. His upper teeth
were misaligned. Atage 18 years, his heightis 159 cm (—1.8SD) and
OFC is 53 ¢m (—2.3 SD). He can walk independently, talk (albeit
with a stutter), and understand almost everything necessary for
daily life. He has myopia and mild astigmatism which are corrected
with spectacles. He has nocturnal enuresis which he finds hard to
control.

SMARCAA4-2 (Subject 7 [Tsurusaki et al., 2012]; Fig. 2d~g): His
prenatal period was complicated by intrauterine growth retarda-
tion. He was born at 40 weeks of gestation. His birth weight was
2,250 g (—2.2 SD). He showed respiratory insufficiency and had
sucking/feeding difficulties associated with laryngomalacia. He had
bilateral ptosis, myopia, lacrimal duct stenosis, bilateral sensori-
neural hearing loss, and ankyloglossia. He showed hypotonia and
motor development was severely delayed: he raised his head in late
infancy, sat alone at age 2 years, and walked independently at
6 years. At age 20 years, he weighs 60 kg (—0.2 SD), has a height of
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156 cm (—2.6 SD), and an OFC of 51.2 cm (—3.8 SD). He suffers
from constipation, nocturnal enuresis, and unstable body temper-
ature. He understands simple commands and speaks several words.
He is friendly but also hyperactive and impulsive.

SMARCA4-3 (Subject 5 [Tsurusaki et al., 2012]; Fig. 2h-o):
Increased nuchal translucency thickness was shown by fetal ultra-

sonography. He was born at 41 weeks of gestation. His birth weight
was 2,756 g (—1.2 SD), length was 48 cm (—0.9 SD), and OFC was
32.0 cm (—0.9 SD). He was gavage-fed due to sucking/feeding
difficulties until 7 months of age. He had right cryptorchidism
which was corrected surgically at age 1 year. He showed hypotonia
and motor development was delayed: he raised his head at age
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- SMARCA2-1

7 months, sat alone at 1 3/12 years, and walked independently at
6 years. His developmental quotient (DQ) was 17 atage 59/12 years.
MRI of the brainatage 6 11/12 years showed hypoplasia of the upper
cerebellar vermis and mild hypoplasia of the corpus callosum. At
age 9 10/12 years, he weighs 22.1 kg (—1.5 SD), has a height of
114 cm (—3.2 SD), and an OFC of 48 ¢m (—3.6 SD). He suffers

from unstable body temperature, facial flushing, aerophagia, and
intractable constipation. His skeletal problems have included bi-
lateral genu recurvatum with an episode of patella dislocation,
bilateral pes valgus, subluxation in the left hip, and Perthes disease-
like changes in the right hip. He has autism spectrum disorder with
hypersensitivity, hyperactivity, self-injurious behaviors, obsession,
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and severely retarded language development (developmental age on
speech, 6-7 months; comprehension, 10 months).

SMARCA4-4 (Subject 16 [ Tsurusaki et al., 2012]; Fig. 2p-s): He
was born at 41 weeks of gestation. His birth weight was 2,502 g
(—1.7 SD), length was 47 cm (—1.6 $SD}, and OFC was 33 cm
(—0.6 SD). He showed respiratory insufficiency with apnea because
of laryngomalacia, which required oxygen supplementation for
15 days. He had sucking/feeding difficulties and was gavage-fed
until 7 months of age. He had a small VSD and a small patent ductus
arteriosus (PDA): both closed spontaneously. Atage 1 4/12 years, he
had surgical correction for bilateral inguinal herniae. Atage 1 9/12
years, he underwent emergency surgery for a perforated duodenal
ulcer. Motor development was severely delayed: he raised his
head at age 7-8 months, stood with support at 1 10/12 years,
and walked independently at 6 years. At age 11 years, he weighs
22.9 kg (—1.8SD), hasaheight of 122.5 cm (—3.1 SD),and an OFC
of 49.3 cm (—2.9 SD). He has mild pulmonary regurgitation and

optic disk coloboma with reduced visual acuity (0.3). He experi-
ences constipation and rhinitis, and has difficulty in opening his
mouth. He is friendly and understands language, but speaks no
words and communicates to others with gestures. Autistic behav-
iors have not been reported.

SMARCA4-5 (Subject 25 [Tsurusaki et al., 2012}; Fig. 2t, u): She
was born at 40 weeks of gestation. Her birth weight was 2,820 g
(—1.0 SD), length was 46 cm (—1.9 SD), and OFC was 33.5 ¢cm
(0.1 SD). She suffered from recurrent infections, sucking/feeding
difficulties, constipation, visual impairment, and hearing loss in the
left ear. She showed hypotonia and motor development was severely
delayed: she raised her head at age 8 months, sat alone at 1.5 year,
and walked independently at 2 8/12 years. The DQ at age 8 years was
38. MRI of the brain showed hypoplasia of the corpus callosum. At
age 16 years, she weighs 39 kg (—1.9 SD), has a height of 148 cm
(1.9 SD), and an OFC of 52 cm (—2.3 SD). She suffers from
constipation and scoliosis (which is treated with a brace). She makes



KOSHO ET AL.

1231

simple conversations and reads “hiragana” (Japanese cursive char-
acters). She needs a lot of help in her daily life. She shows repetitive
behavior (moving her hands) but other autistic behaviors have not
been reported.

SMARCA4-6 (Subject 17 [Tsurusaki et al., 2012]; Fig. 2v—x): He
was born at 41 weeks of gestation. His birth weight was 2,704 g
(—1.18D), length was 46 cm (—2.3 SD),and OFC was 32 ecm (—1.3
SD). He was admitted to hospital for respiratory insufficiency with
cyanosis and multiple congenital anomalies (cleft palate, broad
thumbs, omphalocele, bilateral cryptorchidism). He had surgical
correction of omphalocele at age 1 day. He had complex heart
defects, including mitral atresia, pulmonary atresia, a single right
ventricle, an atrial septal defect (ASD) and a PDA, and received
intravenous administration of prostaglandin E1. He underwent a
right Blalock-Taussig shunt at age 1 month, surgical enlargement of
the ASD at age 1 1/12 year, a left Blalock-Taussig shunt at age
2 years, a Glenn procedure at age 3 3/12 years, and a Fontan
procedure at age 4 6/12 years. He had tracheostomy for hypoxemia
caused by bronchomalacia at age 1 8/12 years. He suffered from
recurrent infections. His motor development was severely delayed:
he raised his head at age 7 months and rolled over at 1 year. MRI of

the brain at age 1 year showed hypoplasia of the corpus callosum. At
age 4 9/12 years, he weighs 11.1 kg (—3.0 SD), has a height of
90.6 cm (—3.4 SD), and an OFC of 46.6 cm (—2.7 SD). He
underwent laparoscopic fundoplication and gastrostomy for
GER. He is unable to sit alone.

SMARCA4-7: She was born at 41 weeks of gestation. Her birth
weight was 2,230 g (—2.6 SD), length was 45 ¢cm (—2.7 SD), and
OFCwas 28 cm (—3.9 8D). She had sucking/feeding difficulties and
vomited frequently due to GER. She suffered from recurrent
infections. Inguinal and umbilical herniae were corrected surgical-
ly. She showed hypotonia and motor development was moderately
delayed: she walked independently atage 2 6/12 years. Atage 8 years,
she weighs 17.4 kg (—1.9 SD), has a height of 115.8 cm (—1.8 SD),
and an OFC of47.5 cm (—3.0 SD). She speaks three-word sentences
but cannot read “hiragana.” She is hyperactive.

g A B ER A Ty RS WP
SMARCAZ Mutation

SMARCA2-1(Subject 19 { Tsurusaki et al., 2012]; Fig. 3a~h): He was
born at 38 weeks of gestation. His birth weight was 1,774 g (—2.6
SD), length was 42 cm (—3.1 SD), and OFC was 32 ¢cm (—0.5 SD).
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He had sucking/feeding difficulties. He underwent surgical correc-
tion for a left inguinal hernia and cryptorchidism as well as an
umbilical hernia at age 4 months; for recurrence of the umbilical
herniaatage 2 3/12 years; and for hypospadiasat age 3 1/12 years. He
developed a complex febrile convulsion at age 1 8/12 years and an
afebrile seizure at age 7 years. At age 6 years, renal biopsy for gross
hematuria showed immunoglobulin (Ig)A nephropathy that was
treated through corticosteroids and tonsillectomy. A radiograph at
age 7 years showed scoliosis with a Cobb angle of 38” at Th6~L1 that
required a brace. Ventilation tubes were placed for chronic exuda-
tive otitis media. He showed hypotonia and motor development
was delayed: he raised his head at 4 months, sat alone at 9 months,
and walked independently at 3 8/12 vears. At age 8 7/12 years, he
weighs 16.9 kg (—2.1 SD), has a height of 107.8 ¢m (—3.8 SD), and
an OFC of 47.8 cm (—3.3 SD). He vomits readily if he is in poor
physical condition such as infection. He speaks no words. Autistic
behaviors have not been reported.

SMARCE!-1(Subject 24 [ Tsurusaki et al., 2012]; Fig. 4a—¢): She was
born at 37 weeks of gestation. Her birth weight was 1,642 g (2.3
SD). Mechanical ventilation was required for the first 7 months. She
was gavage-fed and underwent gastrostomy at age 10 vears. Tricus-
pid regurgitation, mitral regurgitation, and aortic stenosis were
detected and have been treated with diuretics. Seizures occurred in
her infancy, and valproic acid and carbamazepine were adminis-
tered. Cleft palate and progressive scoliosis were corrected surgi-
cally. She had hearing impairment that was profound in the right ear
and which was moderate (threshold, 50 dB) in the left ear. She
suffered from recurrent infections. At age 14 years, she weighs
15.3 kg(—4.45D), hasaheightof 121 cm (—6.8SD), and an OFC of
45 ¢cm (—6.7 SD). She has to be supported to stand up, but can walk
and trot independently (albeitin an ataxic manner) from a standing
position. She speaks no words. She can assess her situation simply
and can operate a DVD player.

ARIDIA-1(Subject 3 [ Tsurusaki et al., 2012}): Intrauterine growth
retardation, enlargement of the third ventricle and posterior fossa,
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and a single umbilical artery were detected through fetal ultraso-
nography. He was bornat 39 5/7 weeks of gestation. His birth weight
was 2,675 g (—1.0 SD) and length was 47 cm (—1.4 SD). He had
coarctation of the aorta, an ASD, and a VSD; the ASD was closed
surgically at age 3 months. Congenital pyloric stenosis was cor-
rected surgically at age 12 days, but GER developed. He suffered
from sucking/feeding difficulties and frequent infections. MRI of
the brain showed agenesis of the corpus callosum and a posterior
fossa arachnoid cyst. At age 2 1/12 years, he weighed 3,969 ¢
(—6.2 SD), had a height of 59.6 cm (8.9 SD), and an OFC of
41.7 cm (—3.7 SD). Hepatoblastoma, noticed at age 1 10/12 years,
progressed to death at 2 3/12 years.

ARIDIA-2 (Subject 6 [Tsurusaki et al., 2012}; Fig. 5a-d): He
was born at 37 weeks of gestation. His birth weight was 2,546 g
(—0.6 SD), length was 45 cm (—1.1 SD), and OFC was 36.4 cm
(+2.2 SD). He was admitted to the Neonatal Intensive Care Unit
(NICU) due to asphyxia, multiple malformations (choanal atresia,
cleft palate, hypospadias, and bilateral cryptorchidism) as well as
profound hypotonia. Mechanical ventilation was started for respi-
ratory weakness, and tracheostomy carried out at age 9 months.
Cardiovascular complications included a VSD, coarctation of the
aorta, and stenosis of the aortic valve, which were corrected
surgically at age 20 days. A colostomy was placed at age 6 days
for anal atresia with retrourethral fistula. Agenesis of the corpus
callosum, cerebellar hypoplasia, and a Dandy—Walker malforma-
tion were detected. Motor development was severely delayed: he
was bedridden with no head control. He suffered from recurrent
urinary tract infections. At age 1 year, atrioventricular block
occurred with a heart rate of ~40~50/min, and he died 1 month
later. He weighed 3,940 g (—5.5 SD), had a height of 55.0 cm
(—8.2 SD), and an OFC of 41.9 cm (—=3.1 SD).

ARIDIA-3 (Subject 8 [Tsurusaki et al,, 2012]; Fig. 5e~h): He isa
Caucasian male, born at term after an uncomplicated pregnancy
and delivery. His birth weight was 3,350 g. He showed respiratory
distress due to laryngomalacia and was admitted to the NICU. MRI
of the brain in the neonatal period showed agenesis of the corpus
callosum. At age 6 months, he had surgery for an inguinal hernia
and intestinal obstruction, and a gastrostomy was undertaken due
to sucking/feeding difficulties and GER. A large ASD closed spon-
taneously before the age of 3 years. Bilateral strabismus repair was
carried out at age 1 vear. He had mild hearing impairment in the




