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Abstract Genetic disorders and birth defects account for a
high percentage of the admissions in children’s hospitals.
Congenital malformations and chromosomal abnormalities
are the most common causes of infant mortality. So their
effects pose serious problems for perinatal health care in
Japan, where the infant mortality is very low. This paper
describes the reasons for admissions and hospitalization at
the high-care unit (HCU) of a major tertiary children’s
referral center in Japan. We retrospectively reviewed 900
admission charts for the period 2007-2008 and found that
genetic disorders and malformations accounted for a
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significant proportion of the cases requiring admission to
the HCU. Further, the rate of recurrent admission was
higher for patients with genetic disorders and malforma-
tions than for those with acquired, non-genetic conditions.
Over the past 30 years, admissions attributed to genetic
disorders and malformations has consistently impacted on
children’s hospital and patients with genetic disorders and
malformations form a large part of this facility. These
results reflect improvements in medical care for patients
with genetic disorders and malformations and further
highlight the large proportion of cases with genetic
disorders, for which highly specialized management is
required. Moreover, this study emphasizes the need for
involvement of clinical geneticists in HCUs at children’s
hospitals.
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Introduction

Genetic disorders and birth defects account for a high
percentage of the admissions to children’s hospitals [4, 13].
In 2008 [5], the Ministry of Health, Labor and Welfare in
Japan reported that congenital malformations, chromosomal
abnormalities, and genetic diseases are the leading causes
of death in children during the first year of life. As per
that report, 999 infants under the age of 1 year died of
congenital malformations and chromosomal abnormalities;
this corresponds to 35.7% of the total number of deaths in
this age group. Since 1985, congenital malformations and
chromosomal abnormalities have remained the leading
causes of infant mortality in Japan [5]. Indeed, in USA it
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has been found that patients with genetic disorders had a
greater need for hospital admission and were hospitalized
for longer durations than were those without genetic
disorders [14].

However, recent advances in treatment are likely to
improve the survival of individuals with congenital malfor-
mations, which, in turn, is likely to increase the rates of
readmission to pediatric intensive care units (PICUs) [16].
Several studies have assessed the role of genetic disorders
in pediatric mortality and hospitalization {2, 6, 7, 16].
Congenital malformations and chromosomal abnormalities
pose serious challenges for perinatal health care in this
country, as they are the leading contributors to the infant
mortality rate in Japan.

In this study, we assessed the reasons for admissions and
hospitalization to the high-care unit (HCU) of a major
tertiary children’s referral center in Kanagawa Prefecture,
Japan, and compared our findings to those of a study of this
unit 30 years ago. To elucidate the impact and contribution
of birth defects and genetic diseases on pediatric hospital-
ization, we studied the reason for hospitalization, underly-
ing diagnoses, and duration of hospitalization in this
children’s hospital in Japan.

Materials and methods

Permission for the study was obtained from the Ethical
Committee of our medical center.

We retrospectively analyzed the cases of children
hospitalized at the HCU of Kanagawa Children’s Medical
Center (KCMC) between June 2007 and December 2008.
KCMC is a major tertiary children’s referral center for
pediatric cardiology, surgery, and cancer cases and serves a
large area in Kanagawa Prefecture, Japan. It has an institute
for the severely handicapped, a PICU, a neonatal intensive
care unit, and an HCU. In contrast to the PICU, which
admits patients who have undergone cardiovascular or
neurosurgery, the HCU specializes in pediatric patients
with other acute conditions. All of the patients were
included if they were admitted to the HCU from the
emergency room, operating room, or inpatient ward.
KCMC, with 419 beds, is the only specialized pediatric
hospital in Kanagawa Prefecture, where the total number of
births is 80,000 annually [8, 9]. About 8,500 patients (male/
female, 1:1) were admitted to KCMC in 2007, and the
average of hospital stay was 15.3 days.

We summarized and reviewed the medical charts of all
patients admitted to the HCU. The charts and summaries
were reviewed for age, sex, duration of hospitalization,
underlying disease, and reason for admission. Sub-
categories were created for the underlying diseases and
reason for admission.
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The underlying disease was classified into two main
categories: genetic conditions and acquired (non-genetic)
conditions. Genetic conditions were considered to include
chromosomal abnormalities, recognizable malformation
and dysplasia, multiple malformations, isolated malforma-
tions (e.g., those related to the heart, central nervous
system (CNS), and respiratory and gastrointestinal tracts),
other single-gene defect-related conditions, mitochondrial
diseases, and metabolic disorders (Table 1). All cases of
chromosomal abnormalities and multiple malformations
were examined using standard karyotyping. Cases of
recognizable malformation/dysplasia were ascertained by
clinical dysmorphologists (H.Y., N.F., and K.K.). Acquired
conditions were considered to include perinatal complica-
tions, trauma, neoplasm, and sequelae of severe infectious
conditions.

The reasons for admission were classified as problems of
the respiratory system, CNS, heart, gastrointestinal tract,
kidneys and urinary tract, infectious diseases, post-
operative management, and unknown condition. Those
cases that did not fall into these categories were placed
into a category called “others.”

Statistical analyses were performed to compare the
duration of hospitalization and the age distribution, using
StatView version 5.0 (SAS Institute, Inc; Cary, NY).
Categorical data were reported as counts and percentages,
and continuous data as mean (SD) or median values.
Statistical differences for categorical variables were deter-
mined by using chi-squared analyses. Median differences
were compared by Mann—Whitney U test.

Results

A total of 900 admissions, consisting of 687 individual
cases with 200 recurrent admissions, were reviewed.
Sixteen admissions were excluded from the study because
of insufficient information regarding the underlying causes
for admission.

The median age at admission was 3.5 years (range,
1 day-32.5 years), and the sex ratio was 1.36 (396 males
and 291 females). The median lengths of hospitalization in
the HCU were 4 days. Table 2 shows the distribution of the
884 admissions across the different categories of causes for
admission. ‘Most patients were admitted for common
medical problems, including respiratory problems, post-
operative management, and CNS problems. Of the 298
admissions for respiratory problems, most cases involved
respiratory infection, including pneumonia and bronchitis.
Admissions for post-operative management accounted for
30.7% cases (271 of 884 admissions), while CNS problems
such as convulsions, encephalitis, and meningitis accounted
for 16.3% (144 of 884 admissions).
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Table 1 Definitions of categories

Category Examples

Chromosomal syndromes
Recognizable malformation/dysplasia

Down syndrome, trisomies 13 and 18, cri du chat syndrome, and Wolf-Hirschhorn syndrome
22q11.2 deletion syndrome, CHARGE syndrome, and VATER association, Lowe syndrome,

achondroplasia, Crouzon syndrome, Noonan syndrome, and Treacher-Collins syndrome

Multiple malformations

Isolated malformations

Congenital heart diseases

Central nervous system malformations
Gastrointestinal malformations
Respiratory system malformations
Other isolated malformations
Single-gene defect

Mitochondrion

VSD ASD, AVSD, TGA, and DORV

Schistorrhachis, hydrocephalus, and meningoencephalocele

Diaphragmatic hernia, biliary atresia, and congenital intestinal obstruction
CCAM and tracheal stenosis

Cleft palate and cleft lip

Metabolic diseases, spinal muscular atrophy, and spinocerebellar degeneration

The classification of the underlying conditions of the
687 patients is shown in Table 3. In 13 cases, the data for
identifying the underlying disease were insufficient (e.g.,
charts were missing). These cases were categorized as
“unknown condition.” Of the total 687 patients, 372
(54.1%) had genetic disorders and the remaining 302
(44.0%) had acquired conditions unrelated to genetic
disorders, including perinatal complications, neoplasm,
and trauma. Among the 372 patients with genetic disorders,
72 had chromosomal abnormalities, with Down syndrome
(29 cases) being the most common underlying disorder.
Seventy patients had recognizable malformations and
dysplasia, with conditions such as osteogenesis imperfecta,

or acquired). Of these admissions, 200 were readmissions.
Patients with genetic disorders and malformations had a
greater tendency to be hospitalized repeatedly as compared
with those with acquired conditions (Fig. 1). In both genetic
and acquired condition categories, respiratory disease, post-
operative management, and CNS problems were the major
medical problems leading to admission.

We further compared age distribution and the lengths
of hospitalization between the groups with genetic and
acquired disorders (Table 4). The patients with genetic

Table 3 Classification of underlying diseases in 678 patients

22q11.2 deletion syndromes, CHARGE syndrome, and  Underlying diseases Number Percent
VATER association. Multiple malformations with unrecog- T ‘
nizable patterns were present in 38 cases while isolated Gz:?é‘gtiﬁordm and malformations 372 s4.1
malformations, including CNS malformation, congenital Chromosomal abnormalities 2) 105
heart disease, and gastrointestinal malformation were Recognizable malformation/dysplasia (70) 102
present in 160 cases. Multiple malformations (38) 5.5
We also summarized the reasons for the total of 884 Isolated malformations (subtotal:160)  23.3
admissions, according to the underlying condition (genetic Central nervous system malformation an 103
Congenital heart disease 3%5) 5.1
Table 2 Medical problems for admission (V=884) Gastrointestinal malformation (32) 4.7
Causes for admission Number Percent Respiratory system malformation ©) 1.3
Other isolated malformations (13) 1.9
Respiratory problems 298 337 Single-gene defect (26) 3.8
Post-operative management 271 30.7 Mitochondrion 6) 0.9
CNS problems 144 16.3 Acquired non-genetic conditions (subtotal) 302 44.0
Gastrointestinal problems 35 4.0 Perinatal complications (66) 9.6
Cardiac diseases 23 2.6 Neoplasm (38) 5.5
Other infectious state 23 2.6 Trauma(non-accidental and accidental) @27 39
Examination 21 2.4 Infection (16) 2.3
Kidney and urinary tract problems 14 1.6 Other (155) 22.6
Other 55 6.2 Unknown 13 1.9
Total 884 ©100.0 Total 687 100.0
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Fig. 1 Comparison of the incidence of admission between the groups
with genetic disorders and acquired disorders. In both groups, a total
of 200 patients were readmitted. The group with genetic disorders
generally required frequent readmission

disorders were significantly younger than those with
acquired conditions (median age, 2.0 vs. 4.9 years; P<
0.0001). There is no significant difference in the length of
hospitalization between the patients with genetic disorders
and those with acquired conditions (median, 4 vs. 4 days;
P=0.26), but some patients with genetic disorders had
much longer hospitalization (mean, 13.0 vs. 7.0 days; P=
0.007; range, 1-979 days). Among the reasons for
admission, respiratory problems tended to have a longer
duration of hospitalization for patients with genetic
disorders than for those with acquired conditions (median,
7 vs. 5 days; P=0.17).

Discussion

Our study shows that genetic disorders and malformations
account for a significant proportion of cases requiring
admission to the HCU. Additionally, the rate of recurrent
admission was higher among patients with genetic

disorders and malformations than among those with acquired
non-genetic conditions. This finding is in agreement with
those of previous reports for other countries [4, 13].

Several studies from different countries have previously
suggested that genetic conditions and malformations and
the associated mortality and morbidity have a significant
impact on the cost burden for society and the patients’
families. Cunniff et al. reported that 19% of deaths in a
PICU were in cases of heritable disorders [1]. Stevenson
and Carey reported that the 34.4% of deaths in a children’s
hospital were due to malformations and genetic disorders
[15]. On the basis of a population-based study, Yoon et al.
reported that the overall rate of hospitalization was related
to birth defects and genetic diseases, and varied with age
and race/ethnicity [16]. McCandless et al. reported the
enormous impact of genetic disease on inpatient pediatrics
and the health care system in both admission rates and the
total hospital charges [11]. These studies emphasize the
importance of understanding the impact that genetic
diseases have on mortality and healthcare strategies [15].
Furthermore, it is also clear that early recognition of the
underlying disorders is necessary for optimal management
of patients with genetic disorders.

Our study highlights another aspect related to the impact
of genetic disorders and malformations. In 1981, Matsui et al.
analyzed the cases of 18,736 children of total admission
during 1975-1979 to KCMC and found that 44% had genetic
disorders and malformations [10]. Although our study period
and ward are limited to those in the HCU, the patients with
genetic disorders and malformations had consistently
significant impact in KCMC during the ensuing three
decades. Further, it emphasizes that medical care for acute
conditions and surgical procedures frequently requires
highly specialized knowledge of unusual disease conditions
and should be provided in consultation with specialists
such as clinical geneticists.

Table 4 Comparison of patients
with genetic disorder vs.

Genetic disorders

Acquired conditions

acquired condition on ages at

admission and lengths of stay Median (range) n Median (range) n P
Ages 2.0 years (1 day— 372% 4.9 years (9 days— 302% <0.0001
27.0 years) 32.5 years)
Length of hospitalization (days)
Respiratory problem 7 (1-979) 182 50-97) 109 0.17
CNS 4 (1-54) 73 4 (1-207) 68 0.61
Cardiovascular 4 (2-11) 13 4 (2-24) 8 0.94
Gastrointestinal 5.5 (1-37) 22 5(2-15) 12 0.60
Kidney and urinary tract 3(2-12) 5 8 (2-12) 9 032
Sepsis 3.5 (2-9) 14 7 (2-20) 9 0.19
*For the patients who have "Post-operative care 2 (1-49) 174 2(1-62) 93 0.18
recurrent admissions, the only Total 4 (1-979) 518 4 (1-207) 366 0.26

first admission was calculated
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Although the strategies for management of respiratory
infection, by means of newly developed antibiotics and
mechanical ventilators, and surgical intervention for infants
with malformations, have improved, the general strategies
for the medical treatment of genetic disorders and malfor-
mations remain to be clarified. Hall commented on the
report by Yoon et al. [16] and emphasized the significance
of basic research on the human genome and developmental
genetics [3]. As shown in Table 2, genetic disorders and
malformations include rare diseases, which, although
uncommon, remain an important public-health issue and a
challenge for the medical community [12].

Our study had the limitations of genetic studies and
evaluation in cases with multiple malformations and other
isolated malformations. The underlying conditions of most
patients in this study were ascertained by clinical
geneticists, but high-resolution genome analysis with
arrays using comparative genomic hybridization was
applied in only limited cases. Recently, research attention
has focused to a large extent on rare genetic disorders and
Mendelian diseases, because of their significant effect on
human health, with the aim of identifying disease-related
genetic variations. Re-evaluation and classification of
underlying disorders, especially in the case of multiple
congenital anomalies in undiagnosed patients, are required
for further analysis.

Another limitation of our study is estimation of the
financial burden of the group of patients with a genetic
background. McCandless et al. showed that the disorders
with genetic determinant account for 81% of the total
hospital charges [11]. Their results are consistent with those
of Hall et al. in 1978 [4]. Further analysis of financial
burden in our study may provide useful information for
improvement of health care systems.

In conclusion, we report here the proportion of genetic
disorders and malformations among cases encountered at
the HCU of a tertiary children’s medical center in Japan.
Over 30 years, the proportion of admissions attributed to
genetic disorders and malformations has impact and
currently accounts for more than half of admissions to this
facility. These results firstly indicate improvements in
medical care for patients with genetic disorders and
malformations and further highlight the large proportion
of cases with genetic disorders. As these cases require
highly specialized management, the involvement of clinical
geneticists in HCUs at children’s hospitals is crucial.
Eventually, a better fundamental understanding of genetic
disorders and malformations may lead to further improve-

ments in medical care and may reduce the impact of these
conditions on the patients and their families.
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Mutations in genes encoding the glycine cleavage
system predispose to neural tube defects in mice
and humans
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Neural tube defects (NTDs), including spina bifida and anencephaly, are common birth defects of the central
nervous system. The complex multigenic causation of human NTDs, together with the large number of pos-
sible candidate genes, has hampered efforts to delineate their molecular basis. Function of folate one-
carbon metabolism (FOCM) has been implicated as a key determinant of susceptibility to NTDs. The glycine
cleavage system (GCS) is a multi-enzyme component of mitochondrial folate metabolism, and GCS-encoding
genes therefore represent candidates for involvement in NTDs. To investigate this possibility, we sequenced
the coding regions of the GCS genes: AMT, GCSH and GLDC in NTD patients and controls. Two unique non-
synonymous changes were identified in the AMT gene that were absent from controls. We also identified a
splice acceptor site mutation and five different non-synonymous variants in GLDC, which were found to sig-
nificantly impair enzymatic activity and represent putative causative mutations. In order to functionally test the
requirement for GCS activity in neural tube closure, we generated mice that lack GCS activity, through muta-
tion of AMT. Homozygous Amt™"~ mice developed NTDs at high frequency. Although these NTDs were not pre-
ventable by supplemental folic acid, there was a partial rescue by methionine. Overall, our findings suggest
that loss-of-function mutations in GCS genes predispose to NTDs in mice and humans. These data highlight
the importance of adequate function of mitochondrial folate metabolism in neural tube closure.

INTRODUCTION closure of the neural folds during embryonic development
V (1). Although NTDs are among the commonest birth defects
Neural tube defects (NTDs), such as spina bifida and anen- in humans, the causes are still not well understood. This is
cephaly, are severe birth defects that result from failure of most likely due to their complex, multifactorial causation
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which is thought to involve contributions from both genetic
and environmental factors (2—4). The potential complexity
of NTD genetics is illustrated by the fact that more than 200
different genes give rise to NTDs when mutated in mice
(5,6). Moreover, inheritance patterns in humans suggest a mul-
tigenic model in which an affected individual may carry two
or more risk alleles, which by themselves may be insufficient
to cause NTDs (2).

Folate one-carbon metabolism (FOCM) is strongly impli-
cated as a determinant of susceptibility to NTDs since sub-
optimal maternal folate status and/or elevated homocysteine
are established risk factors, whereas periconceptional maternal
folic acid supplementation can reduce the occurrence and re-
currence of NTDs (7,8). Nevertheless, the precise mechanism
by which folate status influences NTD risk remains elusive
(7,9). FOCM comprises a network of enzymatic reactions
required for synthesis of purines and thymidylate for DNA
synthesis, and methijonine, which is required for methylation
of biomolecules (Fig. 1A) (9). In addition to the cytosol,
FOCM also operates in mitochondria, supplying extra one-
carbon units to the cytosolic FOCM as formate (Fig. 1A) (10).

Genes that are functionally related to folate metabolism
have been subjected to intensive genetic analysis in relation
to NTD causation, principally through association studies
(reviewed in 3,4,11). In the most extensively studied gene,
MTHFR, the ¢.677C>T SNP is associated with NTDs in
some, but not all, populations. However, other FOCM-related
genes have largely shown non-significant or only mild associa-
tions. Given the apparently complex inheritance of the major-
ity of human NTDs, many association studies have been
hampered by limitations on sample size. Moreover, although
positive associations have been noted for other genes includ-
ing DHFR, MTHFDI, MTRR and TYMS (12,13), these have
not been replicated in all populations, and additional studies
are required. The hypothesis that genetically determined ab-
normalities of folate metabolism may contribute to NTD sus-
ceptibility is supported by the observation of defects of
thymidylate biosynthesis in a proportion of primary cell
lines derived from NTDs (14). However, these defects do
not correspond with known polymorphisms in FOCM-related
genes. Overall, it appears likely that genetic influences on
folate metabolism remain to be identified in many NTDs.

A potential link between mitochondrial FOCM and NTDs
was suggested by the finding of an association of increased
NTD risk with an intronic polymorphism in MTHFDIL (15).
Another component of mitochondrial FOCM, the glycine
cleavage system (GCS), acts to break down glycine to
donate one-carbon units to tetrahydrofolate (THF), generating
5,10-methylenetetrahydrofolate (methylene-THF; Fig. 1B)
(16,17). The GCS consists of four enzyme components, each
of which is required for the glycine cleavage reaction
(18,19). The components—glycine dehydrogenase (decarb-
oxylating) (GLDC; P-protein), aminomethlyltransferase
(AMT; T-protein), glycine cleavage system protein H
(GCSH; H-protein) and dihydrolipoamide dehydrogenase
(DLD; L-protein)—are encoded by distinct genes: GLDC,
AMT, GCSH and DLD, respectively. The functions of
GLDC, AMT and GCSH are specific to the GCS, whereas
DLD encodes a housekeeping enzyme. GCS components
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Figure 1. Schematic diagrams summarizing the key reactions of folate-
mediated one-carbon metabolism and the GCS. (A) Folates donate and
accept one-carbon units in the synthesis of purines, thymidylate and methio-
nine. Mitochondrial FOCM supplies one-carbon units to the cytoplasm via
formate. The GCS is a key component of mitochondrial FOCM that breaks
down glycine and generates 5,10-methylene-THF from THF. Genes encoding
enzymes for each reaction are indicated in italics. DHF, dihydrofolate; THF,
tetrahydrofolate. (B) Summary of the GCS. The glycine cleavage reaction is
catalysed by the sequential action of four individual enzymes: GLDC,
GCSH, AMT and DLD. The first three of these (shaded grey) are specific to
the GCS. Glycine is broken down into CO, and NH;, and donates a one-
carbon unit (indicated in bold) to THF, generating 5,10-methylene-THF.
The other carbon in glycine (indicated in italics) enters CO»,.

have been found to be abundantly expressed in the neuroepi-
thelium during embryogenesis in the rat (20).

We hypothesized that modulation of GCS activity has the
potential to influence efficacy of cellular FOCM during the
period of neural tube closure and, hence, susceptibility to
NTDs. Therefore, in the current study, we screened genes en-
coding GCS components for possible mutations in NTD
patients and controls. We tested variant proteins for loss of
function by enzymatic assay and mice lacking GCS function
were generated, to test the effect on embryonic development.

RESULTS

The hypothesis that genes of the GCS represent candidates for
involvement in NTDs prompted us to screen for potential
mutations in patient samples. Coding exons of AMT (9
exons), GCSH (5 exons) and GLDC (25 exons) were
sequenced in a total of 258 NTD patients comprising cohorts
from Japan, the UK and Sweden. Each of the major categories
of NTDs was represented among study samples, including an-
encephaly (n=38), spina bifida (n=198) and craniora-
chischisis (n = 22).
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Table 1. Nucleotide changes in NTD patients and controls identified by exon sequencing of AMT, GLDC and GCSH

Location Nucleotide Effect Number of mutation carriers in  Number of mutation carriers Number of mutation carriers  Variant
change UK cohorts in the Japanese cohort in the Swedish cohort GLDC
NTD group Control NTD group  Control NTD group  Control enzyme
(type”) group (type®) group (type”) group activity"
(n=166)° (n=189)° (n=14)° (n=36) (n=176)° (n = 145)°
AMT
Exon 2 c.103A>C p.R35R 0 1 0 0 —
c214A>G p.T72A 0 0 0 1 0 -
Exon 6 c.623C>A p.AZ()SDd 0 2 0 0 —
Exon 7
GLDC
Exon | ¢.52G>T p.G18C 2 (SBO/SBA) 2 1] 2 (SBA) 2 84%
Exon 5 c.668C>G pP223R ¢ 0 0 1 0 e 92%
Exon 12 ¢.1508A>C p.E503A 1 (SBA) 0 0 0 0 —
Exon 14
Exon 17 c.1953T>C p.H651H 0O 1 0 0 0 — —
Exon 19 81%
Intron 19
Exon 20 p-A7T94T 2 (SBASBA) 0 0 0 2 (SBA) 2 88%
D.A802A An 0
Exon 21
c.2487C>T p.A829A 0 1 0 0 0
c.2565A>C p.A855A 1 (An) 0 0 0 0 — e
Exon 23 c.2746C>T pL916L 1 (Cm) 0 0 [t} 0 — ——
Exon 25 ¢.2964G>A p.RO8SR 0 0 0 0 1 (SBA) 0 e
c.2965A>G pI9gv 0 1 0 0 0 0 130%
GCSH
Exon 1 c.53C>T p.AIBY 1 (An) 0 0 R —

All nucleotide changes were found in heterozygous form. One individual carried ¢.52G>T and ¢.1705G> A in GLDC, whereas no other individuals carried more
than one of the nucleotide changes listed here. Eight silent polymorphisms and four missense variants present in dbSNP (http://www.nebi.nlm.nih.gov/projects/
SNP/) are not listed in this table and include: AMT: ¢.954G>A (p.R318R, 1511715915); GLDC: ¢.249G>A (p.G83G, 1512341698), ¢.438G>A (p.T146T,

rs13289273), ¢.501G>A (p.E167E, rs13289273), ¢.660C>T (p.L.220L, rs2228095), ¢.666T>>C (p.D222D, 1s12004164), ¢.671G>A (p.R224H, rs28617412) and
¢.1384C>G (p.L462V, rs73400312); and for GCSH: ¢.62T>C (p.S21L, rs8052579), ¢.90C>G (p.P30P, rs8177847), ¢.159C>T (p.F53F, rs177876), ¢.218A>G
(N738, rs8177876), ¢.252T>C (Y84Y, 158177907) and ¢.261C>G (L87L, rs8177908). Grey shading indicates loss-of-function mutations, based on enzymatic

activity in the in vifro expression study or splicing defect.

“Residual enzymatic activity of GLDC mutant protein is expressed as %activity of the wild-type enzyme (Fig. 2).
"SBA, spina bifida aperta; SBO, spina bifida occulta; An, anencephaly; Crn, craniorachischisis.

“Total number of UK, Japanese or Swedish NTD patients.

This variant was previously established as tikely to be a non-functional polymorphism by segregation in an NKH family (21).
°A biochemical test of folate metabolism, the dU suppression test, was previously performed on primary fibroblasts derived from this patient and showed a defect

of thymidylate biosynthesis to be present (14).

p.A569T has previously been reported as a pathogenic mutation in a patient with typical NKH (21).

In AMT, we identified two novel sequence variants pre-
dicted to result in non-synonymous missense changes,
¢.589G>C (D197H) and ¢.850G>C (V284L), in anencephaly
and spina bifida patients, respectively, from the UK cohort
(Table 1). Neither variant was present in 526 UK or 36 Japa-
nese control subjects or in the SNP databases dbSNP and 1000
Genomes. An additional missense variant, E211K, was also
identified in three spina bifida patients, two from the UK
and one from Sweden. Causative mutations in AMT have
been found previously in an autosomal recessive inborn
error of metabolism, non-ketotic hyperglycaemia (NKH)
(17). The E211K variant had previously been identified in

an NKH family but was established as likely to be a non-
functional polymorphism by segregation (21). Therefore, this
variant is considered unlikely to be causally related to NTDs.

Exon sequencing of GCSH revealed eight single-base sub-
stitutions, one of which (¢.53C>T, p.Al8V) was a novel
change found in both an NTD and a single control
(Table 1). The others all corresponded to known SNPs,
which did not suggest a role for GCSH in NTDs,

Next we turned our attention to GLDC, in which we identi-
fied 27 single-base substitutions (Table 1), including 11 silent
nucleotide changes, 15 non-synonymous changes and a spli-
cing acceptor variant of intron 19 (c.2316-1G>A). The
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Figure 2. Characterization of GLDC missense mutations identified through
DNA sequence analysis. (A) The schematic represents the 1020 amino acid
residue GLDC polypeptide with the positions of the identified missense var-
iants indicated. Mutations conferring significantly reduced activity (B) are
indicated in bold. The leader peptide for mitochondrial import (shaded
black) and the lysine 754-binding site for the co-factor pyridoxal phosphate
(PLP) are indicated (49). (B) Enzymatic activity of GLDC missense variants.
Expression vectors with wild-type and mutant GLDC ¢DNAs were transfected
into COS7 cells for the evaluation of GLDC activity, which is expressed as
relative activity (%) of cells expressing wild-type ¢cDNA (shaded grey). The
L462V GLDC enzyme (shaded grey) was tested as an example of a normally
occurring variant (rs73400312). Variant proteins whose activities were signifi-
cantly diminished compared with wild-type are indicated by black shading.
The [989V variant, identified in a control parent, showed significantly elevated
activity. Values are given as mean + SD of triplicate experiments (*P < 0.05;
**P < 0.01, compared with wild-type).

latter is deduced to abolish normal splicing of the GLDC
mRNA, with predicted skipping of exon 19 resulting in loss
of the reading frame. Among the 15 missense variants identi-
fied in GLDC, 5 were unique to the NTD group, being absent
from all 562 control individuals as well as from the SNP data-
bases. A further three novel variants were found only in con-
trols, whereas the remainder were found in both NTDs and
controls, and included previously reported SNPs.

We investigated the possible functional effects of GLDC
missense variants by expressing wild-type and mutant cDNA
constructs in COS7 cells, followed by enzymatic assay of
GLDC activity involving a decarboxylation reaction usmg
[-! C]glycme (22). Twelve GLDC variants were tested, in-
cluding those that were unique to NTD patients and, therefore,
hypothesized to be potentially pathogenic (Fig. 2). The L462V
variant, which corresponds to a known SNP (rs73400312), was
included as an example of a known normally occurring form.
Five of the missense changes, G507R, P509A, V5241, A569T
and G825D, resulted in a significant reduction in GLDC activ-
ity compared with the wild-type protein (P << 0.001). Notably,
all five of these deleterious variants were present solely in
NTD cases, whereas none of the variants that were unique
to controls (P223R, V735L and I989V) showed loss of

g

LTR | SA-Neo-pA |

LR jgene- frappmg vector

:

2

B Amtt/+  Amth/—  Amt—/~

Figure 3. Generation of Am¢ knockout mouse by gene trapping. (A) The loca-
tion of the gene-trap vector in Amt intron 2 in the ES cell line OST181110 was
determined by inverse PCR. Mice carrying this mutation were generated using
standard methods of blastocyst microinjection with OST181110 ES cells to
generate chimeras, and germ-line transmission. LTR, long terminal repeats;
SA, splicing acceptor site; Neo, neomycin phosphotransferase gene; pA, poly-
adenylation sequence. (B) For genotyping, mouse genomic DNA was sub-
jected to allele-specific amplification with F, Rl and R2 primers
(Supplementary Material, Table S1). A genomic fragment of 320 bp was amp-
lified from the wild-type allele, whereas a 233 bp fragment was amplified from
the Amt-mutant allele. (C) RT-PCR analysis of Amt mRNA expressed in the
brain and liver of Am¢-mutant mice. Primers in exon 1-2 generated a
121 bp band irrcspecﬁve of mouse genotypes. RT-PCR in which either one
(f2-r2) or both (£3-r3) primers were located in exons 3’ to the insertion site pro-
duced 220 and 355 bp cDNA fragments, respectively, in Amtt™ and Amr’™
mice, but not in Amr™". The Amt mRNA in mice carrying the trap vector was,
therefore, aberrantly spliced at the end of exon 2, resulting in truncation of Am¢
mRNA in Am™"™ mice.

enzymatic function. In the case of G18C and A794T, which
occurred in both NTDs and controls, there was no significant
loss of enzymatic activity, suggesting that these are unlikely
to be causative mutations.

Having identified putative mutations in AMT and GLDC in
NTD patients, we hypothesized that loss of GCS function
could predispose to development of NTDs. In order to directly
test the functional requirement for GCS activity in neural tube
closure, we generated mice that lacked GCS activity, using a
gene trap (OmniBank, OST181110) of the Amr gene. The
vector was located in intron 2, resulting in a truncated tran-
script that lacked exons 3—-9 (Fig 3). The efficacy of the gene-
trap vector in trapping expression of Amt (Amt™) was con-
firmed by RT-PCR analysis (Fig. 3). Heterozygous Amt™'™
mice were viable and fertile and exhibited no obvious malfor-
mations. Homozygous Am:™"~ mice were not observed among
post-natal litters from heterozygote intercrosses, and so fetuses
were examined at embryonic day (E) 17.5. Strikingly, 87% of
Amt™"" fetuses (34 out of 39) exhibited NTDs, whereas no
malformations were observed in Ams™ " (n=33) or Ams™™
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Figure 4. Mice lacking GCS activity exhibit NTDs. (A) Phenotypes of Amt
mutant mice. NTDs were evident in the majority (88%) of Amt™’~ fetuses
(exam /ples shown are at E17.5). Various types of NTDs were observed in
Amit™’" fetuses, which principally affected the cranial region; a, no NTDs;
b, small exencephaly (dotted circle); c—e, large exencephaly, f, craniora-
chischisis. (B) Enzymatic activity of the GCS in 4ms knockout mice.
Amt™™ and Ami™" fetuses had sxgmﬁcantly lower GCS activity in the
liver than Amt™" fetuses, with activity in Amr™" samples below the level
of detection (**P < 0.01 compared with Ams™).

(n=66) fetuses. Defects mainly comprised exencephaly
(82%), in which the cranial neural folds persistently failed to
close (Fig. 4). There was also a low frequency of the more
severe condition, craniorachischisis (5%), in which the
neural tube remains open from the mid- and hindbrain, and
throughout the spinal region (Fig. 4). Fetal liver samples
were subjected to enzyme assay to determine overall activity
of the GCS. In Amt™"" mice, overall GCS activity was effect-
ively ablated bemg below the detection level of the assay
(0.01 nmoles of “CO, formed/gram protein/h), consistent
with the Amt~ allele being a functional null (22) (Fig. 4).
These findings confirm that AMT function is essential for
GCS activity, and that the latter is necessary for successful
neural tube closure.

Given that GCS is a component of FOCM (Flg. 1), we eval-
uated the possible prevention of NTDs by folate-related meta-
bolites. Maternal supplementation was performed with folic
acid, thymidine monophosphate (TMP), methionine or me-
thionine plus TMP (23). Neither folic acid nor TMP signifi-
cantly affected the frequency of NTDs among the
homozygous Amt™"~ offspring. However, we observed a sig-
nificant protective effect of maternal supplementation with
methionine or methionine plus TMP, compared with the non-
treated group (P < 0.05; Fig. 5).

DISCUSSION

NTDs remain among the commonest human birth defects and
understanding their genetic basis presents a considerable

Human Molecular Genetics, 2011 5

{0} Large exencephaly
. Craniorachischisis

0% 50%

100%

Control
Folic acid |

™P

.

Figure 5. Maternal supplementation of 4m¢ mutant embryos with folic acid,
TMP or methionine. Maternal treatment with folic acid (n = 10 homozygous
mutant fetuses) or TMP (n = 12) had no significant effect on NTD frequency,
whereas the frequency of unaffected embryos was significantly increased
following treatment with methionine (n=12) or methionine plus TMP
group (n=12). The asterisk indicates significant difference compared with
non-treated group (P < 0.05).

challenge owing to their multigenic inheritance and the poten-
tial influence of environmental factors, either predisposing or
ameliorating. Several lines of evidence indicate a requirement
for FOCM in neural tube closure and, therefore,
GCS-encoding genes provide excellent candidates for possible
involvement in NTD susceptibility. We identified putative
mutations in AMT and GLDC which include a splice acceptor
mutation and a number of non-synonymous variants that were
absent from a large group of population-matched controls, as
well as from public SNP databases. In the case of GLDC, en-
zymatic assay confirmed that several mutations resulted in sig-
nificant loss of enzyme activity. Finally, in vivo functional
evidence of a requirement for GCS function in neural tube
closure was provided by the occurrence of NTDs in Ami™"~
mice lacking GCS activity. Together these findings indicate
that mutations in GLDC and AMT predispose to NTDs in
both mice and humans.

Where parental samples were available (6 of the 11 NTD
cases that involved putative mutations in GLDC), we demon-
strated parent-to-child transmission (Supplementary Material,
Table S2). Six were instances of maternal transmission and
one involved paternal transmission. We hypothesize that
absence of an overt NTD phenotype in parents who carry a de-
ficient GLDC allele may result from incomplete penetrance, or
lack of additional genetic or environmental factors which are
predicted to be necessary for NTDs owing to their multifactor-
ial aetiology. We also note that partial penetrance is a feature
of numerous mouse models of NTDs (5,8).

Inherited GCS deficiency, owing to mutation of AMT and/or
GLDC, has been shown to cause NKH in humans (17). NKH is
a rare, autosomal recessive, inborn error of metabolism, char-
acterized by accumulation of glycine and encephalopathy-like
neurological signs, including coma and convulsive seizures in
neonates. GCS activity is greatly diminished in NKH patients
and they would, therefore, be predicted to be at increased risk
of NTDs. It is possible that NTDs may occur in combination
with NKH but as anencephaly is a lethal condition, co-existing
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NKH would go undetected. Lack of NTDs in NKH patients
may also reflect the multigenic nature of NTDs, which
require the presence of additional risk alleles in non-GCS
genes. NKH is a relatively rare condition, with a prevalence
of 1/63 000 births in British Columbia (24) and 1/250 000 in
the USA (25). It is therefore possible that an increased risk
of NTDs among carriers of GCS mutations in NKH families
may not have been noted and this possibility is worthy of
investigation. Based on estimated carrier frequency and the
incidence of mutations among NTD patients, we predict that
NTDs might be expected among 1/150 of the siblings of
NKH patients (see Supplementary Material, Table S3 for esti-
mate calculation). One case report of an NKH patient with a
GLDC mutation describes the additional presence of spinal
cord hydromyelia (19). This condition is often associated
with low spinal defects (involving secondary neurulation),
but it is also possible that the expanded spinal canal was
also present at a higher level and might indicate a limited
defect in primary neurulation.

The mutations described in the current study were all
present in heterozygous form and, therefore, are hypothesized
to be insufficient to cause NKH while predisposing to NTDs.
For example, in the current study we found four NTD patients
and one control individual to be heterozygous for the A569T
mutation, which is shown to result in reduced enzyme activity.
This mutation was previously identified in a Caucasian patient
with typical NKH, in combination with a second mutation,
P765S (26), confirming that it is deleterious in vivo. Hence,
we predict that, depending on the co-existing genetic milieu,
the A569T variant may cause NKH, predispose to NTDs or
be compatible with normal development.

The high incidence of NTDs in AMT mutant mice is particu-
larly notable as NTDs have not previously been found to be a
common feature of mouse models deficient for folate-
metabolizing enzymes. This includes null mutants that have
been reported for eight other genes that encode enzymes in
FOCM (Fig. 1A) (27). Four have normal morphology at
birth (Chs, Mthfdl, Mthfi- and Shmtl) (28-31), Mthfd2 null
embryos die by E15.5 but neural tube closure is complete
(32) and null mutants for Mtr, Mtrr and Mihfs die before
E9.5, prior to neural tube closure (33—35). Although analysis
of mouse mutants has not supported a role for single-gene
mutations in FOCM as major causes of NTDs, a requirement
for cellular uptake of folate for neural tube closure has been
demonstrated in Folrl null embryos, in which NTDs occur
when rescued from early lethality by folic acid supplementa-
tion (36). There is also considerable evidence for possible in-
volvement of gene—environment and/or gene—gene
interactions in NTDs. For example, in Pax3 mutant (splofch)
embryos, which exhibit a defect of thymidylate biosynthesis,
dietary folate-deficiency increases the frequency of cranial
NTDs (23,37). Similarly, a diet deficient in folate and
choline causes NTDs in Shmt/ mutant embryos, whereas
Shmtl and Pax3 mutations exhibit genetic interaction (38).

Regarding the mechanisms by which GCS mutations affect
neural tube closure, a key question is whether NTDs are
caused by impairment of FOCM or by another cause such as
glycine accumulation. Modelling of hepatic FOCM, based
on biochemical properties of folate-metabolizing enzymes
(39), predicts that loss of the mitochondrial GCS reaction

would reduce the efflux rate of formate to the cytosol by
~50%. This results in reduced synthesis of purines and thymi-
dylate, which are essential for the rapid cell division in the
closing neural folds. Interestingly, a UK patient with anen-
cephaly who was found to carry the GLDC loss-of-function
mutation P509A in the current study (Table 1) was previously
found to have impaired thymidylate biosynthesis, assayed in
cultured fibroblasts (14). These findings support the hypothet-
ical link between diminished GLDC function, reduced thymi-
dylate biosynthesis and development of NTDs. Reduced
thymidylate biosynthesis and diminished cellular proliferation
are proposed to underlie folate-related cranial NTDs in splotch
(Pax3) mouse mutants (37,38).

As well as impairment of nucleotide biosynthesis, the pre-
dicted effect of diminished GCS activity in reducing produc-
tion of methionine (39) may also be of relevance as
methionine is the precursor for the methyl donor
S-adenosylmethionine. Indeed, metabolic tracing experiments
suggest that ~80% of 1C units in the methylation cycle are
generated within mitochondrial FOCM (40). Impairment of
the methylation cycle and/or DNA methylation is known to
cause NTDs in mice (41) and is proposed as a possible
cause of human NTDs (7,42). It was therefore notable that
we found a preventive effect of methionine supplementation
in Amt™'" mice. Together, these findings suggest that
FOCM, required for both thymidylate biosynthesis and methy-
lation reactions that are essential for neural tube closure, may
be functionally deficient in individuals who have mutations in
GLDC or AMT.

MATERIALS AND METHODS
Patient cohorts and sequencing

Mutation analysis by DNA sequencing was performed on all
exons of AMT, GCSH and GLDC as described (26). Cases
comprised Japanese patients with anencephaly (n = 14) and
two separate cohorts of UK patients with a diagnosis of anen-
cephaly (combined n = 24), spina bifida (n = 122) or cranior-
achischisis (n = 22). In addition, the exons of AMT, GCSH
and GLDC were sequenced in 76 Swedish patients with
spina bifida. Unaffected controls, completely sequenced for
these genes, comprised 36 Japanese and 189 unrelated UK
subjects. Exons found to contain missense mutations were
also sequenced in a further cohort of 192 well-characterized
UK controls (43) and in 145 Swedish controls. This study
was approved by the Ethical Committees of Tohoku Univer-
sity School of Medicine, UCL Institute of Child Health, New-
castle University and the Karolinska Institute.

Enzymatic assay of GCS activity and GLDC activity

GCS activity was measured in mouse liver samples by a
decarboxylation reaction using [1-"*C]glycine as described
(22). For analysis of GLDC activity, wild-type and mutant
GLDC cDNAs were cloned into pCAG expression vector,
kindly provided by Professor Jun-ichi Miyazaki (Osaka Uni-
versity, Japan) (44). Constructs were transfected into COS7
cells, which were harvested as described previously and cell
pellets stored at —80°C prior to analysis (45). GLDC
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enzymatic activity was determined, in triplicate, by exchange
reaction between carbon dioxide and glycine using NaH'*CO;
in the presence of excess recombinant bovine GCSH protein as
described (22). An expression system of lipoylated bovine
GCSH protein in Escherichia coli was kindly provided by
Dr Kazuko Fujiwara (Tokushima University, Japan) (46). Stat-
istical analysis was performed using SPSS software version
11.0 (SPSS, Inc., Chicago, IL, USA).

Knockout of Amt by insertion of a gene-trap vector

Mice carrying a gene-trap allele of Ams (here denoted Am:t™)
were generated at Lexicon Genetics, Inc. (Houston, TX,
USA) using the OST181110 ES cell line. The genomic inser-
tion site of the gene-trap vector was determined by inverse
PCR and localized to intron 2 (Supplementary Material,
Fig. S1). Total RNA was prepared from the mouse liver and
brain at E18 for RT-PCR analysis (Supplementary Material,
Fig. S1 and Table S1). Amt™™ mice were backcrossed with
wild-type C57BL/6 mice for nine generations to generate a
congenic line of mice on the C57BL/6 background, for use
in biochemical and histological analyses. This study was
approved by the Animal Experiment Committee of Tohoku
University.

Maternal supplementation with folic acid and related
metabolites

Dams were treated with folic acid (25 mg/kg), thymidine-
1l-phosphate (TMP; 30 mg/kg) or L-methionine (70 mg/kg)
by intra-peritoneal injection, 2 h prior to mating and daily
from E7.5-10.5. Doses were based on previous studies
(23,47,48). ‘

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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We report two individual cases of cardio-facio-cutaneous (CFC) syndrome with severe neurological
impairment consisting of infantile spasms with hypsarrhythmia and refractory epilepsy with multifocal
epileptic paroxysms such as modified hypsarrhythmia. Both cases shared diffuse brain atrophy and
severely delayed myelination on neuroimaging. Genetic analysis revealed individual heterozygous
mutations in the KRAS (phenotype of CFC/Noonan syndrome) and BRAF genes (phenotype of CFC
syndrome). Neurological impairment in cases with mutations in the RAS/MAPK (mitogen activated
protein kinase) signal pathway may be more severe, and could be linked to some forms of refractory
epilepsy, especially epileptic encephalopathy that includes infantile spasms.

© 2011 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Cardio-facio-cutaneous (CFC) syndrome is a very rare and
sporadic disease that includes the characteristics of dysmorphic
facial appearance, ectodermal abnormalities, cardiac abnormalities,
growth retardation and neuro-developmental delay. This syndrome
is categorized as one of the RAS/MAPK syndromes, which cause
altered signal transduction of the RAS/MAPK (mitogen activated
protein kinase) pathway, including BRAF, MEK1/2, and KRAS.!"2
Compared with other RAS/MAPK syndromes, such as Costello
syndrome and Noonan syndrome, CFC syndrome exhibits a more
severe phenotype including severe neurological impairment,
seizures, and developmental delay. We describe the clinical details
of neurological findings in two cases of genetically determined CFC
syndrome which displayed refractory epilepsies diagnosed as
infantile spasms and other epileptic encephalopathy, and we then
compare our results with those of similar literature findings.

2. Case reports
2.1. Case 1: six-year-old boy

A large-for-date boy was delivered as the first child to healthy
and non-consanguineous Japanese parents (mother 42 years old
and father 31 years old) at 32 weeks of gestational age with a birth
weight of 3758 g and with moderate neonatal asphyxia (an Apgar

* Corresponding author. Tel.: +81 79 432 3531; fax: +81 79 432 3672.
E-mail address: ama-p@rc4.so-net.ne.jp (M. Adachi).

score of 6 at 5 min after birth) following a normal pregnancy. The
patient was intensively treated in the neonatal intensive care unit
(NICU) in our hospital. Postnatal screening showed fetal hydrops
with heart failure due to severe pulmonary valve stenosis which
was treated with diuretics and beta blockers. Peculiar craniofacial
features included “coarse face,” curly hair, prominent forehead,
downslanting palpebral fissures, short nose and broad nasal tip
with anteverted nares, low-set dysmorphic and posteriorly
angulated ears, abnormal skin (loose and pigmented skin with
deep furrows and multiple lentigo, wrinkled palms with deep
palmar and plantar creases), webbed neck, chest deformity, and
micromelic dwarfism (Fig. 1A).

At three days postnatal, myoclonic seizures of the extremities
occurred which were controlled by administration of bolus
midazolam (MDL). At the age of 11 months, he developed repetitive
series-formed tonic spasms, and the interictal electroencephalo-
gram (EEG) showed hypsarrhythmia (Fig. 1C). Valproic acid (VPA),
clonazepam (CZP), and zonisamide (ZNS) were ineffective in
reducing seizure frequency and improving EEG findings, and
complete remission was only obtained by one course of low dose
(0.025 mg/kg) adrenocorticotropic hormone (ACTH). Since under-
going ACTH therapy, he has had no episodes of epileptic seizures
while undergoing VPA monotherapy until the present age of six
years, but his most recent (interictal) EEG showed asynchronous,
high-voltage slow waves with irregular spike-waves, or polyspikes
with/without waves dominantly in the right temporal-occipital
region (Fig. 1D). Magnetic resonance imaging (MRI) at three years of
age revealed agenesis of the corpus callosum, ventricular dilatation,
diffuse cortical atrophy and severely delayed myelination (Fig. 1B).
Tracheotomy was performed and persistent mechanical ventilation

1059-1311/$ - see front matter © 2011 British Epilepsy Association. Published by Elsevier Ltd. All rights reserved.
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Fig. 1. Case 1. “Coarse face.” curly hair, prominent forehead, dysmorphic ears, abnormal loose and pigmented skin, webbed neck, chest deformity, and micromelic dwarfism at
six years (A), agenesis of the corpus callosum, ventricular dilatation, diffuse cortical atrophy and severely delayed myelination on MRI images at three years (B),
hypsarrhythmia at 11 months (C), asynchronous, high-voltage slow waves with irregular spike-wave or polyspikes with/without waves dominantly in the right temporal-

occipital region at six years of age (D) on EEG.

was initiated for severe dyspnea with laryngo/tracheomalacia.
Percutaneous endoscopic gastrostomy (PEG) was performed for
repetitive aspiration pneumonia caused by dysphagia. He has been
diagnosed as mentally retarded and had not developed any
expressive language. Additionally, he suffers from truncal hypotonia
with increased muscle tone and joint contractures in his extremities.
He has been profoundly delayed in terms of physical and mental
development due to his severe motor and intellectual disabilities.

His karyotype was 46,XY and genetic screening confirmed a
heterozygous nucleotide change within exon 5 of the KRAS gene
(c.458A > T), causing the amino acid substitution D153V, whose
phenotype was CFC/Noonan syndrome.

2.2. Case 2: four-year-old girl

An appropriate-for-date girl (35 weeks of gestational age with a
birth weight of 2624 g) without asphxial episodes was born to
healthy and non-consanguineous parents (mother 30 years old and
father 35 years old) who had previously given birth to three
healthy baby girls. Following delivery, several surface anomalies
were noted, such as an odd-looking “‘coarse” face (prominent
forehead, short nose and broad nasal bridge with anteverted nares,
downslanting palpebral fissures, and low-set dysmorphic ears),
curly and sparse hair, abnormal skin manifestations (loose,
pigmented skin with multiple lentigo, wrinkled palms with deep
palmar and plantar creases), narrow chest, and hypotonic
micromelic dwarfism (Fig. 2A). Postnatal screening revealed
cardiac failure due to severe hypertrophic cardiomyopathy,
resulting in chronic heart failure, which necessitated the adminis-
tration of diuretics and beta blockers.

On admission to our NICU, a subtle seizure occurred and was only
controlled following the infusion of phenobarbital (PB) and MDL.
After this episode, seizures have been severely refractory and
uncontrolled despite the use of a majority of antiepileptic drugs,
including PB, VPA, CZP, ZNS, carbamazepine, phenytoin, primidone,

nitrazepam, clobazam, topiramate, lamotirigine, gabapentin, leve-
tiracetam. Seizures are composed of repetitive brief tonic spasms,
tonic-clonic (sometimes developing to status epileptics), myoclonic,
and complex partial seizures (sometimes evolving to generalized
tonic-clonic seizure [GTCS]), all occurring daily and frequently.
Interictal EEG revealed modified hypsarrhythmia at one year of age
(Fig. 2C), and her most recent (interictal) EEG showed continuous
high-voltage spike or polyspikes with/without slow waves mainly in
the left centro-temporal-parietal region at four years of age (Fig. 2D).
ACTH therapy has not been introduced because of moderate cortical
atrophy with delayed myelination and hypoplastic corpus callosum
on cranial MRl images noted at two years of age (Fig. 2B). In addition
to seizures, she has exhibited frequent involuntary movement,
consisting of dystonia, athetosis, and myoclonus, all resistant to
various muscle-relaxant drugs.

She had frequently developed episodes of dyspnea due to
congenital laryngo/tracheomalacia, which resulted in tracheotomy
and persistent mechanical ventilation during night sleep before
two years of age, but recurrent aspiration pneumonia caused by
dysphagia finally required PEG. She has been profoundly mentally
retarded and unable to speak any words. She has been unable to sit
unassisted because of general hypotonia and joint contractures in
her extremities. Overall, she has exhibited severe motor and
intellectual disabilities.

Her Kkaryotype was 46, XX and advanced genetic screening
confirmed a heterozygous nucleotide change within exon 12 of the
BRAF gene (c.1454T > (), causing the amino acid substitution
14858, whose clinical phenotype was CFC syndrome.

3. Discussion

The different types of RAS/MAPK syndrome have many
overlapping characteristics, including craniofacial manifestations,
cardiac malformations, cutaneous, musculoskeletal, gastrointesti-
nal, ocular abnormalities, and neuro-cognitive impairment,
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Fig. 2. Case 2. Odd looking “coarse” face (prominent forehead, short nose, and low-set dysmorphic ears, curly sparse hair), abnormal loose, pigmented skin with multiple
lentigo, narrow chest, and hypotonic micromelic dwarfism at four years (A), diffuse brain atrophy with delayed myelination and hypoplastic corpus caliosum on MRI images
attwo years (B), modified hypsarrhythmia at one year (C), and continous high-voltage spike or polyspikes with/without slow waves mainly in the left centrotemporalparietal

region at four years of age (D) on EEG.

including hypotonia and seizures, caused by dysregulation of
signaling in the RAS/MAPK pathway due to mutations mainly in
BRAF, MEK1, or MEK2.'-* Correlation between confirmed muta-
tions and non-neurological, cardiovascular, cutaneous, and mus-
culoskeletal abnormalities in CFC patients have been discussed,'>
but detailed analyses of their associated neurological impairments,
especially epileptic conditions, have been sorely lacking.

Only a few previous reports*'® of CFC syndrome mentioned
associated neurological impairment, especially seizures and EEG
findings, but were lacking in terms of their detailed clinical
features and courses. Gross-Tsur et al. described the neurological
status of 16 patients with CFC syndrome (genetically undeter-
mined cases) in their report with a literature review,? including six
EEG findings (generalized dysrhythmia [grade, and ungraded], low
voltage, focal activity, and episodes of spike and slow 2 Hz with
slow background activity). Recently, Yoon et al. mentioned the
seizure types and EEG findings in 12 of 15 cases, including four
cases of infantile spasms with hypsarrhythmia on EEG.” Moreover,
Aizaki et al. reported a case of CFC syndrome with infantile spasms,
suggesting that seizures with CFC syndrome were refractory
despite the administration of various types of anticonvulsants and
that the neuro-developmental delay caused by CFC syndrome is
severe.!°

Both cases in the present report exhibited infantile spasms with
severely abnormal EEG (modified hypsarrhythmia). Case 1 has
been remitted with ACTH therapy and Case 2 remains uncontrolled
despite the administration of various types of anticonvulsants.
Upon reviewing previous literature*~'? describing the epileptic
conditions and neuroimages in patients with cardio-facio-cutane-
ous syndrome (Table 1), 62 cases were discovered which
mentioned their epileptic condition which included 12 cases
(19.3%) with infantile spasms or brief tonic spasms, each of which

were accompanied by hypsarrhythmia or modified hypsarrhyth-
mia on EEG. Other cases also develop various types of seizures,
GTCS (sometimes evolving to status epileptics), and complex
partial seizure, with severe abnormal EEG, consisting of general-
ized or partial epileptiform activities. Most of the seizures in these
patients still remain uncontrolled despite the use of various types
of anticonvulsants. Based on the two present cases and the
literature review, the high complication rate of infantile spasms in
CFC syndrome suggests that there may be specific factors relating
to refractory epilepsy, especially epileptic encephalopathy, in the
RAS/MAPK signaling pathway.

As for correlations between genotype and epileptic phenotype,
D153V mutation in the KRAS gene (as seen in Case 1) was
previously reported''~'? in six cases (two of CFC syndrome, three
of Noonan syndrome, and one of CFC/Noonan syndrome), but in
none of these cases did the patient develop seizures. Accordingly,
this mutation may be unrelated to epileptic severity. On the other
hand, it is noteworthy. that the mutation L485S in the BRAF gene
(as seen in Case 2) has been recently reported to be detected in a
patient of CFC syndrome with infantile spasms following a
refractory therapeutic course.’® This point mutation may be
related to the severity of epileptic conditions in RAS/MAPK
syndrome. In addition, this report'® described the efficacy of a
ketogenic diet (KD) to reduce seizure frequency, but in the present
Case 2 patient with the same mutation in the BRAF gene, KD has
not been introduced because of severe thinness despite adequate
tube nutrition.

In a recent report of CFC patients, neuroimaging played an
important role in the diagnosis of this syndrome.' Most of the 62
patients with CFC syndrome in the present review shared severe
abnormal neuroimaging, including hydrocephalus, agenesis/hy-
poplasia of the corpus callosum, ventricular dilatation, cortical



Table 1

Epileptic conditions and neuroimages in patients with cardio-facio-cutaneous syndrome: present cases and those from a literature review.

Gene Mutation Sex Age of seizure Seizure type Interictal EEG findings Anticonvulsant Seizure prognosis Neurodevelopmental Neuroimaging
Ref. onset therpay delay (brain MR}
Gross-Tsur N.A. NA. M 1y 9mo Lennox-Gastaut  Multiple episodes of spike  VPA, (ZP Decrease in Hypotonia, ataxia, lack Normal
etal? (n=1) syndrome and slow wave activity, seizures of language skill,
2 Hz. The background extreme hyperactivity
activity was abnormally
slow.
Raymond and N.A. N.A. F - No seizure Decrease in anterior - - No motor delay, External
Holmes® (n=2) voltages, no epileptiform marked language hydrocephalus
activity (postnatal delay with widened
screening) subarachnoid
space, cortical
atrophy in the
frontal and
temporal lobes (CT)
N.A. N.A. M - No seizure N.A. - - No motor delay, Marked cortical
marked atrophy (CT)
language delay
Sabatino N.A. N.A. M 1y 3mo Tonic-clonic (SE) Focal activity in the N.A. N.A. Moderate to severe Cortical atrophy,
et al® (n=2) bilateral posterior areas ventriculomegaly
NA. N.A. F Gy GTCS Irritative waves and PB Controlled Moderate to severe Diffuse cortical
generalized atrophy
disorganization, frequent
focal spikes in the right
regions, sometimes in
contralateral areas.
Yoon et al.” MEK1 F53S F 15y 10mo GTCS, Abs, CPS Generalized spikes/slow ZNS, LEV Not described in ~ Severe Ventriculomegaly
(n=15) waves (n=5), detail. and hydrocephalus
hypsarrhythmia (n=4), Polytherapy (66%), prominent
focal epileptiform required in 9 of Vircho- Robin
discharges (n=3) 15 cases, _spaces (20%),
suggesting that cortical atrophy,
seizure control is prominence of CFS
often difficult. spaces wih
macrocephaly,
benign
extraventricular
obstructive
hydrocephalus.
(some cases)
BRAF L485F M 2wk CPS, sGTCS, Abs OXC, DZP, Severe
BRAF F468S F 11y GTCS CBZ, PB Profound
BRAF Q257R M 2y 6mo Abs, focal VPA Mild
BRAF del E11 F 1y 6mo IS TPM, CZP, VPA, PSL Severe
BRAF Q257R M 3y Not specified CBZ Severe
BRAF F595L F 6mo IS, vocal motor, Felbamate, ZNS, CZP Profound
CcPs
BRAF T599R F 3y Not specified 0OXC Profound
BRAF G534R M Sy GTCS, Abs 0OXC Profound
BRAF L4855 M 4mo GTCS, CPS, 1S TPM, CZP, VPA, DZP NA.
MEK1 Y130C F 2y Not specified LEV N.A.
BRAF D638E F 1y 6mo GTCS, Abs LEV, PHT Profound
BRAF K499N F 7mo GTCS, Abs LTG, CBZ, CZP Severe
MEK1 Y130N F 1y CPS OXC Profound
MEK1 G128V F 5mo 1S PB, LTG, VPA, CZP N.A.
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Table 1 (Continued)

Gene Mutation Sex Age of seizure Seizure type Interictal EEG findings Anticonvulsant Seizure prognosis Neurodevelopmental Neuroimaging
Ref. onset therpay delay (brain MRI)
Armour and BRAF N.A. NA. IS (n=5), N.A. NA. Respondents 49% All significant Hydrocephaly (2),
Allanson® (n=38) (15/32 cases) Abs (n=4), delay {available  ventriculomegaly (9),
MEK1(2/4 cases) GTCS (n=4), in 27cases) reduced white matter
MEK2(1/2 cases) CPS (n=4) (6), thin corpus
callosum (3), cerebral
atrophy (3), delayed
myelination (3),
Chiari 1 malformation
(1), pachygyria (1),
nodulat heterotopia
(1), abnormal
migration (1),
cerebellar
calcification (1)
available on 23
cases)
Demir BRAF F468S F N.A. Recurrent Epileptiform discharges VPA, CBZ, TPM Controlled Mental/motor/ Mild frontoparietal
et al® (n=1) clonic in the right front central language delay cortical atrophy,
seizures temporal region mildly dilated
ventricles, thinning
of the posterior
part of the
corpus callosum
Aizaki BRAF L4855 F 2mo Brief tonic Asynchronous, high- VPA, VitB6, ZNS, CLB, Uncontrolled Profound Hypoplastic corpus
etal'?(n=1) spasms voltage slow waves with PB, ACTH, KD, callosum, moderate
(repetitive) multifocal sharp waes Clorazepate brain atrophy,
appeared with bilateral dipotassium delayed myelination,
pariet-occipital ambiguous
predominance coorticomedullary
boundary in the
right posterior
temporal lobe
Present cases KRAS D153V M (Case 1) 3mof/l1mo Myo/iS Hypsarrhythmia (at 11 MDL/VPA, CZP, ZNS,  Controlled Profound Diffuse cortical
(n=2) mos), asynchronous, high- ACTH atriphy, ventricular
voltage slow waves with dulatation,
irregular spike-wave, or agenesis of the
polyspikes withjwithout corpus callosum,
waves dominantly in the delayed
right temporal-occipital myelination
region (at 6 yrs)
BRAF 14855 F(Case 2) Day0 Subtle, brief Modified hypsarrhythmia ~ MDL, VPA, CZP, NZP, Uncontrolled Profound Diffuse cortical

tonic spasms,
CPS, GTCS

(at 1 yr), Continous high-
voltage spike or polyspikes
withjwithout slow waves
in the left centro-
temporalparietal region
(at 4 yrs)

PB, CBZ, ZNS, CLB,
PHT, PRM, GAP, TPM,
LTG, LEV, TRH, ST

atrophy, ventricular
dulatation,
hypoplastic corpus
callosum, delayed
myelination

09-55 (2102) 17 a4nz13S /v 32 1Yovpy "W

GTCS: generalized tonic-clonic seizure, sGTCS: secondarily generalized tonic-clonic seizure, CPS: complex partial seizure, Abs: absence seizure, Myo: myoclonic seizure, IS: infantile spasms, SE: status epileptics, Subtle: subtle
seizure.

PB: phenobarbital, VPA: valproic acid, CBZ: carbamazepine, ZNS: zonisamide, PHT:pheytoin, PRM: primidon, CZP: clonazepam, CLB: clobazam, NZP: nitrazepam, DZP: diazepam, MDL: midazolam, ST: sultiame, VitB6: vitamin B6,
GAP: gabapentin, TPM: topiramate, LTG: lamotrigine, LEV: levetiracetam, OXC: oxcarbazepine, ACTH: adrenocorticotropic hormone, PSL: prednisone, KD: ketogenic diet, CSF: cerebrospinal fluid, MRI: magnetic resonance image, CT:
computed tomography, SE: status epilepticus, N.A.: not applicable.
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atrophy, and delayed myeliation, resulting in neuro-developmen-
tal delay ranging from ‘moderate to severe’ to ‘profound’, all of
which distinguish CFC syndrome from the other types of RAS/
MAPK syndrome (Noonan and Costello syndromes).

More cases will need to be studied in order to clarify the
genotype-phenotype correlations of several genes in the RAS/
MAPK signaling pathway associated with refractory epilepsy.
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CORRESPONDENCE

Mutation (variation) databases
and registries: a rationale for
coordination of efforts

Arleen D. Auerbach, John Burn, Jean-Jacques Cassiman, Mireille Claustres,
Richard G. H. Cotton, Garry Cutting, Johan T. den Dunnen, Mona El-Ruby,
Aida Falcon Vargas, Marc S. Greenblatt, Finlay Macrae, Yoichi Matsubara,
David L. Rimoin, Mauno Vihinen and Christine Van Broeckhoven

The importance of gene- or locus-specific
databases (LSDBs) has recently been extolled
in this journal (The case for locus-specific
databases. Nature Reviews Genetics 12,
378-379 (2011))". Here we argue that coor-
dination of international efforts for develop-
ing comprehensive mutation databases and
patient phenotype registries is essential for
optimal genetic health care.

Well-funded international efforts for set-
ting up mutation databases or registries are
crucial for several reasons. Many variants
that are found during clinical testing world-
wide are not submitted to databases, where
they could form an important resource for
patient care. Many laboratories and clini-
cians do not have the capacity or incentive
to submit data to databases. This is espe-
cially the case in developing countries owing
mainly to technical insufficiency, lack of
public awareness, lack of international com-
munications, the absence of the concept of
DNA biobanking, national authority restric-
tions and lack of translation from original
languages to English.

The Human Variome Project (HVP)
was initiated to facilitate the collection of
all variants in all genes from all countries
and to include annotation of these variants
for pathogenicity and relevance to clinical
medicine?. It was established at a meeting
in 2006 that was attended by representa-
tives of the World Health Organization
(WHO), the United Nations Educational,
Scientific and Cultural Organization
(UNESCO), the Organisation for Economic
Co-operation and Development (OECD), the
European Commission, March of Dimes,
the US National Center for Biotechnology
Information, the European Bioinformatics
Institute (EBI) and 30 countries®, The third
HVP meeting at UNESCO Headquarters in
2010 allowed the election of an International
Scientific Advisory Committee and affirma-
tion of a Roadmap®. Most recently, China
has committed $300 million to the project’,

and UNESCO has awarded the HVP the
status of ‘NGO in operational relations with
UNESCO. Many working groups are estab-
lishing standards for collecting, presenting
and sharing variation information.

Registries for inherited diseases have
been developed in some countries, especially
where therapies are available (for example,
see REF. 6). Recently, there has been a call for
global registries of rare diseases (more than
80% of which are genetic)™®. Most recently,
the US National Institutes of Health and the
European Commission have developed
the International Rare Diseases Research
Consortium (IRDiRC)®.

These two initiatives, the HVP and
IRDIRC, have been developing essentially
independently and in parallel. The HVP was
driven by clinicians and laboratories wishing
to have access to complete disease-associated
variation information to support diagnostic
advice and to facilitate the publication of novel
mutations of interest. Recently, the focus has
moved to collecting all mutations in all genes
from all countries' as a means of assisting the
interpretation of functional effects of genetic
variations. The IRDIiRC has been driven by
patient groups who are anxious to achieve
therapy for their families’ diseases and to
recruit cohorts for clinical trials in registries.

Practically, the promised funds from
China in support of the HVP will allow
5,000 databases to be properly set up. If the
decision is to set up these databases as both
mutation and patient registries, this will
assist both initiatives and avoid duplication.

Each group has their own networks,
methodology, experts, data content and
specifications. It would seem wasteful if two
parallel systems were developed when many
data are in common and when global reach
is needed by both. In the case of the HVP,
key components that are in place are a feder-
ated model, forums for sharing experiences,
development of best informatics practices
that are relevant to the task, and leadership.
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Clearly in the case of the IRDIRC, the key
components are model registries, Orphanet
experience and Genetic Alliance experience.

Future generations will pay the price for
a failure to establish a joint international
approach to the recording of and provision
of access to human molecular variation, as
such access is the most important step in
approaching the diagnosis, and thus preven-
tion, of inherited disorders.
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