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ABSTRACT

Objective This study aims to assess the attitudes toward non-invasive prenatal diagnosis (NIPD) and NIPD problems
in clinical practice in Japan.

Methads A mail-in survey using a sclf-reported questionnaire was conducted among pregnant women and health
professionals. The questionnaire enquired abourt attitudes, concerns, and expectations regarding NIPD.,

Results The responses from 252 respondents revealed that pregnant women have more positive attitudes toward NIPD
than health professionals. In addition, there were wide discrepancies in concerns and expectations about NIPD,

between medical professionals and pregnant women. The respondents with less NIPD knowledge had a more positive
attitude toward the clinical application of NIPD. There was concern expressed by clinical geneficists whether an NIPD

test should be performed or not when there is a lack of knowledge about the NIPD. All of the health professionals
emphasized the importance of providing genetic counseling prior to and after the testing.

Conclusion Pregnant women place importance on the safety and non-invasiveness of the NIPD tests, whereas medical
professionals consider the diagnostic accuracy and reliability of the test to be the most important. Health
professionals pointed out that the tests might be frequently performed without the pregnant women having adequate

knowledge or counseling. @ 2012 John Wiley & Sons, Ltd.

INTRODUCTION

Despite recent human genetic breakthroughs and their
applications in clinical practice, the prevention of genetic
conditions in newbomn still relies on screening, prenatal
diagnosis, and termination of affected pregnancies. The decision
to consent to prenatal diagnostic tests may be affected by a
variety of factors, such as the country's culture, its health
system, its abortion laws, and the information provided by the
test, as well as parental level of awareness and education.' It
has been recognized that a prenatal health professional’s
attitudes may influence a pregnant woman's decision to consent
to a prenatal diagnosis. >’

Invasive procedures such as amniocentesis and chorionic
villus sampling (CVS) have been clinically available but involve
small and definite risks to the fetus and/or the mother. To
reduce the risk, a combination of maternal serum parameters
and ultrasonographic screening is currently used to assess the
risk of fetal aneuploidy. The development of new, potentially
non-invasive approaches involves the examination of fetal cells
or cell-free DNA within the maternal circulation as a source of

Prenatal Diagnosis 2012, 32, 674-679

fetal DNA. The enrichment of nucleated red blood cells using
lectin and a subsequent auto-detection system has improved
the accuracy of the diagnosis of fetal aneuploidy®® and is
now under evaluation in clinical trials. Another approach
utilizes cell-free (extracellular) fetal DNA or RNA. The use of
such procedures for determining the Rhesus factor status in
RhD-negative pregnant women has been translated into
clinical practice.’® In 2008, a next-generation sequencing
technology was applied to cell-free DNA analysis in maternal
plasma.'’"'? The next-generation sequencing test was proven
to be highly accurate for detecting fetal trisomy-21 in plasma,”
and it has been commercially approved for the non-invasive
prenatal diagnosis (NIPD) of trisomy-21 in both the USA
and China.

In Japan, prenatal genetic screening is performed in fewer
than 5% of all pregnancies and mostly performed as second-
trimester maternal serum screening. First-trimester screening
is still uncommon in Japan. After maternal serum screening
was introduced in the 1990s, the Ministry of Health, Labour,
and Welfare of Japan published clinical practice guidelines

© 2012 John Wiley & Sons, itd.
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entitled “Opinions Concerning Tests using Maternal Serum
Markers” in 1999. The guidelines concluded that the
implementation of second-trimester maternal serum
screening is not a necessity. Additionally, obstetricians were
not obliged to actively inform pregnant women about
second-trimester maternal serum screening. The guidelines
also concluded that not all pregnant women should be
informed about the availability of such testing. Nevertheless,
when a pregnant woman requests an explanation about the test,
the medical professional should carefully explain about the
prenatal diagnosis. The consensus about the ultrasonography
detection of soft markers, such as nuchal translucency, is
followed by the Japan Society of Obstetrics and Gynccology
because there were concerns about the ethical, social, and
psychological aspects of the tests. For example, the test results
might lead pregnant to misunderstand the
information or may make them anxious about the results
expressed as part of an individual risk assessment.!'?
Therefore, there is concern about whether the test should be
performed as mass screening to detect fetal abnormalities.
For these reasons, Japanese health professionals tend not to
actively inform pregnant women about prenatal screening
tests (e.g., serum and ultrasonography) and diagnostic tests
(e.g., amniocentesis and chorionic villus sampling). However,
as pregnant women have learned more about genetic
screening and prenatal diagnosis, there has recently been a
greater demand for such testing.

New NIPD testing will be better in safety, robustness, and early
time performed in pregnancy than invasive test. In the clinical
setting, there is concern that informing parents about the
prenatal screening can cause acceptance of this test and its
results without sufficient consideration, causing an increase in
elective abortion.™'*'7 Little is known about the attitudes of
pregnant women regarding NIPD."**! Although Japan still has
various limitations regarding the performance of both prenatal
diagnosis and screening, it is important to know the opinions
and social consciousness of pregnant women and health
professionals to further develop NIPD testing systems in Japan.

women

METHODS

Self-report questionnaires were sent to clinical geneticists
(pediatricians and obstetricians), midwives or nurses, and
genetic counsclors belonging to the same hospitals.
Questionnaires were given to pregnant women when they
visited the outpatient clinic at Showa University Hospital,
Tokyo, and Shonan-Tobu Hospital, Kanagawa, Japan, between
July and August 2011. A cover letter accompanied each
questionnaire, explaining the purpose of the study, its
confidentiality, and the method to follow when replying.
Furthermore, in the supplement, we explain NIPD testing,
which will become available as a first-trimester diagnostic test,
as well as its risks, advantages, and disadvantages. The medical
ethical committee of Showa University approved this study.
Prior to the study, ten health professionals tested the
questionnaire (the medical ethical committee of Showa
University also approved this preliminary study). On the basis
of the pilot test, the questionnaire required only minor
grammatical changes.

Prenatal Diognosis 2012, 32, 674679

The questionnaire was composed of seven sections. The first
section collected sociodemographic data about the respondents
and contained the information about the NIPD. The other six
sections consisted questions relating to the following: (i)
agreement or disagreement with the clinical application of NIPD;
(i) expectations about NIPD testing; (iil) concerns about
the clinical application of NIPD; (iv) NIPD testing methods;
(v) attitudes toward the clinical application of NIPD if the
pregnant women have adequate or inadequate knowledge;
and (vi) suitable targets of the NIPD testing. The survey used a
5-point Likert scale as follows: 1, fully disagree; 2, disagree;
3, neither agree nor disagree; 4, agree; 5, fully agree. Then, the
5-point Likert scale was limited to three categories (fully
disagree, neither agree nor disagree, and fully agree) to avoid
small data pools for some responses. A pregnant woman was
assumed to have adequate knowledge when she knew the risks,
advantages, and disadvantages of NIPD, as described in the
questionnaire supplement. The data were analyzed using the
Statistical Package for Social Sciences software program version
17. Cronbach’s coefficient alpha test was used to clarify the
validity of the test. The Chi-square test, Mann-Whitney test,
Kruskal-Wallis test, and Friedman test were used in the statistical
testing of differences between the groups.

RESULTS

Background characteristics

There were a total of 252 respondents consisting of 185 health
professionals and 67 pregnant women. The response rate was
58% among obstetricians (n=>58), 39% among pediatricians
(n=39), and 45% among genetic counselors {n=41). The
response rate of the pregnant women is unknown because
the self-reported questionnaire was used at outpatient clinics.
There were also 36 midwives or nurses in health professionals
group. The demographic characteristics of the respondents
are shown in Table 1.

Agreement or disagreement with the clinical application of NIPD
Table 2 shows that most of the health professionals and
pregnant women agreed with the clinical application of NIPD.
More pregnant women agree with the clinical application of
NIPD than health professionals (X?=7.355, p<0.01).

Expectations for NiPD

Table 3 shows the answers to the 11 questions related to the
expectation for NIPD as follows: the better safety of the NIPD,
the lower maternal physical and psychological stress related
to the test's procedure, the earlier gestational age of the
testing performed, the higher diagnostic accuracy, the ability
to provide a definitive diagnosis, and the shorter processing
time for the results (on the 5-point Likert scale). Pregnant
women strongly expected the testing to be safe for the fetus
and to result in less maternal physical and psychological
stress. The medical professionals strongly expected the tests
to be safe for the fetus, to have high diagnostic accuracy, and
to provide a definitive diagnosis. It was revealed that the

© 2012 jobn Wiley & Sons, id.
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Table T The demographic characteristics of the respondents

Female
Mol

Not stated
20-29
30-39
40-49
50-59
=40

Not stated
Ceoupation Closreniciar/ dirical gensticist
Pediatricion/clinical geneticist
Genetic counselar

Midwite of nurse

Orthar

Health prbfessiono?é {N: :

08 53% 67 [100%
81 (44%

613%)
161863 10114.9%
34118.4%) 44165.7%)
451(35.1%) 10114.9%
57130.8%) '
1015.4%)

301 7% 3(4.5%
58131.3%
39121.1%
41122 7%}
36119.2%]
11 (5.9%

Table 2 Agreement or disagreement with the clinical application
of non-invasive prenatal diagnosis testing

38 197.3%)

Agree Q7 178.9%) 135183.3%)
Disogies 26121 1% 112 7%) 27 (16 7%
Towal 123 39 162

pregnant women expected more from the NIPD than the
medical professionals in seven of the 11 items (Mann-Whitney
test], including less maternal physical and psychological
stress, items associated with an earlier diagnosis, and those
associated with the safety of the NIPD tests,

Sofe for the fetus

Table 3 Expectations about non-invasive prenatal diagnosis testing

Concerns about the clinical application of NIPD

Table 4 shows the responses to the 16 questions related to
the concerns about the clinical applications of NIPD (on a
5-points Likert scale). Medical professionals had numerous
concerns, especially with regard to the test’s implementation
if the pregnant women have inadequate knowledge of
the NIPD, insufficient counseling before the testing, the
occurrence of unexpected results and confusion, and
increased test participation without full consideration. On
the other hand, the pregnant women had concerns about an
unequal access to the test (because of the cost), test’s
implementation without NIPD knowledge, an increase in
abortions, and an increase in test participation without full
consideration, Health professionals are significantly more
concerned about NIPD than the pregnant women in ten of
the 15 items (p < 0.001) as follows: increased test participation

Averé§¢d rank®
Medical profeéﬁioﬁa!s

_ Pregnant women . p-value®

8.47 7.83 0.045
Less materal physicel ond physiclogicol stress (berause of peripheral blood sampli 688 J15 0.000
Cor be dicgrosed early in pragnoncy [~ 10weeks) &.38 5.0 0.233
High dicgnostic aeauracy {compared with omniccentesis) 722 6.56 G144
Definitive diagnosis linstead of screening) 7.20C 5.69 0.065
Shorter processing time for results {ubout 1 week] &.75 552 G277
Eorlier resulis are beter becouse they reduce concemns oot the boby 433 6.71 0.0C0
carlier sesulis lead 1o o betier relofionship between the mother ond the newborn 3.27 4.40 0.000
Ealier treatment/ consideration can be perormed if on abrommaliyy is found 5.03 585 0.000
In cose of cbortion, there is less moremal stress because of earlier gesiotion 4.66 4.36 0.003
Resulls cre easy to understand 583 573 0.001

TFriecmon test: In each group of medicol professionsls and pregnont women, ¢ rank sum anolysis was perdormed. The Frieamor et Inor-porametic satisical lesl) is used to

detect differences in paied m ms and s indiccled by the ronk sum resub.
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Table 4 Concerns about the clinical application of NIPD festing

Increase in test parficipation without full consigerciion
Autonomous option of the test is restricted
Unequal access to the test due 1o cos!

Nare pregnant wamen wauld receive an unexpecied esdl [because of the hequancy
of testirgl, causing confusion

Counseling is insufficient because of the noninvasiveness of the testing

Aborions would become more prevalen:

Autonomous decisions 1o hove o baby with o chromosomal chnormality will be limited

lesting would be peroimed more ofter with inoceguate physicion's knowledge

Tesling would be performed with inadeguate pregnant women's knowledge

NIPD connot diagnoss chromosomal stucurel sbrnomaliies le.g., rorslocation)

NIPD con lead to discrimination ogoinst newbormns with chromosomel obnormalitiss
because of decrensed prevalence

Unnecasscry tesing would be perdormed

Tesling will develop into broad and global genetic screening

§es€ir1g ~will lop inlo mass 3

Testing will develop for narmedical purposes le.g., gender determingtion)

The technology may be diverted for the soke of developing o “designar baby”
Qy mMay ; G ;

Averaged rank®

Medicqi professiqxéa]s : V_Prbegrl\i;ht women p‘-,\’/qlué'_”v
10.41 2.56 0.000
4,88 6.1/ 0.000
65,96 10.82 0.052
11.25 16.07 0.000
1130 7.59 0.00C
761 10.38 0247
6.47 Q.36 0.992
10.67 7.24 0.000
11.40 10.59 0.200
Q.01 7.63 Q.000
5.51 7.51 0427
8.82 /.78 2000
8.22 7.41 0.000
695 8.02 C.082
7.08 6.93 000
7.48 8.97 C.07

NIPG, roninvasive prenclal diagnosis.

“Friedman tes. In each group of medical professionals ard pragnant women, the rank sum anclysis wes performed.

“Mann-Whitney test: The difference between medical professionals and pregnon: women wos onalyzed.

without full consideration, inadequate counseling prior to the
test, implementation of such tests without NIPD knowledge
among medical professionals and pregnant women, and using
such tests when not necessary.

Clinical application of NIPD testing
In this section, we asked medical professionals and pregnant
women whether each survey participant accepts the clinical
setting that all pregnant women be allowed to undergo NIPD
testing if they want to have the test. The attitudes of the
pregnant women and the healthcare professionals differed in
regard to this question (Table 5). Among the pregnant women,
97.8% agreed that women should be allowed to undergo the
test if they want it, whereas only 35.9% of the healthcare
professionals agreed (X®=49.049, p < 0.001).

We also asked whether NIPD testing should be limited to
women with a significant risk for having a fetus with a genetic
condition (Table 6). Both groups showed a similar tendency:

Table 5 Pregnant women are able to undergo non-invasive
prenatal diagnosis testing if they so desire: medical professionals
versus pregnant women

‘Medical pfofgssidncjls i ;‘Pregncx,nt women.

Agree 85152.6%)

42 [35.9%) 43197 8%)
Disagres 75164 1%) 112.2%] 76 |47 2%)
Toldl 17 44 161

namely, a total of 84.8% of the health professionals and 77.8%
of the pregnant women agreed that this test should be
performed in high-risk cases (p=0.217).

Attitudes about the clinical application of NIPD with or without
sufficient knowledge about the test

Table 7 shows that respondents with inadequate NIPD
knowledge tended to have a positive attitude toward the clinical
application of NIPD (76.8%). Only 34.3% of respondents with
adequate NIPD knowledge agreed that pregnant women be
allowed to undergo NIPD test if they want to (X%=22.569,
p < 0.0001). Table 8 shows that 36.6% and 60.5% respondents,
with inadequate or adequate NIPD knowledge, respectively,
wanted their partner to undergo the test (X?=5.717, p< 0.05).

Suitable targets for NIPD tesfing
In order of importance, the suitable targets for NIPD testing
according to health professionals are as follows: childhood-onset

Teble ¢ Non-invasive prenatal diainosis testing should be
Eerformed for pregnant women who have a significant risk for
aving a fetus with a genetic condition

jonals' - Pregnont wv’cif‘mex"r ‘
o AN=s7y

~ Toul

Agree 123 {84.8%) 30{16.6%)

28177 8%
Discgies 22 (15.2%) 8122.2%) 151 {83.4%}
Totol 145 36 181
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Table 7 Acceptance of the clinical application of NIPD testing
with and without knowledge about the NIPD

With knowledge - - Without knowledge

cboutNIPD - cboutNIPD  Toml
Agres 241{34.3%; 43 [76.8%} 67 (53.2%]
Disagree 45165 .7%; 13(23.2%! 50 (46.8%)
Total 70 56 126

NPD, norinvasive prenatal disgnasis.

Table 8 Respondents hope to undergo the NIPD testing if they or
their partner becomes pregnant

- With knowledge ithout knowledge

. oboutNPD © cbout NIFD Total
Agres 26 (36.6%) 23 (60.5%) 49 (45%)
Disogres 45 {63 4% 15{39.5%] 60 {55%!
Totat 71 38 109

NIPD, rominvasive prenatal diogrosis.

Table 9 Suitable targets for non-invasive prenatal diagnosis testing
on the opinion of medical professionals

Childhootonser severe genetic dissases

At risk of severe Xlirked diseoses 10.91
RhD blood typing 10.64
Chiomasomal aneuploidy le.g., Down syrdiome} 10.63
Chromosomal ebnammality le.g., microdelstion, duplication] 8.82
Chromasornol tesl equal to karystyping auality 832
Adultonser severe reurological disorder 8.12
le.g., Huntingion's disease]
Adulonser heredilory conces 7.28
Carrigr lesting for geretic disorders 591
Wil phenotype genelic disorders (2.g., color blindness) 5.04
Broad arc global idendfication of genstic condiions 5.24
lifeshierelated disenses (e g., dicbetes| 477
Mossscresning opplications 4.54
Genger idznification without medical reason 303

“Hiedmon test

severe genetic disorders, severe X-linked disorders, rhesus D
blood typing, and chromosomal aneuploidy such as Down
syndrome and trisomy-18 (Table 9}. The healthcare professionals
disagreed about the application of NIPD testing for gender
determination without a medical reason and for adult-onset
diseases as mass screening for all pregnant women.

DISCUSSION

The present study showed that most of the pregnant women
and health professionals had positive attitudes toward the
clinical application of NIPD, although around 20%, especially
clinical gencticists, were reluctant to recommend NIPD usage
in clinical practice. These positive attitudes could hasten the
acceptance of the application of NIPD testing in clinical

Prenatal Diagnosis 2012, 32, 674-679

practice, especially in Japan. There were discrepancies in the
expectations and indications for NIPD between healthcare
professionals and pregnant women. In particular, the pregnant
women expected most in fetal safety and less in maternal stress
of NIPD. Meanwhile, medical professionals expected most in
high diagnostic accuracy, the ability to provide a definitive
diagnosis, and the safety of the testing. Furthermore, pregnant
women considered the reduction of maternal stress during the
test procedure and the ability to have an earlier diagnosis
(to relieve anxiety) to be more important than did the health
professionals. Medical professionals put more importance
on the diagnostic accuracy and reliability of the test. These
differences in expectations and concerns could help in the
development of improved education strategies for both
pregnant women and health professionals.

Regarding concerns about the clinical application of NIPD,
healthcare professionals pointed out that the test may be
performed without providing information about the advantages
and limitations of NIPD because of the test’s non-invasiveness.
In this study, the pregnant women are concerned about unequal
access to the test due to the cost and increase in abortions
performed.

It is interesting to note that those respondents with inadequate
knowledge of NIPD tended to appreciate NIPD testing. The cause
of this tendency is unknown. There was a possibility that
pregnant women might accept NIPD testing more easily because
of an unquestioned acceptance of anything new.'® Moreover, in
this study, more pregnant women than health professionals
agreed that pregnant women be allowed to undergo the test if
they wish. In this section, when we presented the first statement,
“All women are able to undergo NIPD testing if they want it,”
there was a discrepancy in opinions (97.8% pregnant women
agreed, 35.9% health professionals agreed, p< 0.001). Then, in
the second statement, “NIPD should be limited to women with
a high risk of a genetic condition,” there was no substantial
discrepancy in opinions (77.8% pregnant women agreed, 84.8%
health professionals agreed, p=0.217). When presented with
the second statement, the pregnant women might have
reconsidered, and their attitudes were changed slightly. This also
indicates that pregnant women might accept NIPD testing more
casily because of an unquestioned acceptance.

This difference in tendencies could lead to several problems.
If the test is conducted on pregnant women with inadequate
knowledge about the purpose of the test and what kinds of
information can be obtained, the test results might thus create
either misunderstanding or anxiety.

Although the survey did not address these problems, providing
sufficient information about NIPD to both pregnant women and
health professionals might have a positive impact. Prior to NIPD
testing, it is necessary that genetic counseling, including
discussions about the benefits and limitations of testing, is
provided to every pregnant woman. In this way, pregnant
women could make an autonomous informed decision about
using NIPD and the test’s results.?*

The NIPD technology became commercially available in the
USA in 2011, but only the test for trisomy-21 is available as an
advanced screening test with an extremely high detection rate
and a low false-positive rate. As a result, the International Society
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for Prenatal Diagnosis has announced a statement about
“Prenatal Detection of Down Syndrome Using Massively Parallel
Sequencing (MPS)” (http://cmg.informz.net/CMG-ISPD/data/
images/ispd.ar.mps.24octl1.pdf). This statement indicates that
MPS can be helpful for pregnant women who may have been
determined to be at high risk by previously recommended
screening methods under suitable genetic counseling and that
the International Society for Prenatal Diagnosis does not
endorse the ad hoc use of MPS testing in women at lower risk.
However, the future directions of NIPD technology will likely
hasten progress toward definitive testing because pregnant
women are hoping for the establishment of safe and reliable
tests, Therefore, at the time of this MPS clinical application,
a counseling system should be implemented for pregnant
women prior to and after testing. Pregnant women who are
considering the MPS test need to receive detailed genetic
counseling and to give their informed consent prior to the
test. The present study suggests that genetic counseling prior
to and after the testing is vital to addressing the challenges
associated with building a new framework for genetic
counseling for NIPD testing.
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PVI - Periventricular venous infarction
PVL.. Periventricular leukomalacia

Spastic diplegia is a subgroup of cerebral palsy (CP) found
both in preterm and term infants; however, the underlying
causes differ. Preterm spastic diplegia is the result of periven-
tricular leukomalacia (PVL),! whereas only 12% of children
born at term with spastic diplegia have PVL.? In a study based
on the data collected from the Surveillance of Cerebral Palsy
in Europe collaboration, 45.7% of patients born at term with
CP with a birthweight of 2500g or more had bilateral spastic
palsy.® The ratio of patients with CP with severe impairments
peaked in the 1980s, fell during 1990 to 1999, and was little
changed in the 1990s compared with the late 1970s.* How-
ever, another recent population-based comparative analysis of
children with CP born between 1990 and 1996, and between
1997 and 2003 showed an increase in those born at term with
spastic diplegia from 9 (4/46) to 20% (5/25)° respectively.
"The pathogenesis of spastic diplegia in those born at term is
poorly understood. Although some clinical and neuroradio-
logical studies have reported magnetic resonance imaging
(MRY) findings other than PVL,"*™ most used small sample

© The Authors. Developmental Medicine & Child Neurclogy © 2012 Mag Keith Press

sizes and, thus, did not provide a broad perspective on the
pathology of spastic diplegia in those born at term.

The present study investigated the relaton between MRI
and clinical findings in 2 large sample of children born at term
with spastic diplegia.

METHOD

Patients

Between 1 September 1990 and 31 August 2008, 829 patdents
with CP underwent MRI at the Takuto Rehabilitation
Center for Children, Sendai, Japan. Of those, we enrolled 86
term patients (54 males, 32 females; median age 20y, range
7-42y) with clinical evidence of spastic diplegia. The inclu-
sion criteria were a diagnosis of CP, a diagnosis of spastic
diplegia, and gestational age of 37 weeks or more. Spastic
diplegia was defined as a type of spastic quadriplegia affecting
the lower more than the upper extremities."®” Brain MRI
and clinical findings of the participants were retrospectively
analysed. The present study was approved by the ethics

DO 10.1111/dmen 12013 167
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committee of the Takuto Rehabilitation Center for Children
(number 22-2).

MRI analysis

MRI was performed using a Toshiba MRIT 50A scanner
(0.5T; Toshiba, Tokyo, Japan) with 10mm muldslice axial and
sagittal T1-weighted spin-echo images (repetidon time/
echo time [TR/TE] 375/14) and axial T2-weighted spin-echo
images (TR/TE 2000/120), or a Shimadzu-Marconi Magnex
Eclipse scanner (1.5T; Shimadzu-Marconi, Kyoto, Japan) with
Smm multslice axial and sagittal T1l-weighted images
(TR/TE 500/20) and axial T2-weighted images (TR/TE
5000/72). T'wo authors (YN, IS-S) with no knowledge of clini-
cal informaton independently evaluated the MRI findings.
The MRI findings were categorized as shown in Table I and
are illustrated in Figure 1. Hypomyelination was defined as a
delayed or arrested normal myelinating process resulting in a
persistent immature pattern of myelination in the cerebral
white matter. Porencephaly was defined as fluid-filled cavities
in the cerebral hemisphere connecting to the lateral ventricle.
In the present study, there were no patients with porencephaly
connected to the hemisphere surface. Periventricular venous
infarction (PVI) was defined to the loss of periventricular
tissues after venous infarction caused by subependymal haem-
orrhage.'® Because porencephaly and PVI are probably based
on the same pathophysiology, we combined them into the one
category. Cerebellar atrophy was defined as a small cerebellum
with prominent fissures between shrunken folia,'! whereas cer-
ebellar hypoplasia was defined as a small cerebellum with nor-
mally sized fissures and folia.'"" When MRI revealed mixed
abnormalities, the diagnosis was based on the most prevalent
and dominant findings as the cause of the spastic diplegia. Fur-
thermore, patients with abnormalities in more than one radio-
logical category were analysed. Disagreements in diagnosis
were resolved by the third author (YK) and second author
(AO).

Clinical assessment

The patients’ age at diagnosis of CP, assignment of Gross
Motor Function Classification System (GMF CS)"? level, and
cognitive assessment as well as the history of asphyxia were
retrospectively analysed from the medical records.

Motor-deficit severity was classified into levels T to V
according to the GMFCS; the levels were interpreted from
the latest clinical records. We found it difficult to distinguish
between GMFCS levels I and II clinically; thus, those levels
were combined in the statistical analysis.

The children’s developmental quotents (DQ) or intelli-
gence quotients (IQ) were assessed using either the Enjoji
developmental test, which evaluates physical abilites of the
whole body, skilled hand motor actvities, behaviour,
interpersonal skills, speech ability, and language comprehen-
sion,'® or the Wechsler Intelligence Scale for Children (3rd
edition).!* In cases of serial rating studies, we used the
latest result to ensure an exact classification. The patients’
DQ/IQs were graded and classified into three groups:
normal, DQ/IQ270; mild, 50?DQ/IQ<70; severe, DQ/
1Q<50.

Epilepsy was defined as the occurrence of at least two
unprovoked epileptic seizures; neonatal seizures and febrile
convulsions were not included.’® The epilepsy outcome at the
dme of the present study was classified as good when the
patient was seizure-free for more than 2 years, poor when the
patient had more than two seizures per month despite appro-
priate treatment, and moderate if the patient was between the
two classifications.

Tehlé:l:_Magnaﬁc resonance imaging classification and its distribution among patients born at term with spastic diplagia

Classification

Description

Normal No abnormality detected 36 41.9
Periventricular Symmetric reduction of the peri-trigonal white matter volume with a consecutive 12 14.0

leukomalacia enlargement of the posterior horns, scalloped ventricular contours, periventricular gliosis

and secondary atrophy of the posterior part of the body and the splenium of the corpus
callosum
Malformation Includes cortical dysplasia, schizencephaly, polymicrogyria, pachygyria, and heterotopias 3 3.5
Hypomyelination Delayed or arrested normal myelinating process resulting in persistent immature pattern 5 5.8
of myelination in the cerebral white matter

Cerebellar atrophy Shrinkage of cerebellar vermis and hemisphere 2 23
Diffuse cortical atrophy Diffuse reduction of the volume of cerebral gyri : 4 47
Enlargement of the Enlargement of bilateral lateral ventricles except the findings of periventricular leukomalacia 12 14.0

bilateral lateral ventricles
Border-zone infarction Ischemic changes in the watershed area between anterior and medial cerebral artery or 3 35

between medial and posterior cerebral artery

Porencephaly/periventricular Fluid-filled cavities in the cerebral hemisphere connecting to the lateral ventricle/loss of 6 7.0

venous infarction periventricular tissues after venous infarction caused by subependymal haemorrhage
Thin corpus callosum Thinning of the corpus callosum except the findings of periventricular leukomalacia and 1 1.1

porencephary

Unclassifiable Unable to be classified into one of the above groups 2 23
Total . 86
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Figure 1: Magnetic resonance imaging findings of term patients with spastic diplegia. (a) Normal findings detected by T2-weighted spin-echo images (T2WI)
at 7 years. (b} Periventricular leukomalacia by T2WI at 6 years. {c} Hemispheric polymicrogyria of the left hemisphere (arrows) by T2WI at 4 years.

{d) Bilateral parieto-occipital schizencephaly by T1-weighted spin-echo images (TIWI) at 5 years. {e-1, e-2) Cerabral and cerebellar malformation by TIWI at
3 years. {f) Hypomyelination by T2WI performed at 10 years. (g) Cerebellar atrophy by TIWI at 10 years. (h) Diffuse cortical atrophy by T2WI at 10 years.

(i) Enlargement of the bilateral lateral ventricles by T2WI at 2 years. (j} Bilateral frontal border-zone infarction by TIWI at 3 years. (k) Porencephaly by TIWI
at 30 years. {I) Periventricular venous infarction by T2WI at 15 years. {m) Thin corpus callosum by TIWI at 12 years. (n-1, n-2) MR! images of the patients with
hypomyelination, enlargement of the bilateral lateral ventricles, diffuse cortical atrophy, and thin corpus callosum at 7 years.

Table li: Correlation betwsen normal or abr
sy, and intallectual disability

1aging findings and Gross Motor Function Classification ‘Sy,st'e/m

All {n=86) Normal {n=36) Abnormal (n=50)
n % n % n % p

GMFCS level

lorll 61 709 30 83 31 62 0.053

-V 25 291 6 7 19 38
Incidence of epilepsy 24 279 3 8 21 42 0.001
Qutcome of epilepsy

Good 14 3 11

Moderate 4 0 4

Poor <] 0 6
Intellectual disability 52 60.5 19 51 33 66 0.266

Mild 15 7 8

Severe 37 12 25

Intellectual disability ’leve(sz normal, DQ/1Q=270; mild, DO<50/1Q<70; severe, IQ/DQ<50.
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Relationships between normal or abnormal MRI findings
and GMFCS level, epilepsy, and intellectual disability are
shown in Table IL.

Statistical analysis

The association between factors in the children’s clinical
profile (motor function, epilepsy, and intellectual disability)
and MRI findings was investigated. Statistical analyses were
conducted using a 7° test. A p value <0.05 was deemed statisti-
cally significant.

RESULTS

The median ages at diagnosis of CP, assignment of GMFCS
level, cognitive assessment, and MRI were 2 years (range
5mo—8y), 6 years 2y 8mo-19y), 6 years (ly 4mo-19y), and
7 years (10mo-30y) respectvely. Seventeen patents experi-
enced birth asphyxia, including those with normal MRI (n=4),
PVL (»=5), diffuse cortical atrophy (n=2), hypomyelination
(n=2), porencephaly/PVI (n=1), enlargement of the bilateral
lateral ventricles (#=1), thin corpus callosum (#=1), and
border-zone infarction (z=1).

MR! findings

The MRI results of the 86 patients born at term with spastic
diplegia (Table I) revealed normal findings in 36 (41.9%)
patents (Fig. 1a) and abnormal findings in 50 (58.1%). We
examined 60 patients and 26 padents by 0.5T and 1.5T MR1
respectively. The proportion of normal findings did not signif-
icantly differ between 0.5T and 1.5T MRI (p=1.0).

Of the abnormal MRI findings, PVL was observed in 12
patdents (Fig. 1b), malformaton was found in three, hemi-
spheric polymicrogyria of the left hemisphere in one (Fig. 1c),
bilateral parieto-occipital schizencephaly in one (Fig. 1d), and
cerebral and cerebellar malformation in one (Fig. le-1, e-2).
Hypomyelination was observed in five (Fig. 1f), cerebellar
atrophy in two (Fig. 1g), diffuse cortical atrophy in four (Fig. 1h),
enlargement of the bilateral lateral ventricles in 12 (Fig. 1i),
border-zone infarcdon in three (Fig. 1j), porencephaly
(Fig. 1ky/PVI (Fig. 11} in six, and thin corpus callosum in one
(Fig. 1m). Two patients were unclassified according to the
above systetn.

Motor impairment

The associations between MRI findings and motor-deficit
severity, epilepsy, and cognitive impairment are shown in
Table II. Of the 86 patents, 61 (69%) were classified in
GMEFCS levels I or IT. Of the 36 patients with normal MRI,
30 (83%) were graded in GMFCS levels I or II, whereas 30
of 50 patients (62%) with abnormal MRI findings were inde-
pendently ambulatory (GMFCS levels 1 or II). These results
indicate the frequency of patients with motor dysfunction did
not differ between those with pormal and abnormal MRI
findings (p=0.053). The present study identified 25 patients in
GMFCS levels I to V. Their MRI findings included normal
findings (#=6), PVL (n=3), malformation (»=2), hypomyelina-
don (n=3), cerebellar atrophy (n=2), diffuse cortical atrophy
(n=2), enlargement of the bilateral lateral ventricles (n=2),

170 Developmental Medicine & Child Neurology 2013, 55: 167-172

border-zone infarction (#=1), porencephaly/PVI (=2), thin
corpus callosum (#=1), and unclassified (z=1). They contained
five patients with abnormalities in more than one radiological
category: one with cerebellar hypoplasia and pachygyria plus
thin corpus callosumn and enlargement of bilateral lateral ven-
tricles; one with diffuse cortical atrophy plus enlargement of
bilateral lateral ventricles; two with hypomyelination plus
thin corpus callosum; and one with hypomyelination plus
thin corpus callosum plus enlargement of bilateral lateral ven-
tricles plus diffuse cortical atrophy (Fig. In-1, n-2). The first
category was evaluated with the most dominant findings
adopted as the MRI classification in Table II.

Epilepsy

Of the 86 patents, 24 (27.9%) had a history of epilepsy,
including three of the 36 patients (8%) with normal MRI and
21 of the 50 patients (42%) with abnormal MRI findings.
Thus, the frequency of epilepsy was significantly lower in
patients with normal MRI findings than in those with abnor-
mal ones (p=0.001). Among the 24 padents with epilepsy, 14
(58%) exhibited good control, four (17%) had moderate con-
trol, and six (25%) exhibited poor control. The MRI findings
of the six patients with poorly controlled epilepsy were as fol-
lows: porencephaly/PVI (n=2), PVL (#=1), malformation
(n=1), hypomyelination (z=1), and enlargement of the bilateral
lateral ventricles (m=1). MRI of one patient who developed
West syndrome revealed that hypomyelination overlapped dif-
fuse cortical atrophy and enlargement of the bilateral lateral
ventricles; the patient had severe intellectual disability, a poor
epilepsy outcome, and was classified in GMFCS level V.

Intellectual disability

Of the 86 patients, 52 (60.5%) had an intellectnal disability. In
the group of 36 patients with normal MRI findings, 19 (51%)
exhibited intellectual disability, including 12 (63%) with
severe disability and seven (37%) with mild disability. Simi-
larly, 33 of the 50 (66%) patients with abnormal MRI findings
had intellectually disability; 25 (76%) severely and eight (24%)
mildly. These results indicate that the MRI findings were not
correlated with the frequency of intellectual disability in
patients born at term with spastic diplegia (p=0.266).

Other characteristic findings

Two patients showed both cerebellar hemispheric and vermi-
an atrophy. One had no history of asphyxia, the other had no
perinatal record. They were referred to our hospital because
of delayed motor development and crouched posture, and
were diagnosed with spastic diplegia at the ages of 2 and
9 years 7 months respectively. Both had tendon-lengthening
surgery around the age of 10 years. One had intellectual dis-
ability and epilepsy. One was non-ambulatory, whereas the
other one was ambulatory with crutches.

Five patients (three males, two females) whose diagnosis of
spastic diplegia was made between 2 and 3 years of age had
hypomyelination. Their final MRI was studied at 3, 7, 8, 10,
and 11 years respectively. MRI results showed severe hypo-
myelination with reduced white matter volume, whereas the
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thalamus, brainstem, and cerebellum showed preserved myeli-
nation. Three patients had a history of birth asphyxia. Two of
these showed ventricular dilatation and cortical atrophy. Four
patients had severe intellectual disability. Three had epilepsy.
Three patients were non-ambulatory, whereas two were able
to walk independently. Auditory brainstem response, which
correspond to the electrophysiological activity of the auditory
system throughout the brainstem,'® was abnormal in three
patients in whom the upper brainstem components were not
detected; two of these patients were siblings (one male, one
female), suggesting an autosomal recessive trait. The PLPI,
GFC2, and myelin basic protein gene analyses were normal in
one patient. No patient showed clinical deterioration.

Eight patients had asymmetric MRI abnormalites. The
MRI findings in these patients were porencephaly/PVI (z=5),
malformation (hemispheric polymicrogyria; #=1), cerebellar
atrophy (z=1), and enlargement of the bilateral lateral ventri-
cles (n=1). Five patents with porencephaly/PVl and one
patient with malformation had clinical asymmetry, which was
dominant in the contralateral extremities.

Eight patients had abnormalities in more than one radiolog-
ical category, as follows: enlargement of bilateral lateral ventri-
cles plus thin corpus callosum (z=1) or diffuse cortical atrophy
(n=1); malformation, which was cerebellar hypoplasia and
pachygyria plus thin corpus callosum and enlargement of
bilateral lateral ventricles (#=1); hypomyelination plus thin
corpus callosum (n=2) plus enlargement of bilateral lateral
ventricles (#=1) and diffuse cortical atrophy (z=1); and diffuse
cortical atrophy plus enlargement of bilateral lateral ventricles
(n=1). They included five patients in GMFCS levels III to V,
four padents with epilepsy, and six padents with intellectual
disability.

DISCUSSION

The results of the present study show that the MRI findings
were more varied in those born at term with spastic diplegia
than those born preterm with spastic diplegia, suggesting that
the pathogenesis of spastic diplegia in those born at term is
heterogeneous. A recent meta-analysis involving four studies
of patients with spastic CP identified 51 term-born patients

with spastic diplegia.'”” The MRI findings were classified as
normal in 24 (47%), PVL in 13 (25.5%), brain maldevelop-
ment in 6 (11.8%), grey matter lesions in four (7.8%), and
miscellaneous in four (7.8%).17 In our study, 36 patients
(41.9%) were found to have normal MRI findings, which is
consistent with previous reports (Table IIT). Our study dem-
onstrated that patients born at term with spastic diplegia who
had normal MRI findings showed significantly fewer epileptic
episodes than those with abnormal MRI findings. Patients
born at term with spastic diplegia and normal MRI findings
tended to show less severe motor dysfunction than those with
abnormal MRI findings, although it was not significant. How-
ever, the percentage of patients with intellectual disability did
not differ between the normal (51%) and the abnormal (66%)
MRI groups.

Previous studies of patients with preterm spastic diplegia
have found that the severity of motor disability was correlated
with the degree of white matter reduction.® However, an Aus-
tralian population-based cchort study of CP by Robinson
et al.'® reported that spastic diplegia was the most common
clinical motor impairment in patients with normal MRI find-
ings (12/25). These findings suggest the existence of unknown
pathophysiological processes. In our study, six patients were
classified in GMFCS levels II to V despite their normal MRI
findings. Additionally, the proportion of cerebellar atrophy
and hypomyelination was high in the patients in GMFCS
levels I to V.

Individuals with CP and epilepsy have been reported to
have structural brain abnormalities.'® Our results are consis-
tent with these earlier reports. Previous studies have reported
that 18 to 39% of patdents with spasdc diplegia develop
epilepsy.®*? Among them, a comparative analysis of the
frequency of epilepsy in those born preterm and at term with
spastic diplegia revealed that epilepsy was more common in
those born at term.?” The predominance of deep white matter
lesions in preterm infants is thought to be one of the factors
explaining why preterm patients with spastic diplegia are less
likely to develop epilepsy.”*** We found that the frequency of
epilepsy was significantly higher in patients with abnormal
MRI findings than in those with normal ones.

Table Ii: Patients born at term with spastic diplagia who had normal magnetic resonance i

Characteristics of spastic diplegia (n born at term/preterm) (%)

Number Number born at
born at term with spastic Spastic Spastic diplegia Spastic diplegia
term with diplegia and diplegia {term/preterm) Spastic diplegia (term./preterm)
spastic normal MRI (term/ with severe motor {term/preterm) with intellectual
References diplegia findings (%) preterm) impairment with epilepsy disability
Koeda et al. 7 4(57) 18{7/11) - - -
Yokochi et al.® 3 2 (67) 34(3/31) 20 (/-1 {58.8) - 20 {-/-) (58.8)
Krageloh-Mann et al.? 9 21{22) 29 (9/20) - - -
Hayakawa et al.” 20 11(55) 63 (20/43) 6(1/5) (9.5) ~ -
Okumura et al.? 13 4(31) 81(13/68) - - -
Carlsson et al.?° 23 - 59 (23/36) - 21(12/9) (35.6) -
Kulak et al.2? 17 - 40(17/23) 5 (~/-}(12.5) 7 (/=) {17.5) 30 (~/-} (75)
Present study 86 36 (41) {86/~) (25/-) (24/-) (52/-)

—, not examined.
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Surprisingly, there was no difference in the frequency of
intellectual disability between groups with normal and abnor-
mal MRI findings. To the best of our knowledge, there are no
reports on the relationship between severity of cognitive defi-
cits and MRI findings in patents born at term with spastic
diplegia. Reports comparing cognitive abnormalities in
preterm and term-born children with spastic diplegia with
PVL showed that visuoperceptual defects were common in
preterm children.”® Veelken et al.”* reported that one-quarter
of their children born at term with diplegia had severe intellec-
tual disability (IQ<50), in contrast to 5% among preterm chil-
dren with diplegia. In our study, the proportion of patients
with intellectual disability, 60.5% (52/86) of all patients born
at term with spastic diplegia, might be relatively high. Over
50% of patients born at term with spastic diplegia with normal
MRI had intellectual disability. ‘Normal MRI findings’ may
reflect as-yet undetected abnormalities by widely used MRI
scanners. Furthermore, the use of advanced brain imaging
techniques with an examination of genetic or early prenatal
factors?® may be helpful in elucidating the nature of spastic
diplegia in those born at term.

PVL and porencephaly/PVI are categorized as preterm-type
brain injuries because they are the result of vascular system
immaturity, where vascular watershed areas are situated in the
periventricular white matter.”® This type of injury typically
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Mutations in genes encoding the glycine cleavage
system predispose to neural tube defects in mice
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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 controis. 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

(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 matemal
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 methionine, 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
3.10-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 COa.

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 e¢xon 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 Controt NTD group  Control NTD group  Control enzyme
{(type”) group {type") group {type®) group activity”
(n= 166Y (n= 189y (n =14y (n=36) (n=76) {n =145y
AMT
Exon 2 c.103A=C p.R35R 0 1 0 0 0 —
c214A>G p.T72A [ 0 { 1 0
Exon 6 ¢.623C=A p.A208D O 2 0 O 0 —
3 4 9 0 1
Exon 7
GLDC
Exon | ¢.52G=>T p.GISC 2 (SBO/SBA)Y 2 1] 0 2 (SBA} 84%
Exon 5 c.668C =G pP223R 0 0 0 1 0 92%
Exon 12 c.1508A>C p.ES03A  1(SBA) [ 0 0 0 —
Exon 14
Exon 17 ¢.1953T p.H6SITH
Exon 19 €.2203G =1 WERIE ;
Intron 19 E@’%’ 616>/ - ,
Exon 20 ¢.2380G>A 2.AT94T 0 2
2400G>A  p./ ,%QRA, )
Exon 21 ( tﬁ%ﬁ%& Gi82sD %@ -
pAS29A O i O 0 o3 — —
D.ARSSA | (An) 0 0 o 0 — —
Exon 23 C2746C =T p.LoteL 1 (Cm) 4] 0 4] 0 —
Exon 25 ¢.2964G = A p.ROSSR 0 i} 0 G 1 (SBA} 0 e
¢2965A G p. 1989V 4] | 4] 4 0 \] 130%
GCSH
Exon 1 ¢.53C=T p.AIRY 1 (An) I 0 0 — —

All nucleotide changes were found in heterozygous form. One individual carried ¢.52G =T and ¢.1705G> A in GLOC. whereas no other individuals carried more
than one of the nucleotide changes listed here. Eight silent potvmorphisms and four missense variants present in dbSNP ¢http://www nebinininih. goviprojects/
SNP/) are not listed in this table and include: AMT: ¢.954G>A (p.RIISR, 1s11715013): GLOC: ¢.249G> A (p.G83G, rs12341698). ¢ 438G > A (p.T146T,

rs13289273), . 301G > A (p.E16TE, rs13289273}, c.660C > T (p.L 2201, rs2228095), c.666T>>C (p.D222D, rs12004164), ¢.671G > A (p.R224H, rs28617412) and
. 1384C>G (p.L462V, 1s73400312): and for GCSH: ¢.62T =C (p.S21L, rs8052579), ¢.90C =G (p.P30P, rs8177847), ¢.159C =T (p.F53F, rsi 77876). ¢.218A>G
(N738, rsB177876), ¢.282T>C (Y84Y. rs8177907) and ¢.261C>G (LRTL, rs8177908). Grey shading indicates loss-of-function mutations, based on enzymatic

activity in the in vitro expression study or splicing defect.

“Residual enzymatic activity of GLDC mutant protein is expressed as Yeactivity 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 likely 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).

"n.AS69T has previously been reported as a pathogenic mutation in a patient with typical NKH (215

In AMT, we identified two novel sequence variants pre-
dicted to result in non-synonymous missense changes,
¢.5389G>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 4M7T have
been found previously in an autosomal recessive inbom
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 (¢.33C>T, p.AI8V) 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
mucleotide 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 cDNAs were transfected
into COS7 cells for the evaluation of GLDC activity, which is expressed as
relative activity (%) of cells expressing wild-tvpe 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 1989V variant, identified in a control parent, showed significantly elevated
activity. Values are given as mean + SD of triplicate experiments (*P < 0.05;
TP - 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 unigue 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 enly 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 using
[1-"Clglycine (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 1462V
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, PS09A, V5241, AS69T
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 [989V) showed loss of
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Figure 3. Generation of Am¢ knockout mouse by gene trapping. {A) The loca-
tion of the gene-trap vector in Am¢ intron 2 in the ES cejl line OST181110 was
determined by inverse PCR. Mice carrying this mutation were generated using
standard methods of blastoeyst 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 1o allele-specific amplification with F, Rl and R2 primers
{Supplementary Material, Table SI). A genomic fragment of 320 bp was amp-
lified from the wild-type allele, whereas a 233 bp fragment was amplified from
the Any-mutant allele. (C) RT-PCR analysis of Amf mRNA expressed in the
brain and liver of Ame-mutant mice. Primers in exon 1-2 generated a
121 bp band irrespective of mouse genotypes. RT-PCR in which either one
{f2-r2) or both (f3-r3) primers were located in exons 3" to the | msemcn site pro-
duced 220 and 355 bp eDNA fragments, respectively, in Am™™ and Amrt
mice, but not in Anrt™ . The Amr mRNA in mice carrying the trap vector was,
therefore, aberrantly spliced at the end of exon 2, resulting in truncation of Amt
mRNA in Amr™ " 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, OSTI81110) 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 (4mt™) was con-
firmed by RT-PCR analysis (Fig. 3). Heterozygous Amst’~
mice were viable and fertile and exhibited no obvious malfor-
mations. Homozygous Am¢t™"~ 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™"" [letuses (34 out of 39) exhibited NTDs, whercas no
malformations were observed in Ams™ (n = 33) or Ami™"™
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Figure 4. Mice lacking GCS activity exlibit NTDs. (A) Phenotypes of Amt
mutant mice. NTDs were evident in the majority (88%) of Amt™ fetuses
(examples shown are at E17.5). Various types of NTDs were observed in
Ami™ " 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 Amr knockout mice.
Ami™” and Ame™"" fewses had sipnificantly lower GCS activity in the
liver than Am™™" fetuses, with activity in Amr™ ™ samples below the level
of detection {(**F - 0.01 compared with Amz*' "),

(n=606) 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 o enzyme assay to determine overall activity
of the GCS. In Amr™"™ mice, overall GCS activity was effect-
ively ablated being below the detection level of the assay
(0.01 nmoles of '"CO, formed/gram protein/h). consistent
with the Am:™ 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 tbe closure.

Given that GCS is a component of FOCM (Fig. 1), we eval-
uated the possible prevention of NTDs by [olate-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 4mt™" " 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

D No NTDs . Large exencephaly

Small Exencephaly B craniorachischisis

O e OB 100%
Control |
T™MP |

Methionine m
Methionine
+TMP S—

Figure 5. Maternal supplementation of 4n 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 (#= 12} or methionine plus TMP
group (7 == 12). The asterisk indicates significant difference compared with
non-treated group (£ <2 0.03).

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 tbe 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 4mt™"™
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 matemal 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, inbom 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 NKIH patients
and they would, therefore, be predicted to be at increased risk
of NTDs. It is possible that NTDs may occur in combination
with NKI1 but as anencephaly is a lethal condition, co-existing
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NKH would go undetected. Lack of NTDs in NKIH 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 ofien 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 AS69T
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), confinning 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 AM7 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, Mirr and Mthfs 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 Folr/ 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 (sploich)
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 Shmi/ 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
elycine accumulation. Modelling of hepatic FOCM, based
on biochemical properties of folate-metabolizing enzymes
(39), predicts that loss of the mitochondrial GCS reaction
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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 PS09A 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 (7 = 14) and
two separate cohorts of UK patients with a diagnosis of anen-
cephaly (combined » = 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 samplies by a
decarboxylation reaction using [1-**Cglycine as described
(22). For analysis of GLDC activity, wild-type and mutant
GLDC c¢DNAs 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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