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Mother

c.1094delC

Patient

A

AACACCATCGACT
ATCGACTC

Genetic analysis of the pedigree. (a) Family tree of the pedigree. (b) Filtering the candidate mutations. Numbers show the patient

result. The top numbers indicate number of called variants by whole-exome sequencing. The second numbers indicate number of variants
after filter out known variants in databases, except for those which were also known pathogenic mutations. The third number indicates
number of variants after excluded synonymous change variants. The bottom numbers indicate number of variants consistent with the
phenotype in the pedigree (that is, total of the de novo, autosomal recessive, X-linked and compound heterozygous variants). Finally, only one
deletion variant was remained. (c) ldentified frameshift mutation in the NFIA gere. (d) Sanger sequencing of the NFIA mutation. Patient had a

heterozygous ¢.1094delC mutation (arrow) not found in his parents.

the NFIA gene. Nine cases (6 deletions, 2 translocations and 1
intragenic deletion) of this syndrome have been reported to
date,”” with corpus callosum hypoplasia or defects and hydro-
cephalus, ventricular enlargement and developmental delays
observed in all cases. Urinary tract defects, tethered spinal cord
and type 1 Chiari malformation were also observed in six, four and
three cases, respectively. Additionally, abnormal facies and marble
skin have been reported. The present case showed ventricular
enlargement, callosal agenesis, urinary tract defects, mildly
dysmorphic facial features and an intelligence quotient in the
borderline range. Thus, our case showed virtually the same
phenotype as 1p32-p31 deletion syndrome. Since the single
nucleotide deletion detected in our case is not likely to cause a
position effect affecting surrounding genes, it indicates that
haploinsufficiency of the NFIA gene is a major determinant of this
syndrome.

A truncating mutation in the NFIA gene was previously reported
in one patient with autistic spectrum disorder (c.112C>T;
p.R38%,% but detailed clinical information was not available.
Since urinary tract involvement is easily missed, it is conceivable
that this previous patient may have the same phenotype, and
comprehensive evaluation of the patient might uncover the
underlying defects.

The NFIA gene encodes a member of the nuclear factor | (NFI)
family of transcription factors.” NFI proteins control a range of key
processes in central nervous system development including axon
guidance and outgrowth, glial and neuronal cell differentiation,
and neuronal migration.'® Additionally, these molecules regulate
midline glia formation in the cortex'' and gliogenesis within the

© 2015 The Japan Society of Human Genetics

spinal cord.'? Thus, NFI functional defects could result in abnormal
brain formation, especially in midline structures, and spinal cord
defects leading to neurogenic urinary tract dysfunction and defects.
Interestingly, haploinsufficiency of the NFIB and NFIX genes, which
belong to the same NF! family, also cause callosal agenesis,">™** and
missense mutations in the NFIX gene cause Sotos-like syndrome.'*'®
Our case also demonstrated prominent macrocephaly, which is a
major feature of Sotos syndrome. Therefore, mutations in NFI family
genes may give rise to similar clinical presentations that encompass
callosal agenesis and macrocephaly.

In our case, identification of the mutation by whole-exome
sequencing led us to identify urinary tract defects in the
presymptomatic period, and untreated higher grades of
vesicoureteral reflux may have resulted in renal scar formation.'”
Therefore, whole-exome sequencing can be a powerful tool in
clinical practice for early diagnosis of congenital disorders.

HGV DATABASE

The relevant data from this Data Report are hosted at the
Human Genome Variation Database at http://dx.doi.org/10.6084/
m9.figshare.hgv.574.
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Clinical, Molecular, and Neurophysiological
Features in Angelman Syndrome

Shinji Saitoh!

T Department of Pediatrics and Neonatology, Nagoya City University
Graduate School of Medical Sciences, Nagoya, Japan

| Pediatr Epilepsy 2015;4:17-22.

Angelr an syndrome (AS) is a neurodevelopmental disorder
characterized by severe developmental delay, speech im-
pairment, ataxic movement, epilepsy, and characteristic
behavior, including inappropriate laughter.’ The prevalence
of AS is approximately 1 in 15,000 births, making AS one of
the relatively common genetic epilepsy syndromes. Epilepsy
is one of the main features of AS, and electroencephalogram
(EEG) abnormalities are present in most patients. Develop-
mental delay is usually noted at 6 months of age or later, with
the average age at which infants with AS start walking
independently being between 2.5 and 6 year. Loss of func-
tion of the imprinted ubiquitin protein ligase E3A (UBE3A)
gene is responsible for most features of AS, with several
genetic mechanisms underlying the loss of function of
UBE3A.
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In this review, we describe the epilepsy and neurophysio-
logical features in AS, as well as the pathophysiology under-
lying them.

Diagnosis of Angelman Syndrome

Consensus for Diagnostic Criteria

Consensus statements for diagnostic criteria of AS have been
developed and are widely used.? Ninety percent of individuals
with AS can be diagnosed by genetic testing, with 10% being
diagnosed clinically. »Table 1 shows the consensus clinical
features of AS. Individuals with AS do not exhibit any specific
signs or symptoms during the neonatal period. Although
developmental delay is noted at around 6 months of age, the
characteristic clinical features fulfilling the consensus criteria
appear in subsequent years. Therefore, genetic testing is
helpful in making a correct diagnosis in early childhood.
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Table 1 Clinical features of Angelman syndrome for diagnosis

 A. Consistent (100%)

Developmental delay, funct:ona!ly severe

Movement or balance disorder, usually ataxia of gait, and/or tremulous movement of limbs. Movement disorder can be mild.
May not appear as frank ataxia but can be forward lurching, unsteadiness, clumsiness, or quick, jerky motions

Behavioral uniqueness: any combination of frequent laughter/smiling; apparent happy demeanor; easily excitable personality,
often with uplifted hand-flapping, or waving movements; hypermotoric behavior

Speech impairment, none or m|n|mal use of words; receptive and nonverbal communication skills hlgher than verbal ones

B. Frequem: (more than. 809’)

Delayed, disproportionate growth in head c;rcumference usuaHy resultmg in mlcrocephaly (<2 standard devnatlon of normal
occipitofrontal circumference) by age 2 years. Microcephaly is more pronounced in those with 15q11.2-q13 deletions

Seizures, onset usually <3 years of age. Seizure severity usually decreases with age but the seizure disorder lasts throughout
adulthood

Abnormal electroencephalogram, with a characteristic pattern. The electroencephalogram abnormalities can occur in the first
2 years of life and can precede clinical features, and are often not correlated to clinical seizure events

uck/swallowing disorders

nd/or trdﬁkcal hypotonia during infancy

‘Wide-based gait with pronated or valgus-positioned ankles

Increased sensitivity to heat

Abnormal sleep-wake cycles and diminished need for sleep

Attraction to/fascination with water; fascination with crinkly items such as certain papers and plastics

Abnormal food-related behaviors
Obesity (in the older child)

Scoliosis

Constipation

Molecular Classification

Four genetic mechanisms have been identified as underlying
AS (=Fig. 1). Appropriate genetic testing is required to
identify each genetic class for a molecular diagnosis.

Maternal Deletion of 15q11-q13

The most common genetic class is an approximate 5 Mb
deletion on maternally derived chromosome 15, which ac-
counts for 70% of individuals with AS. The breakpoints for the
deletion reside in regions containing low copy repeat sequen-

Journa! of Pediatric Epilepsy  Vol. 4 No. 1/2015

ces and thus the size of the deletion is identical in most
individuals (~Fig. 2). In neurons, only the maternally derived
allele of UBE3A is expressed, while the paternally derived
allele is silenced (tissue-specific imprinting). Thus, only dele-
tions in the maternal allele result in loss of function of UBE3A
leading to AS phenotypes. The same deletion on the pater-
nally derived allele gives rise to the distinct Prader-Willi
syndrome, which is caused by loss of function of paternally
expressed genes in 15q11-q13. The deletion also encom-
passes several nonimprinted genes, including three genes
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Fig. 1 Molecular classes of Angelman syndrome. The numbers at the
bottom of the diagram indicate the relative frequency of each class. P,
paternally derived chromosome 15; M, maternally derived chromo-
some 15; M(P), paternal epigenotype on maternally derived 15q11-
q13; UPD, uniparental disomy; IC del, imprinting center deletion.

encoding gamma- -aminobutyric acid type A (GABA,) receptor
subunits (=Fig. 2), whxch may modify the clinical severity of
epllepsy in AS.

the maternally derived allele. Maternal-
falls to estabhsh a maternal methyla-

while chromosome 15 is in erlted from both the mother and
father. Small deletions encompassing the imprinting center
(IC) are found in 10% of individuals with imprinting defects,
and thus the IC is believed to be essential for the establish-
ment of the maternal epigenotype in 15q11-q13. The remain-
ing 90% of individuals with imprinting defects do not carry a
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Fig. 2 Schematic map of 15q11-q13. Closed squares with arrows
represent actively transcribed genes, whereas open squares represent
silenced genes. Dotted squares with arrows represent biparentally
expressed genes. Note ubiquitin protein ligase E3A is expressed only
from the maternally derived allele, whereas GABRB3 is expressed
biparentally. 1C, imprinting center; BP, breakpoint (BP1 and BP2 are
proximal breakpoints and BP3 is a distal breakpoint).

microdeletion in IC, and this subclass is referred to as having
“epi-mutations.”

UBE3A Mutations

The second most common genetic class responsible for AS
accounts for 10% of cases and is due to mutations in UBE3A.
Any mutation leading to loss of function of the maternally
derived allele could be responsible for the AS phenotype;
mutations of paternally derived alleles are silent. Thus, a
mother of affected individuals could be a carrier of a UBE3A
mutation.

Genetic Testing Strategies

Specific genetic tests need to be performed to determine
which of the genetic mechanisms described above is respon-
sible for AS. In the clinical setting, the following strategy is
routinely used: (1) A DNA methylation test at the SNURF-
SNRPN (small nuclear ribonucleoprotein polypeptide N) locus
identifies maternal deletions, patUPD15, and imprinting de-
fects, and is typically the first test recommended. (2) If
the DNA methylation test is normal, the next appropriate
test is for UBE3A mutations. (3) If the DNA methylation test
is abnormal (specific for AS), a diagnosis of AS is made.
However, further classification is 1ecommended for genetic

is not detected, samples from both parents should be tested
for UPD (polymorphism analysis). (6) If the DNA methylation
test is abnormal (specific for AS), a deletion is not detected,
and patUPD15 is excluded, tests should be conducted for
imprinting defects. It is also suggested that the presence of IC
microdeletions be investigated.

Characteristics of Epilepsy in Angelman
Syndrome

Natural History

Seizures are present in most (~90%) individuals with AS, and
initial seizures typically occur between 1 and 3 years of age.
The first seizure may be accompanied by febrile episodes.
Seizure types may change depending on age, and seizure
frequency often improves in late childhood.* However, seiz-
ures continue into adulthood and may even increase.

Seizure Manifestation
Many seizure types, both generalized and focal, are present
in individuals with AS.3 Myoclonic, myoclonic absences,
atypical absences, atonic, and tonic-clonic seizures are the
most common seizure types, indicating that generalized
seizures are common. Infantile spasms are rarely associated
with AS.

Nonconvulsive status epilepticus is well recognized in AS,
usually in childhood. It is not easy to determine whether
nonconvulsive status epilepticus is generalized or complex

Journal of Pediatric Epilepsy Vol. 4 No. 1/2015
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. spike components

_ partial status. Sometimes, absences with myoclonic status

EEG pa terns-are known to be associated with AS, as detalled
below. (1) Persistent rhythmic theta activity. Approximately 4
to 6 Hz, 200 pVor higher amplitude activity is predominantly
present and often generalized in awake recordings. This theta
activity tends to persist during eye closure, which is charac-
teristic of AS. This pattern tends to disappear after 12 years of
age. (2) Rhythmic high-amplitude delta (2-3 Hz) activity or
spikes and slow waves predominantly appear in the anterior
regions (~Fig. 3A). Slow wave activity tends to be general-
ized. A variation of this pattern includes rhythmic triphasic
high-amplitude (200-500 V) 2 to 3 Hz activity in the frontal
regions. This pattern has been reported to be present before
the clinical diagnosis of AS.3 (3) Spikes and sharp waves mixed
with 3 to 4 Hz high-amplitude slow waves in the posterior
regions, often facilitated by eye closure (=Fig. 3B). EEG
abnormalities in the posterior regions have been reported
to be the most frequent findings in young children.®
Abnormal EEG patterns appear in infancy before the onset
of seizures, providing an important diagnostic clue. In youn-
ger patients, EEG patterns are more prominent and may
appear as hypsarrhythmia in infancy. The amplitude of
slow wave discharges gradually decreases with age. In adults,

Journal of Pediatric Epilepsy Vol 4 No. 1/2015

high- amphtude stow wave discharges tend to dlsappear and

does not exclude a diagnosis of AS.3

Other Neurophysiological Findings

Several neurophysiological studies have indicated that trem-
ulous movements, or myoclonus, are of cortical origin. For
example, Guerrini et al® reported that rhythmic myoclonus
in AS is accompanied by short bursts of rhythmic 5 to 10 Hz
EEG activity. Goto et al® performed jerk-locked averaging
and demonstrated cortical activity preceding the electro-
myogram, suggesting a cortical origin of the tremulous
movements.

Egawa et al'® performed magnetoencephalography on
individuals with AS and revealed aberrant somatosensory-
evoked responses only in those subjects with a deletion in
15q11-q13; AS individuals without a deletion in 15q11-q13
did not exhibit any abnormalities. Furthermore, the abnormal
sornatosensory-evoked responses were improved when ben-
zodiazepines, which enhance GABA receptor function, were
administrated to the subjects. Because three GABA, receptor
subunit genes are also deleted in AS patients with the 15q11-
q13 deletion, Egawa et al'® hypothesized that heterozygous
deletion of GABA, receptor subunit-genes contributes to the
pathophysiology of AS through GABAergic dysfunction.

Genotype-Phenotype Correlation

Individuals with AS who have the common deletion exhibit
typical and the most severe phenotypes, whereas those
without a deletion (UPD and imprinting defect) exhibit
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relatively less severe phenotypes, less severe seizures, and
milder abnormalities on EEG.'"~"3 In addition, individuals
with UBE3A mutations exhibit less severe phenotypes than
those with a deletion, but the clinical severity of AS varies
depending on the nature of the mutation.'"'3

Pathophysiology of Epilepsy in Angelman
Syndrome

Function of UBE3A
Loss of function of UBE3A is the major determinant of AS
phenotypes. UBE3A is located in the imprinted domain of
15q11-q13 and is expressed only from the maternally derived
allele. Imprinted expression of UBE3A is restricted in the brain
and both alleles (maternal and paternal) are active in other
tissues, explaining why the clinical features of AS are restrict-
ed to neurological features. 14

UBE3A, alternatively known as E6-associated protein, is a
ubiquitin E3 ligase that recognizes certain target proteins and
ubiquitinates them. Ublqmtmated proteins are delivered to
the protea ome and degraded there. Loss of functlon of a

plasticxty Gr a2 conclud d that deregulatlon of AMPA
receptor expre551on at synapses may contribute to the cogni-
tive dysfunctlon in AS. However, it is not definitively known
whether this deregulation also contributes to epilepsy.

The second protein identified as a target of UBE3A was
GABA transporter 1 (GAT1), which is a GABA transporter.
Egawa et al'® demonstrated that GAT1 is a target of UBE3A
in the brain. Lack of UBE3A induced overexpression of
GAT1, which subsequently decreased extrasynaptic con-
centrations of GABA, resulting in decreased tonic inhibition
in cerebellar granular cells in mice. Decreased tonic inhibi-
tion may underlie motor dysfunction in AS. However, it is
conceivable that aberrant tonic inhibition may be present
outside the cerebellum and contribute to cognitive dys-
function or epilepsy. In humans, a magnetoencephalo-
graphic study by Egawa et al'® suggested involvement of
the GABAergic system in patients with AS, and this was
supported by the findings of the positron emission tomog-

raphy of Asahina et al."’

Involvement of GABAergic System

Tonic inhibition is mainly seen in the cerebellum, but it is
conceivable that aberrant tonic inhibition may be present
outside the cerebellum. Indeed, dysfunction of tonic inhibi-
tion has been reported to be associated with autism; thus,

drugs is based pr 1mar11y on the experience of experts. Sodium

aberrant tonic inhibition may contribute to cognitive dys-
function or epilepsy in AS.'8

GABRB3, which encodes a subunit of GABA, receptors,
resides in the common deletion of AS. GABRB3 is predomi-
nantly expressed in the fetal brain and adult hippocampus,
and is a potential candidate to modulate the severity of
epilepsy in individuals with AS. This idea is supported by
the fact that individuals with AS who have the common
deletion exhibit more severe clinical and neurophysiological
features, including epilepsy, than those without the common
deletion.’® In mice, heterozygous and homozygous deletion
of GABRB3 has been reported to cause epilepsy.'® In addition,
heterozygous mutations in GABRB3 have been identified in
patients with childhood absence epilepsy.?’ Furthermore,
UBE3A has been hypothesized to modulate GABRB3 expres-
sion.?’ Therefore, dysfunction of the GABAergic system ap-
pears to be an important contributor to epilepsy in AS.

Management

Most patients need to be treated with antiepileptic drugs to
control seizures. However, there are no evidence-based stud-
ies of the use of antiepileptic drugs in AS, and the use of these

ost ommonly‘ used antiepileptic

Other benzodiazepines, such as clobazam, appear to be as
effective as CZP in controlling seizures.> Ethosuximide has
also been reported to be effective.2 New types of antiepilep-
tic drugs, including topiramate, lamotrigine, and levetirace-
tam, appear to be good alternatives, but information about
these drugs is limited.?3-2>

Some antiepileptic drugs that may exacerbate generalized
seizures can aggravate seizures in AS, for example, carbamaz-
epine. It is recommended that these types of antiepileptic
drugs be avoided, particularly for the treatment of noncon-
vulsive status epilepticus.’

In conclusion, individuals with AS exhibit distinct epilep-
tic features and neurophysiological findings. From a clinical
viewpoint, understanding the characteristic findings of
AS will help identify individuals suspected of having AS
early in the clinical course, leading to proper genetic
testing. From the viewpoint of basic science, AS is an
invaluable model for understanding the complex patho-
physiology underlying epilepsy, intellectual disability, and
autism.
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Editorial

Ciliopathy in PCS (MVA) syndrome

Tatsuo Miyamoto and Shinya Matsuura

The spindle assembly checkpoint (SAC) is
a swrveillance mechanism of faithful chromosome
segregation during mitosis. Budding uninhibited by
benzimidazole-related-1 (BubR1) plays a central role
in the SAC through inhibition of anaphase promoting
complex/cyclosome (APC/C) activity until all
chromosomes have established proper attachment to the
mitotic spindle. Loss-of-function mutations in the BUBIB
gene, encoding BubR 1, cause a rare autosomal recessive
disorder: premature chromatid separation (PCS) syndrome
(Mendelian Inheritance in Man [MIM] 176430), which
is also known as mosaic variegated aneuploidy (MVA)
syndrome (MIM 257300) [1]. PCS (MVA) syndrome can
also be caused by an intergenic mutation 44-kb upstream of
the BUB1RB gene, which suppresses the transcription level
of BUBIB [2]. PCS (MVA) syndrome is cytogenectically
characterized by PCS in > 50% of metaphase cells as well
as the presence of mosaic aneuploidy [2]. Patients with
the syndrome show an increased genetic predisposition
to Wilms tumor and rhabdomyosarcoma, which may
be attributed to the loss of SAC function. Patients also
present with cataracts, uncontrollable chronic seizures,
Dandy-Walker complex, polycystic kidneys and obesity.
These clinical symptoms imply an additional function of
BubR1 other than SAC in the context of morphogenesis.

The primary cilium is a hair-like, microtubule-
based, nonmotile organelle formed on the surface of
quiescent mammalian cells. It receives extracellular
information and transmits signals required for cell
proliferation, tissue development, and tissue homeostasis.
Ciliary dysfunction is causally linked to the group of
human disorders known as ciliopathies, which include
Bardet-Biedl syndrome, nephronophthisis, Meckel-
Gruber syndrome, Joubert syndrome, and Oral-facial-
digit syndrome. To date, more than 50 loci associated
with ciliopathy have been reported. In addition to these,
Baker and Beales proposed that at least 193 diseases in the
Online Mendelian Inheritance in Men database (OMIM,
www.ncbi.nlm.nih.gov/sites/entrez?db = OMIM) can
potentially be categorized as ciliopathies [3]. Patients with
a ciliopathy show a series of clinical features including
polycystic kidneys, polydactyly, obesity, situs inversus,
and neuronal and other developmental abnormalities.
Overlap of the clinical spectrum of PCS (MVA) syndrome
with those of the ciliopathies has led us to explore whether
BubR1 is required for primary cilium formation. We found
that skin fibroblasts from PCS (MVA) patients exhibit
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impaired ciliogenesis, thus PCS (MVA) syndrome is a
ciliopathy [4]. Interestingly, BubR/-knockdown medaka
fish also showed ciliopathy-like phenotypes, such as
defective cerebellar development and disrupted left-right
asymmetry of the embryo. These results indicated that the
role of BubR1 in primary cilium formation is conserved
among vertebrates [4]. However, little is known about the
molecular basis underlying defective ciliogenesis in PCS
(MVA) syndrome.

Primary cilium formation and disassembly are
tightly regulated in a cell cycle-dependent manner. In the
quiescent GO phase, centrosomes are anchored to the apical

plasma membrane, and primary cilia assemble from the ¢
basal bodies transformed from the mother centrioles of the |
centrosome. When quiescent GO phase cells re-enter the |

cell cycle, primary cilium disassembly occurs, suppressing
inappropriate ciliogenesis during the proliferative phase. ¢
This negative regulation of primary cilium formation |
is required for the release of centrioles from the apical [
membrane to form a mitotic bipolar spindle in the context |

of cell proliferation. Recent studies have revealed that |

a mitotic kinase, polo-like kinase-1 (PLK1), activates a [
tubulin deacetylase, HDACG, to destabilize the axonemal |
microtubules and initiate primary cilium disassembly |

following growth stimulation {5]. PLK1 phosphorylates ©

various substrates to control mitotic spindle assembly
and chromosome segregation, however the molecular |
mechanism of PLK1-mediated primary cilium disassembly
is not well understood. Importantly, it was reported that [
KIF24, which belongs to the kinesin-13 family along [
with KIF2A, KIF2B and MCAK/KIF2C, depolymerizes |
centriolar microtubules to suppress inappropriate
ciliogenesis during the proliferative phase [6]. Kinesin-13 ¢
proteins do not move along microtubules for intracellular |
transport but have microtubule depolymerizing activity.
PLK 1 phosphorylates KIF2A, KIF2B and MCAK/KIF2C ||
to enhance microtubule depolymerizing activity for [
mitotic progression. Recently, we demonstrated that PLK1 |
phosphorylates KIF2A at T554 at the mother centriole, to
promote its microtubule depolymerizing activity and drive
primary cilium disassembly in a growth signal-dependent |
manner [7]. Together, we concluded that the PLK1-KIF2A |
axis is defined as a ciliary disassembly pathway coupled
with cell proliferation. :

We previously found that BubR1 localizes to
centrosomes during interphase to inhibit premature [
activation of PLK1, and that PCS (MVA) syndrome patient
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cells show constitutive activation of PLK1 throughout the
cell cycle. Inhibition of PLKI and KIF2A4 in patient cells
restores ciliogenesis [ 7], indicating that aberrant activation
of the PLK1-KIF2A axis contributes to the ciliopathy-
associated features in PCS (MVA) syndrome. PLK1 and
KIF2A are up-regulated in many types of cancer cells.
Further studies on the PLK1-KIF2A pathway in primary
cilium disassembly will explore therapeutic opportunities
against not only the ciliopathies but also various cancers.

Shinya Matsuura: Department of Genetics and Cell
Biology, Research Institute for Radiation Biology and
Medicine, Hiroshima University, Hiroshima, Japan

Correspondence fo: Shinya Matsuura, email shinya@hiroshi-
ma-u.ac.jp

Keywords: primary cilium, ciliopathy, spindle assembly
checkpoint, mitotic kinase, mitotic kinesin

Received: July 24, 2015

Published:

REFERENCES

1. Hanks S, et al. Nature Genet. 2004; 36: 1159-1161

2. Ochiai H, et al. Proc. Natl. Acad. Sci. U S A. 2014; 111:
1461-1466.

3. Baker K and Beales PL. Am J Med Genet Part C. 2009;

151C: 281-295.

Miyamoto, T et al. Hum Mol Genet. 2011; 20: 2058-2070

Lee KH, et al. EMBO J. 2012; 31: 3104-3117.

Kobayashi T, et al. Cell. 2011; 145: 914-925.

Miyamoto T, et al. Cell Rep. 2015; §2211-1247(15)00004-
2.

N R

www.impactjournals.com/oncotarget

—344—

Oncotarget




Clin Genet 2015: 88: 261-266
Printed in Singapore. All rights reserved

Short Report

© 2014 John Wiley & Sons A/S.
Published by John Wiley & Sons Ltd
CLINICAL GENETICS

doi: 10.1111/cge.12496

Autosomal recessive cystinuria caused by
genome-wide paternal uniparental isodisomy
in a patient with Beckwith—Wiedemann

syndrome

Ohtsuka Y, Higashimoto K, Sasaki K, Jozaki K, Yoshinaga H, Okamoto N,
Takama Y, Kubota A, Nakayama M, Yatsuki H, Nishioka K, Joh K, Mukai
T, Yoshiura K-i, Soejima H. Autosomal recessive cystinuria caused by
genome-wide paternal uniparental isodisomy in a patient with
Beckwith-Wiedemann syndrome.

Clin Genet 2015: 88: 261-266. © John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd, 2014

Approximately 20% of Beckwith—Wiedemann syndrome (BWS) cases are
caused by mosaic paternal uniparental disomy of chromosome 11 (pUPDI11).
Although pUPD11 is usually limited to the short arm of chromosome 11, a
small minority of BWS cases show genome-wide mosaic pUPD (GWpUPD).
These patients show variable clinical features depending on mosaic ratio,
imprinting status of other chromosomes, and paternally inherited recessive
mutations. To date, there have been no reports of a mosaic GWpUPD patient
with an autosomal recessive disease caused by a paternally inherited
recessive mutation. Here, we describe a patient concurrently showing the
clinical features of BWS and autosomal recessive cystinuria. Genetic
analyses revealed that the patient has mosaic GWpUPD and an inherited
paternal homozygous mutation in SLC7A9. This is the first report indicating
that a paternally inherited recessive mutation can cause an autosomal
recessive disease in cases of GWpUPD mosaicism. Investigation into
recessive mutations and the dysregulation of imprinting domains is critical in
understanding precise clinical conditions of patients with mosaic GWpUPD.
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Beckwith—Wiedemann syndrome (BWS) (OMIM
#130650) is an imprinting disorder characterized by
peculiar prenatal and postnatal macrosomia, macroglos-
sia, and abdominal wall defects. There are various
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genetic and epigenetic abnormalities that can cause
BWS, although paternal uniparental disomy of 11pl5
(pUPD11) accounts for around 20% of cases (1, 2).
The minimum pUPD size is approximately 2.7 Mb from
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the telomere of 11p, including both imprinting control
regions, H/9DMR and KvDMR1 (3). pUPDI11 causes
hypermethylation of H/9DMR and hypomethylation of
KvDMRI1, which leads to overexpression of /GF2 and
reduced expression of HI19 and CDKNIC. In its most
wide-reaching variety, pUPD acts on the whole genome,
and is denoted as genome-wide pUPD (GWpUPD).
Non-mosaic GWpUPD results in the formation of a
hydatidiform mole, while individuals with GWpUPD
mosaicism are born alive (2). GWpUPD patients usually
show clinical features of BWS and other variable features
thought to depend on the mosaic ratio, the imprinting
status of other chromosomes such as chromosomes 6,
14, 15, and 20 (pUPDs of these chromosomes cause
other imprinting disorders), and paternally inherited
recessive mutations (4). However, to date, there have
been no reports of a mosaic GWpUPD patient with
an autosomal recessive disease caused by a paternally
inherited recessive mutation.

Cystinuria (OMIM #220100) is an autosomal recessive
disorder characterized by impaired epithelial cell trans-
port of cystine and dibasic amino acids (lysine, ornithine,
and arginine) in the proximal renal tubule and gastroin-
testinal tract. The impaired renal reabsorption and the
Iow solubility of cystine cause the formation of calculi
in the urinary tract (5). Causative genes for cystinuria
include SLC3AI and SLC7A9. These genes encode pro-
teins that comprise the rBAT/b%* AT heterodimer, which
mediates the exchange of extracellular cationic amino
acids and cystine for intracellular neutral amino acids (6).

We investigated a patient with clinical features of
both BWS and cystinuria. Genetic analyses revealed that
the patient harbored mosaic GWpUPD and inherited
a homozygous mutation of SLC7A9 paternally. This is
the first reported case of a patient with these features
exhibited concurrently.

Materials and methods
Patient report

The female infant with a karyotype of 46,XX was the
first-born baby to non-consanguineous, healthy, Japanese
parents after 34 weeks and 6 days of gestation. Her birth
weight was 4254 g [+6.8 SD (standard deviation)], and
she exhibited omphalocele, macroglossia, and nevus
flammeus on her forehead. These conditions satisfy the
diagnostic criteria for BWS as described by Weksberg
etal. (7). After birth, she also manifested persistent
hyperinsulinemic hypoglycemia and an extremely high
level of serum alpha-fetoprotein (300,000 ng/ml). She
was diagnosed with diffuse nesidioblastosis in the pan-
creatic body, and a partial pancreatectomy was per-
formed twice, at 2 months and at 8 years of age (8). In
addition, at puberty she had bilateral breast fibroadeno-
mas and an ovarian adenofibroma, as recently reported
(9). She did not develop any mental or motor delay.
Atrophy of the left kidney and enlargement of the
right kidney were detected at birth, and urinary stones
in the bladder and medullary calcinosis in both kid-
neys were detected at 10months of age (Fig. 1). The
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Fig. 1. Sonography of urolithiasis. Ultrasound images of the patient
at one year of age shows a 1cm stone in the bladder and medullary
calcinosis in both kidneys. Atrophy of the left kidney was diagnosed at
birth.

urinary amino acid analysis revealed high concentrations
of cystine (551 pmol/l), lysine (5175 pmol/1), and argi-
nine (3837 pmol/l), and cystine crystals were visible in
a urine sample. Therefore, she was also diagnosed with
cystinuria. Her parents had no history of urolithiasis;
however, cystine and lysine in the father’s urine were
moderately elevated (296 pmol/l and 850 pmol/l, respec-
tively).

This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of
Medicine, Saga University.

DNA isolation

Genomic DNA was extracted from the peripheral blood
of the patient and her parents, the patient’s pancreas, and
urine using commercially available DNA extraction kits.

SNP array analysis

Single nucleotide polymorphism (SNP) array analy-
sis was performed with Genome-Wide Human SNP
Array 5.0 (Affymetrix, Santa Clara, CA) according to
the manufacturer’s protocol. The genotype was ana-
lyzed using GENOTYPING CoNsoLE (GTC) 4.1 soft-
ware (Affymetrix). Copy number, allele ratio, and trio
SNP analyses were performed using PARTEK GENOMICS
SUITE version 6.6 beta (Partek Inc., St. Louis, MO).
A reference generated from 89 Japanese samples was
used. The genomic positions of the SNPs corresponded
to GRCh37/hg19.

Mutation analyses of SLC3A7 and SLC7A9 genes

All coding exons and flanking intronic regions of
SLC3AI and SLC7A9 genes were amplified by poly-
merase chain reaction (PCR) and directly sequenced.
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Fig. 2. Results of single nucleotide polymorphism (SNP) array analysis and mutation analysis of a cystinuria causative gene, SLC7A9. (a, b) Results
of patient SNP array analysis. Genotyping (a) showed homozygous (AA or BB) results for almost all SNPs throughout all chromosomes, and absence
of aberrant copy number variation (b); this evidence supports the notion of mosaicism for genome-wide paternal uniparental disomy (GWpUPD) of
isodisomic androgenetic cells and normal biparental cells. (¢) Results of mutation analysis of a cystinuria causative gene, SLC7A9. Sanger sequencing
revealed a single-base deletion in exon 10 in both the father and the patient. Polymerase chain reaction (PCR)-cloning-sequencing revealed four wild-type
clones and nine mutant clones in the father, indicating heterozygosity for the mutation. PCR direct sequencing showed that the patient seemed to be
homozygous for the mutation because of a high mosaic ratio for GWpUPD. The mother did not have the mutation. (d) Patient’s family pedigree.
The SLC7A9 mutation found in the patient was paternally inherited. In the patient, cells with GWpUPD were homozygous for the mutation, whereas
biparental cells were heterozygous, containing both the mutation and the maternally inherited wild-type allele.

The PCR product of SLC7A9 exon 10 in the father was
cloned into a pT7Blue T-Vector (Novagen, San Diego,
CA), and individual clones were sequenced. Primers for
the mutation analyses are listed in Table S1, Supporting
Information.

Results

To identify the potential cause of the BWS, we first
performed methylation-sensitive Southern blots of two
imprinting control regions at 11pl15, HI9DMR, and
KvDMRI1. The methylation index (MI) was 99% at
HI9DMR and 2% at KvDMR1 (Fig. S1). Because
HI9DMR is methylated on the paternal allele and
KvDMR1 is methylated on the maternal allele, pUPD
of the region with a high mosaic ratio was strongly sug-
gested.

We then performed microarray analysis of the patient,
father, and mother SNP trios using SNP Array 5.0. The
results showed two normal copies in the patient and

her parents; however, the patient’s genotype contained
homozygous (AA or BB) results for almost all SNPs
throughout all chromosomes (Fig. 2a,b). The genotyp-
ing of the trios indicated that the informative SNPs in
the patient had been transmitted via paternal uniparental
inheritance (data of chromosomes 2 and 19 are shown in
Fig. S2). To calculate the mosaic ratio, we quantitatively
analyzed microsatellite markers across all chromosomes
except chromosome Y. In the patient, the average mosaic
ratio of all informative markers was 91% in the peripheral
blood and 83% in the pancreas (Table S2). These results
indicated GWpUPD mosaicism of isodisomic androge-
netic cells and normal biparental cells. Because mosaic
GWpUPD necessarily includes 11p15.4-p15.5, we con-
cluded that the causative abnormality for the BWS phe-
notype was pUPD11.

Finally, because the patient was diagnosed with auto-
somal recessive cystinuria, we performed mutation
analyses of the supposed causative genes for cystin-
uria, SLC3AI at 2p21 and SLC7A9 at 19q13.1. The
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Table 1. Literature review of live-born patients with genome-wide paternal UPD?

Gogiel Inbar-Feigenberg Yamazawa Romanelii Reed Giurgea Bryke and Hoban
Johnson et al. et al. etal etal etal et al. Garber etal.
Our patient et al. (13) Kalish et al. (12) (15) (14) (4) (16) Wilson et al. (17) (18) (19) (20) 21)
Patient Patient Patient Patient Patient
#1 #2 #3 #1 #2
34weeks 30weeks 31weeks 30weeks 24 weeks 29weeks  30weeks
Gestational age 6days 6days 5days 6days 1days 37 weeks 33 weeks 34 weeks 36 weeks 6days 4 days 35weeks 42 weeks
Birth weight (g) 4254 2460 3850 2270 3730 3750 1110 2260
Weight percentile >97th >97th 865th 95th 50th >90th 75th >97th >37th >90th 25-50th
Macroglossia + + + + +
Abdominal wall + + + + + + + + + +
defect
Visceromegaly + + + + + + + + + +
Hemihyperplasia + + + + + + + + + + +
Hypoglycemia + + + + + + + + + + + +
l Cutaneous + + + + + + +
w abnormality
[ Cardiac abnormality + + + + + +
O!o Neurological + + + + + + +
abnormality
Tumor development -+ + + + + + + + + + + + + +
Failure to thrive + + + + +
Placental abnormality + + + + + + + +
Other abnormality + + + + + + + + + -+
Features estimated UPD11 UPD11 UPD11,14  UPD11 UPD11 UPD11, 14 UPD11, 15, 20 UPD11, 14, UPD11, 15 UPD11 UPD11 UPD11  UPDG, 14,15, UPD11
paternal UPD 15 20
Other findings Cystinuria  Hyperkalemia, Peripheral  Respiratory Cerebral seizure,  Strabismus, Asphyxia Renal stone Respiratory Fetal
(homozy-  abdominal pulmonic distress, non-cbliterating renal dysplasia, insufficiency, distress
gous swelling, stenosis, cliteromegaly, thrombosis of respiratory inflammatory
mutation of  deceased small bowel  deceased the inferior vena distress, small condition,
SLC7A9) obstructions cava, multiple  choroid plexus granulocyte
fractures, bleed, low level hyperplasia, arthritis,
tachypnea of 25-hydroxy stenosis of arteries,
vitamin D hemiplegic stroke,
hypertension

UPD, uniparental disomy.
2Cutaneous abnormality: hemangioma, cutaneous capillary vascular malformation or pigmentation. Neurological abnormality: developmental and motor delay, hypotonia, convulsion or autism. Other abnormality: ear lobe anomaly, hypertelorism,
abnormal facies, bell-shaped thorax, or others.
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SNP array showed two normal copies of both regions
(Fig. S2). Sanger sequencing revealed a single-base
deletion in exon 10 of SLC7A9, which led to a pre-
viously reported frameshift mutation (c.1017delA,
p-V340fsX21, RefSeq: NM_001126335) (10), whereas
no mutation was found in SLC3A1 (Fig. 2¢). The father
was a heterozygous carrier of the mutation showing
moderately elevated cystine and lysine in his urine
without urolithiasis, while the mother was homozygous
for the wild-type allele (Fig. 2c). The patient seemed
to be homozygous for the mutation because of the high
mosaic ratio of GWpUPD (Fig. 2c¢,d). In silico pre-
diction programs such as MutationTaster (http://www.
mutationtaster.org/) and SIFT-indels (http://sift.bii.a-
star.edu.sg/www/SIFT _indels2.html)  predicted the
SLC7A9 mutation as ‘DISEASE CAUSING’ and
‘DAMAGING?’, respectively. The mutation could not be
found after a comprehensive database search covering
dbSNP  (http://www.ncbi.nlm.nih.gov/projects/SNP/),
1000 Genomes (http://www.1000genomes.org/), Clin-
Var (http://www.ncbi.nlm.nih.gov/clinvar/), the Human
Genome Variation Database (http://www.genome.med.
kyoto-u.ac.jp/SnpDB/index.html), and the Exome
Variant Server (http://evs.gs. washington.eduw/EVS/).
Furthermore, we identified the SLC7A9 mutation in
DNA from the patient’s urine (Fig. S3b).

On the basis of these findings we concluded that the
patient was homozygous for the SLC7A9 mutation in
GWpUPD cells and heterozygous in biparental cells.
Because a high ratio of mosaicism was found in the
patient’s urine (average mosaic rate: 76%) (Fig. S3a), we
speculated that the high ratio of mosaicism also occurred
in the patient’s kidneys, which resulted in the observed
cystinuria.

Discussion

In this study, we describe a patient concurrently afflicted
with BWS and autosomal recessive cystinuria. Genetic
analyses revealed that the patient, who possesses mosaic
GWpUPD, is also homozygous for a SLC7A9 mutation
in GWpUPD cells, while her normal biparental cells
are heterozygous. The mutation was inherited from the
patient’s father, who carried the mutation.
Approximately 20% of patients with BWS show
mosaicism for pUPD11 (1). This segmental pUPD is
considered to result from mitotic recombination at an
early embryonic stage (11). A small number of reports
exist that detail GWpUPD patients with BWS phe-
notypes (1). Fifteen patients with live-born mosaic
GWpUPD, including our patient, have been described
so far in 11 reports (Table 1) (4, 12-21). Although
previous assumptions were of low GWpUPD incidence
in pUPDI11 patients, a recent report suggested that
GWpUPD might actually be more frequent than expected
because two GWpUPD patients were found out of 11
pUPD11 patients (22). All these patients showed only
one paternal haplotype (isodisomy) and no evidence of
any chromosomal crossing-over. This strongly suggests
that a mechanism of mosaic GWpUPD involves nor-
mal fertilization followed by failure of maternal DNA

replication and paternal genome endoreplication (12,
23, 24). These patients frequently show hyperinsuline-
mic hypoglycemia (12/15), often accompanied by nesid-
ioblastosis, for which partial or near-total pancreatec-
tomy may be required. The incidence of tumor develop-
ment is much higher in GWpUPD patients (14/15) than
in segmental pUPD11 (approximately 25%) (Table 1)
(25). Several types of benign and malignant tumors
develop metachronously and ectopically (12). Because
segmental pUPD11 itself is a risk factor for tumor devel-
opment, there may be additional factors in GWpUPD
patients, such as as-yet poorly characterized imprinted
regions and undiscovered recessive loci associated with
cell growth or survival (12). The possibility of GWpUPD
should be tested in patients with pUPD11 as a general, in
particular to guard against their increased tumor risk.

Although other chromosomes, especially chromo-
somes 6, 14, 15, and 20, are also pUPD in GWpUPD
patients, associated clinical features were seen less
frequently with them, suggesting (epi)dominance of
pUPDI11 (Table I). Yamazawa etal. suggested sev-
eral determination factors for clinical features of mosaic
GWpUPD, including the mosaic ratios in various tissues,
dysregulation of imprinted domains, and unmasking of
paternally inherited recessive mutations (4).

We found that our patient was homozygous for a
one-base deletion mutation of SLC7A9, which is a
causative gene for cystinuria. A GWpUPD patient has
been previously reported to have renal calcium stones.
However, the cause of the renal stones remains unknown
(16). SLC7A9 encodes b™CAT, which is a light subunit
of the rBAT/b%*AT amino acid transporter expressed in
the renal proximal tubule (5, 6). The mutation has been
reported to decrease cystine transport activity drastically
compared with wild-type rBAT/b%* AT in vitro (10). The
loss of function of this transporter system leads to the
formation of cystine stones in patients.

In conclusion, we report for the first time a patient con-
currently affected by both BWS and autosomal recessive
cystinuria. The genotype of this patient clearly indicates
that a paternally inherited recessive mutation can cause
a recessive disease in patients with mosaic GWpUPD.
To understand the clinical conditions of patients with
mosaic GWpUPD better, further investigation of dysreg-
ulation of imprinted domains and recessive mutations is
necessary. To this end, whole exome sequencing would
be useful in identifying paternally inherited recessive
mutations.

Supporting Information

Additional supporting information may be found in the online
version of this article at the publisher’s web-site.
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= ctopic pregnancy (EP), in which a
conceptus implants outside the
endometrial cavity, occurs in
approximately 1% to 2% of pregnant
women (1, 2). Currently, serum human
chorionic gonadotropin (hCG) and/or

progesterone are used as biomarkers
for early detection of ectopic
pregnancy. When ultrasonography
can identify the gestational sac
outside the endometrial cavity, ectopic
pregnancies can be easily diagnosed
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and medical or surgical therapy can
be promptly provided. However, when

ultrasonography is not definitive,
serial biochemical assessment using
serum hCG andfor progesterone is
necessary {3, 4). With the use of serial
serum hCG measurements, patients
are at risk of tubal rupture during the
delay  before the next hCG
measurement. Moreover, the use of
serum hCG and/or progesterone to
identify ectopic pregnancy is limited
by high false-positive and false-
negative rates (3, 4). Therefore,
additional markers to diagnose ectopic
pregnancies during early pregnancy
are necessary.
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Recently, pregnancy-associated microRNAs (miRNAs)

a. N

circulating in maternal plasma were reported (5, 6}, and we 3 ;ﬁ N %{n 5, Qg%% 2,
also identified pregnancy-associated miRNAs (miR-515- z —~ o, z=z< C\j, 3 =
3p, miR-517a, miR-517¢, miR-518b, miR-526b, and miR- @
323-3p) in the plasma of pregnant women (7). To date,
only one study has reported the potential usefulness of o . PR
circulating pregnancy-associated miRNAs as biomarkers of ﬁ T gfp—?p é? g gfh
ectopic pregnancy (4). In this study, plasma concentrations a EELEETS N
of miR-517a, miR-519d, and miR-525-3p were significantly .
lower in EP or spontaneous abortion (SA) than in normal g
pregnancies (NP), while plasma concentrations of miR- T B
323-3p were significantly higher in EP than. in NP or SA S ¢ YL YLLL0hY
(4). However, this observation has not been independently o :
confirmed, and the diagnostic value of cell-free preg- :
nancy-associated miRNAs for EP remains unknown.

Herein, to obtain information of pregnancy-associated g :
miRNAs as potential molecular markers for the diagnosis 2 e
of EP during early pregnancy, we investigated circulating 2 wu33uEEESs
levels of pregnancy-associated miRNA in plasma from s v VY
women with EP, SA, and NP in an independent population 8
of a previous study (4). Subsequently, the diagnostic value x ;
of circulating pregnancy-associated miRNAs levels in o
plasma for the identification of EP was analyzed. = .
MATERIALS AND METHODS 88
Sample Collection L SRRREe®

| = e

All pregnant women recruited for this study attended Naga- g‘ Rerddesgss
saki University Hospital. All samples were obtained after n AThocoooe
receiving informed written consent, and the institutional re- 2 gg 558888

view board for ethical, legal and social issues of Nagasaki
University approved the study protocol.

All the pregnant women in this study visited Nagasaki
University Hospital exhibiting symptoms of vaginal bleeding

75,044.0

ional age at blood samp!ing inthe spont',ayhyebu's abortion (SA),’ectopic’préghyarylcy (EP). and normal pregnancy. (NP) groupé are indicated as mean and standard deviation. Serum hCG levels and plasma cell-free MicroRNA (miRNA) levels are

:} }ndit‘ ted as rﬁed‘ian‘(rhin,irﬁum,—maximum) Significant differences between groups were analyzed by Student’s tteét,’Kruska\-Walli; test, or.Bonferroni correction for post hoc analysis of multiple comparisons. P< .05 was considered statistically significant, except forthe

no intrauterine pregnancy was detected, the pregnancy

rpa:ﬁgnt;,age 'e;tati’oha, ge, seru'm’ c,gncefi;ggati,pns' bf',h'CG,' ,a,‘n'dfpﬁas,ma cohéeﬁtrati'ths of ce: freemlcroRNAsmwomen wiith sbontahebus abortion,’ectbpic pregnancy, or normal pregnahcy.

and abdominal pain early in the first trimester. We obtained e 9 o é
blood samples (7 mL) from 18 pregnant women with ectopic = 2o cmoo 283
pregnancies (the EP group), 12 pregnant women with spon- = z:ﬁ}ﬁ’” e
taneous abortion (the SA group), and 26 normal singleton- 5 gmaﬁ@ Dg%% S éé Z
pregnant women (the NP group) during the first trimester & w-Boccoos SEL
(ranging from 6 to 10 weeks of gestation). Among the three a 282 § % g § % g EI ;
groups, there were no statistically significant differences in e SS9 © 242
s . - 2 L e : o
maternal age or gestational age at blood sampling (Table 1). . T £
When the urine hCG test was positive (>50 mIU/mL) but . o g .
an intrauterine pregnancy was not detected by ultrasound, ... = o -
the possibility of EP, SA, or NP was suspected. When the se- 8 g . e % ; Ln
rial hCG measurements later showed an increasing hCG level . "T . s ‘{g"i‘ggf :?; @ﬁ 5 5
but an intrauterine pregnancy was still undetected, diag- < @‘,\“off‘f}f*;‘,?? 77 228 %
nostic confirmation and treatment of EP were performed g ®S¥hRe88% E8E 2
. - : 8 d-3¥S8cgoosg fE8 &
by laparoscopy. All diagnoses of ectopic pregnancies were T e s
confirmed clinically by ultrasound, serial hCG measure- F SldRSERER E
ments, and histopathology. When the serial monitoring of . g cooo s §
serum hCG ultimately resulted in a negative hCG level and . = §,
S
g
g2
g
g
&
T
g
S

was diagnosed as SA. o = ’5% == . 5
To confirm the location of the pregnancy in the SA 2 o Cgé’ﬁ 2 = e r
group or to eliminate the possibility of simultaneous intra- g 8 SR8sges g
: s s s . s DO N N 00 s
uterine an.q ectopic pregnancies, intrauterine curettage was §5 = E;;};{ Shbnh £
performed in all cases of SA (n = 12) and EP (n = 18). The g§ Tz ee s
existence of villus tissue in the uterus was confirmed in 10 O 29 BEER 2
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cases of SA but not in two cases of SA or any of the 18 cases of
EP. Therefore, a pregnancy of unknown location was present
in two cases of SA. The gestational age of the EP and SA
groups was calculated from the date of the woman’s last men-
strual period.

When the serial hCG measurements showed an increasing
hCG level and an intrauterine pregnancy was detected later,
the pregnancy was diagnosed as a normal pregnancy. For
all normal pregnancies, an intrauterine gestational sac con-
taining a yolk sac was identified by transvaginal ultrasound.
Gestational age in the NP group was confirmed by ultrasono-
graphic examination, and the crown-rump length of the fetus
at 8 to 10 weeks’ gestation was measured.

Blood samples were collected in tubes containing ethyle-
nediaminetetraacetic acid (EDTA). As cell-free RNA is known
to be stable in plasma samples (8, 9}, cell-free plasma samples
were prepared from maternal blood using a double centrifu-
gation method, as described previously elsewhere (5, 7, 10).
Briefly, after the first centrifugation at 3,000 x g for
10 minutes, the supernatant was stored immediately in a
refrigerator at —80°C. Within 6 months, the plasma samples
were centrifuged at 16,000 x g for 10 minutes, and 1.2 mL
of their supernatants (double-centrifuged plasma samples)
were used as the plasma samples for the extraction of cell-
free RNA. Cell-free RNA containing small RNA molecules
(ranging from 40 to 60 ng/ul) was extracted from 1.2 mL of
maternal plasma using the mirVana miRNA Isolation Kit
(Ambion) according to the manufacturer’s instructions. The
concentrations of cell-free RNA were measured by Nanodrop,
and A260/A230 showed >1.8 in all extracted RNA samples.

Real-time Quantitative Reverse Transcriptase
Polymerase Chain Reaction Analysis of miRNAs

Pregnancy-associated placenta-specific miRNAs (miR-515-
3p, miR-517a, miR-517c¢, and miR-518b), pregnancy-associ-
ated but not placenta-specific miRNA {miR-323-3p), miR-21
(expressed in maternal, fetal, and placenta tissues), and U6
snRNA (mature miRNA internal control) were analyzed in
this study (5, 7, 11, 12). All specific primers and TagMan
probes were purchased from TagMan MicroRNA Assays
(Life Technologies).

The real-time quantitative reverse transcriptase polymer-
ase chain reaction (qRT-PCR) of the miRNAs in plasma
samples was performed as described previously elsewhere
{5, 7, 13, 14). Initially, 2.5 ng of RNA samples were used in
the reverse transcriptase step. Subsequently, for real-time
quantitative PCR of miRNAs, we prepared a calibration curve
by 10-fold serial dilution of single-stranded cDNA oligonu-
cleotides corresponding to each miRNA sequence from 1.0
x 10 to 1.0 x 10° copies/mL for each miRNA assay. Each
sample and each calibration dilution were analyzed in tripli-
cate. Each assay was capable of detecting down to 300 RNA
copies/mL (7, 13, 14). Every batch of amplifications
included three water blanks as negative controls for each of
the reverse transcription and PCR steps.

All data were collected and analyzed using a LightCycler
480 Real-Time PCR System (Roche). It was recommended that
the quantitative mRNA measurements in plasma samples be

expressed as an absolute concentration {15). Therefore, we
considered that the quantitative miRNA measurements were
potentially the same as the quantitative mRNA measurements
in plasma. Hence, an absolute real-time qRT-PCR analysis
was performed. As an internal control during quantitative
PCR, we used the concentration of U6 snRNA in each sample.
In each sample, the plasma concentrations of target miRNAs
were adjusted by the plasma concentrations of U6 snRNA. By
using QIAgility {Quiagen), a compact benchtop instrument
that enables rapid, high-precision PCR setup, we could place
66 samples in triplicate on a plate with the standard curves
and negative controls. The experiments were run on the
same 384-well plate. The intra-assay coefficients of variation,
which were the ratios of the standard deviation to the mean
for the probes in the absolute qRT-PCR, were 8.1% for miR-
518b, 7.20% for miR-517a, 6.1% for miR-515-3p, 5.6% for
517a, 6.7% for miR-323-3p, 6.9% for miR-21, and 6.2% for
U6 snRNA.

Statistical Analysis

The patients’ backgrounds for the SA, EP and NP groups were
compared using Student’s ¢ test for continuous variables. The
plasma concentrations of cell-free miRNAs in three groups
were converted into multiples of the median value in the NP
group and were adjusted for gestational age. The differences
among the three groups were evaluated using the Kruskal-
Wallis test. The differences between two groups were evalu-
ated using Bonferroni correction for post hoc analysis of
multiple comparisons. Statistical analyses were performed
with SPSS version 19 {(IBM Corporation). Pearson product-
moment correlation coefficients between plasma concentra-
tions of cell-free miRNAs and serum hCG levels were
analyzed with SPSS version 19 {IBM Corporation). To elimi-
nate spurious correlations between the circulating levels of
cell-free miRNAs and the serum hCG levels, a partial correc-
tion coefficient analysis was performed. P<.05 was consid-
ered statistically significant, except for the multiple
comparisons of clinical data where a Bonferroni correction
was applied. To determine the ability of miRNAs to classify
EP, SA, and NP, we plotted receiver operating characteristic
(ROC) curves with the R package pROC (http://expasy.org/
tools/pROC/) (16). Statistical analyses were performed using
R software (R Core Team).

RESULTS

Circulating Levels of Serum hCG and Plasma Cell-
free miRNAs in the Spontaneous Abortion, Ectopic
Pregnancy and Normal Pregnancy Groups

Human chorionic gonadotropin (hCG) was confirmed to have
statistically significantly different serum concentrations in
women with EP, SA, or NP (Kruskal-Wallis test; see Table 1;
and Supplemental Fig. 1, available online). Also, cell-free
pregnancy-associated miRNAs (miR-323-3p, miR-515-3p,
miR-517a, miR-517¢, and miR-518b) were confirmed to
have statistically significantly different plasma concentra-
tions in women with EP, SA, or NP (Kruskal-Wallis test; see
Table 1, Supplemental Fig. 1). However, there was no
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statistically significant difference in the plasma cell-free
miR-21 levels among the three groups (Kruskal-Wallis test;
see Table 1, Supplemental Fig. 1).

The serum concentrations of hCG in the EP or SA groups
were statistically significantly lower than in NP group
(P<.001; see Table 1). There was no significantly significant
difference in serum hCG levels between the EP and SA groups
(see Table 1). The plasma concentrations of cell-free preg-
nancy-associated placenta-specific miRNAs (miR-515-3p,
miR-517a, and miR-517¢) in the EP and SA groups were sta-
tistically significantly lower than in the NP group (P<.001 for
all three miRNAs; see Table 1, Supplemental Fig. 1). There
were no statistically significant differences in the plasma
cell-free miR-515-3p, miR-517a, miR-517¢, and miR-518b
levels between the EP and SA groups (see Table 1,
Supplemental Fig. 1). There was no statistically significant
difference of plasma cell-free pregnancy-associated but not
placenta-specific microRNA (miR-323-3p) levels between
the EP and SA groups, between the EP and NP groups, or
between the SA and NP groups (see Table 1).

Association between Serum Concentration of hCG
and Plasma Concentration of Cell-free Pregnancy-
associated miRNA in Pregnant Women

Pearson product-moment correlation coefficient analysis or
partial correction coefficient analysis showed no association
between the serum concentration of hCG and the plasma
concentration of cell-free miRNAs (Table 2).

Diagnostic Value of Pregnancy-associated miRNA
Concentration in Plasma

We constructed ROC curves for discriminating EP/SA from NP
based on the plasma concentration of cell-free pregnancy-
associated miRNA and the serum concentration of hCG. Our

tween serum

: Summary of correlatlon coefﬂclent analysis

‘\ Expressnon pattern

Plasma mlRNA Ievel
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analysis of the ROCs revealed high area under the curve
(AUC) values for each pregnancy-associated miRNA in
plasma and hCG in serum (Fig. 1): miR-518b, miR-5174,
miR-515-3p, miR-517¢, miR-323-3p, and hCG yielded
AUCs of 0.7372 (95% confidence interval [CI], 0.6046-
0.8698), 0.9654 (95% CI, 0.9172-1.0000), 0.9141 (95% CI,
0.8405-0.9877), 0.9077 (95% CI, 0.8192-0.9962), 0.5821
(95% CI, 0.4279-0.7362), and 0.9654 (95% ClI, 0.9046-
1.0000), respectively (see Fig. 1).

We constructed ROC curves for discriminating EP from
SA based on the plasma concentration of cell-free preg-
nancy-associated miRNA and the serum concentration of
hCG. Our analysis of the ROCs revealed high AUC values for
each pregnancy-associated miRNA in plasma and hCG in
serum {Fig. 2): miR-518b, miR-517a, miR-515-3p, miR-
517¢, miR-323-3p, and hCG yielded AUCs of 0.5602 (95%
CI, 0.3479-0.7725), 0.5278 {95% CI, 0.3118-0.7438), 0.6713
(95% CI, 0.4710-0.8716), 0.5972 (95% CI, 0.3873-0.8072),
0.7454 (95% CI, 0.5558-0.9349), and 0.6019 (95% (I,
0.3902-0.8135), respectively (see Fig. 2).

DISCUSSION

In this study, we confirmed the clinical significance of
cell-free pregnancy-associated miRNAs in plasma samples
from EP in an independent population of a previous study
(4). First, the plasma concentrations of cell-free preg-
nancy-associated placenta-specific microRNA (miR-515-
3p, miR-517a, miR-517¢, and miR-518b) were confirmed
to be statistically significantly different in women with EP,
SA, or NP; therefore, we could confirm the previously re-
ported data that pregnancy-associated placenta-specific mi-
croRNAs were candidate markers and statistically significant
different among the three groups (4). We showed decreased
levels of cell-free pregnancy-associated placenta-specific
miRNAs (miR-517a, miR-515-3p, and miR-517¢) in plasma

ncent'rations‘ of hCG and plasma concentration of cell-free pregnénty¥ ASSOCH

Serum hCG level
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