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trisomic cells. In this regard, if trisomic cells may be present in a
certain fraction of buccal cells and placental tissue, the full upid-
(7)mat cells would still account for a relatively major fraction of
buccal cells and a relatively minor fraction of the placental cells.
While such a variation in the frequency of the full upid(7)mat cells
among different tissues would primarily be a stochastic event, it
should be pointed out that human genetic studies are usually
performed for leukocytes. Indeed, if the upid(7)mat cells were
barely present in leukocytes, the mosaic upid(7)mat would not
have been detected. Such a bias in human studies would more or
less be relevant to the relative predominance of the full upid(7)mat
cells in leukocytes. '

Two findings are noteworthy with regard to clinical features of
this patient. First, this patient had relatively mild SRS phenotype
with speech delay and feeding difficulty. Since such clinical features
are grossly consistent with those of patients with upd(7)mat
[Hitchins et al., 2001; Kotzot, 2008], it is inferred that the upid-
(7)mat cells accounted for a considerable fraction of body
cells relevant to the development of SRS phenotype. Second, the
placental size remained within the normal range. This would
be consistent with the relative paucity of the upid(7)mat cells in
the placenta.

In summary, we observed mosaic upid(7)mat in a patient with
SRS. Further studies will identify mosaic upd(7)mat with or
without demonstrable trisomy 7 in patients with relatively mild
SRS-like phenotype.
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search (A) (22249010) from the Japan Society for the Promotion of
Science (JSPS), by the Grants for Health Research on Children,
Youth, and Families (H21-005) from the Ministry of Health, Labor
and Welfare, and by the Grant of National Center for Child Health
and Development (23A-1).
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Relative frequency of underlying genetic causes for
the development of UPD(14)pat-like phenotype

Masayo Kagami', Fumiko Kato!, Keiko Matsubara!, Tomoko Sato!, Gen Nishimura? and Tsutomu Ogata*-!"

Paternal uniparental disomy 14 (UPD(14)pat) results in a unique constellation of clinical features, and a similar phenotypic
constellation is also caused by microdeletions involving the DLK1-MEG3 intergenic differentially methylated region (IG-DMR)
and/or the MEG3-DMR and by epimutations (hypermethylations) affecting the DMRs. However, relative frequency of such
underlying genetic causes remains to be clarified, as well as that of underlying mechanisms of UPD(14)pat, that is, trisomy
rescue (TR), gamete complementation (GC), monosomy rescue (MR), and post-fertilization mitotic error (PE). To examine this
matter, we sequentially performed methylation analysis, microsatellite analysis, fluorescence in situ hybridization, and array-
based comparative genomic hybridization in 26 patients with UPD(14)pat-like phenotype. Consequently, we identified
UPD(14)pat in 17 patients (65.4%), microdeletions of different patterns in 5 patients (19.2%), and epimutations in 4 patients
(15.4%). Furthermore, UPD(14)pat was found to be generated through TR or GC in 5 patients (29.4%), MR or PE in 11
patients (64.7%), and PE in 1 patient (5.9%). Advanced maternal age at childbirth (=35 years) was predominantly observed
in the MR/PE subtype. The results imply that the relative frequency of underlying genetic causes for the development of
UPD(14)pat-like phenotype is different from that of other imprinting disorders, and that advanced maternal age at childbirth
as a predisposing factor for the generation of nullisomic oocytes through non-disjunction at meiosis 1 may be involved in the

development of MR-mediated UPD(14)pat.
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INTRODUCTION
Human chromosome 14q32.2 carries a ~1.2Mb imprinted region
with the germline-derived primary DLKI-MEG3 intergenic differen-
tially methylated region (IG-DMR) and the post-fertilization-derived
secondary MEG3-DMR, together with multiple imprinted genes.!?
Both DMRs are methylated after paternal transmission and unmethy-
lated after maternal transmission in the body, whereas in the placenta
the IG-DMR alone remains as a DMR and the MEG3-DMR is rather
hypomethylated irrespective of the parental origin.>? Furthermore, it
has been shown that the unmethylated IG-DMR and MEG3-DMR of
maternal origin function as the imprinting centers in the placenta and
the body, respectively, and that the IG-DMR acts as an upstream
regulator for the methylation pattern of the MEG3-DMR in the body
but not in the placenta.®

As a result of the presence of the imprinted region, paternal
uniparental disomy 14 (UPD(14)pat) (OMIM #608149) causes a
unique constellation of body and placental phenotypes such as
characteristic face, bell-shaped small thorax, abdominal wall defect,
polyhydramnios, and placentomegaly.>*> Furthermore, consistent
with the essential role of the DMRs in the imprinting regulation,
microdeletions and epimutations affecting the IG-DMR or both
DMRs of maternal origin result in UPD(14)pat-like phenotype in
both the body and the placenta, whereas a microdeletion involving the

maternally inherited MEG3-DMR alone leads to UPD(14)pat-like
phenotype in the body, but not in the placenta.??

Of the three underlying genetic causes for UPD(14)pat-like
phenotype (UPD(14)pat, microdeletions, and epimutations),
UPD(14)pat is primarily generated by four mechanisms, that is,
trisomy rescue (TR), gamete complementation (GC), monosomy
rescue (MR), and post-fertilization mitotic error (PE).® TR refers to
a condition in which chromosome 14 of maternal origin is lost
from a zygote with trisomy 14 formed by fertilization between a
disomic sperm and a normal oocyte. GC results from fertilization
of a disomic sperm with a nullisomic oocyte. MR refers to a condition
in which chromosome 14 of paternal origin is replicated in a zygote
with monosomy 14 formed by fertilization between a normal sperm
and a nullisomic oocyte. PE is an event after formation of a normal
zygote. In this regard, a nullisomic oocyte specific to GC and MR is
produced by non-disjunction at meiosis 1 (M1) or meiosis 2 (M2),
and non-disjunction at M1 is known to increase with maternal age,
probably because of a long-term (10-50 years) meiotic arrest at
prophase 1.7

However, relative frequency of the genetic causes for UPD(14)pat-
like phenotype remains to be determined, as well as that of underlying
mechanisms for the generation of UPD(14)pat. Here, we report our
data on this matter, and discuss the difference in the relative frequency
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among imprinted disorders and the possible maternal age effect on the
relative frequency.

PATIENTS AND METHODS

Patients

This study comprised 26 patients with UPD(14)pat-like phenotype (9 male
patients and 17 female patients) (Table 1). Of the 26 patients, 18 patients have
been reported previously; they consisted of nine sporadic patients with full
UPD(14)pat,> one sporadic patient with segmental UPD(14)pat,* the proband
of sibling cases and four sporadic patients with different patterns of micro-
deletions involving the unmethylated DMRs of maternal origin,>* and three
patients with epimutations (hypermethylations) of the two normally unmethy-
lated DMRs of maternal origin2 The remaining eight patients were new
sporadic cases.

Phenotypic findings of the 26 patients are summarized in Supplementary
Table 1; detailed clinical features of patients 6 and 16-25 are as described
previously,>™ and those of the eight new patients 3, 5, 10~14, and 26 are shown
in Supplementary Table 2, together with those of patients 1, 2, 4, 7-9, and 15 in
whom detailed phenotypes were not described in the previous report.” All the
26 patients were identified shortly after birth because of the unique bell-shaped
thorax with coat-hanger appearance of the ribs on roentgenograms obtained
because of asphyxia. Subsequent clinical analysis revealed that 25 of the 26
patients exhibited both body and placental UPD(14)pat-like phenotype,
whereas the remaining one previously reported patient (patient 22) manifested
body, but not placental, UPD(14)pat-like phenotype.> The karyotype was
found to be normal in 25 patients, although cytogenetic analysis was not
performed in one previously reported patient who died of respiratory failure at
2h of age (patient 6).* One patient (patient 15) was conceived by in vitro
fertilization-embryo transfer.® This study was approved by the Institute Review
Board Committee at the National Center for Child Health and Development,
and performed after obtaining written informed consent.

Table 1 Summary of patients examined in this study

UPD(14)pat-like phenotype
M Kagami et a/

Analysis of underlying genetic causes in patients with
UPD(14)pat-like phenotype

We sequentially performed methylation analysis, microsatellite analysis, and
fluorescence in situ hybridization (FISH), using leukocyte genomic DNA
samples and lymphocyte metaphase spreads of all the 26 patients with
UPD(14)pat-like phenotype. The detailed methods were as reported pre-
viously.>® In brief, methylation analysis was performed for the IG-DMR
(CG4 and CG6) and the MEG3-DMR (CG7 and the CTCF-biding sites C
and D) by combined bisulfite restriction analysis and bisulfite sequencing.
Microsatellite analysis was performed for multiple loci on chromosome 14, by
determining the sizes of PCR products obtained with fluorescently labeled
forward primers and unlabeled reverse primers. FISH analysis was carried out
for the IG-DMR and the MEG3-DMR using 5104-bp and 5182-bp long PCR
products, respectively, together with the RP11-56612 probe for 14q12 utilized as
an internal control.

In this study, furthermore, oligonucleotide array-based comparative geno-
mic hybridization (CGH) was also performed for the imprinted region of non-
UPD(14)pat patients, using a custom-build oligo-microarray containing 12 600
probes for 14q32.2—-q32.3 encompassing the imprinted region and ~ 10000
reference probes for other chromosomal region (4x180K format, Design ID
032112) (Agilent Technologies, Palo Alto, CA, USA). The procedure was as
described in the manufacturer’s instructions.

Analysis of subtypes in patients with UPD(14)pat

UPD(14)pat subtype was determined by microsatellite analysis.®? In brief,
heterodisomy for at least one locus was regarded as indicative of TR- or
GC-mediated UPD(14)pat (TR/GC subtype), whereas isodisomy for all the
informative microsatellite loci was interpreted as indicative of MR- or
PE-mediated UPD(14)pat (MR/PE subtype) (for details, see Supplementary
Figure S1). Here, while heterodisomy and isodisomy for a pericentromeric
region in the TR/GC subtype imply a disomic sperm generation through M1

UPD(14)pat Maternal age at Paternal age at
Patient Genetic cause subtype childbirth (years) childbirth (years) Remark Reference
1 UPD(14)pat TR/GC [M1] 31 35 5
2 UPD(14)pat TR/GC [M11] 28 29 5
3 UPD(14)pat TR/GC [M1] 29 38 This report
4 UPD(14)pat TR/GC [M1] 36 41 5
5 UPD(14)pat TR/GC [M2] 30 30 This report
6 UPD(14)pat MR/PE 42 Unknown 4,5
7 UPD(14)pat MR/PE 31 28 5
8 UPD(14)pat MR/PE 32 33 5
9 UPD(14)pat MR/PE 26 35 5
10 UPD(14)pat MR/PE 38 38 This report
11 UPD(14)pat MR/PE 26 32 This report
12 UPD(14)pat MR/PE 4] 36 This report
13 UPD(14)pat MR/PE 30 28 This report
14 UPD(14)pat MR/PE 39 34 This report
15 UPD(14)pat MR/PE 42 37 Born after IVF-ET 5
16 UPD(14)pat MR/PE 36 36 4,5
17 UPD(14)pat-seg. PE 27 24 Segmental isodisomy 4,5
18 Microdeletion 31 34 2
19 Microdeletion 33 36 2
20 Microdeletion 28 27 2
21 Microdeletion 27 37 1G-DMR alone 3
22 Microdeletion 25 25 MEG3-DMR alone 3
23 Epimutation 35 36 2
24 Epimutation 28 26 2
25 Epimutation 27 30 2
26 Epimutation 33 33 This report

Abbreviation: IVF-ET, in vivo fertilization-embryo transfer using parental gametes.
The microdeletions in patients 18-22 are different in size.
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and M2 non-disjunction respectively,” such discrimination between MI
and M2 non-disjunctions is impossible for the development of a nullisomic
oocyte. Furthermore, it is usually impossible to discriminate between
TR and GC, although the presence of trisomic cells is specific to TR. Similarly,
it is also usually impossible to discriminate between MR and PE, although
identification of segmental isodisomy or mosaicism is unique to PE

(PE subtype).

Analysis of parental ages

We examined parental ages at childbirth in patients of different underlying
causes and different UPD(14)pat subtypes. Statistical significance of the
relative frequency was examined by the Fisher’s exact probability test, and that

- of the median age by the Mann-Whitney’s U-test. P<0.05 was considered

significant.

RESULTS

Analysis of underlying causes in patients with UPD(14)pat-like
phenotype

For the eight new sporadic patients, methylation analysis invariably
revealed hypermethylation of both DMRs, and microsatellite analysis
showed UPD(14)pat in seven patients and biparentally inherited
homologs of chromosome 14 in the remaining one patient (patient
26). FISH analysis for patient 26 identified two signals for the two
DMRs, and subsequently performed array CGH analysis showed no
evidence for genomic rearrangements (Supplementary Figure S2).
Thus, patient 26 was assessed to have an epimutation affecting the
two DMRs. Furthermore, the results of array CGH analysis confirmed
the presence of microdeletions in patients 18-21 and the absence of a
discernible microdeletion in patients 23-25 (Supplementary Figure S2)
(array CGH analysis was not performed in patient 22 with a 4303-bp
microdeletion® because of the lack of DNA sample available). Thus,
together with our previous data, all the 26 patients with UPD(14)pat-
like phenotype had genetic alteration involving the imprinted region
on chromosomel4q32.2.

Consequently, the 26 patients with UPD(14)pat-like phenotype
were classified as follows: (1) 16 sporadic patients with full
UPD(14)pat and 1 sporadic patient with segmental UPD(14)pat
(UPD(14)pat group); (2) the proband of the sibling cases and two
sporadic patients with different patterns of microdeletions involving
the two DMRs, one sporadic patient with a microdeletion involving
the IG-DMR alone in whom the MEG3-DMR was epimutated, and
one patient with a microdeletion involving the MEG3-DMR alone
(deletion group); and (3) four patients with epimutations (hyper-
methylations) of both DMRs (epimutation group) (Figure 1 and
Table 1).

{ tpessmenin |

Figure 1 Classification of 26 patients with UPD(14)pat-like phenotype.

European Journal of Human Genetics

Analysis of subtypes in patients with UPD(14)pat

Heterozygosity for at least one locus indicative of TR/GC subtype was
identified in five patients (patients 1-5), and the disomic pattern of
pericentromeric region indicated M1 non-disjunction in patients 1-4
and M2 non-disjunction in patient 5. Full isodisomy consistent with
MR/PE subtype was detected in 11 patients (patients 6-16), and
segmental isodisomy unique to PE subtype was revealed in 1 patient
(patient 17) (Table 1, Figure 1, and Supplementary Figure S3).

Analysis of parental ages

The distribution of parental ages at childbirth is shown in Figure 2.
The advanced maternal age at childbirth (>35 years) was predomi-
nantly observed in the MR/PE subtype of UPD(14)pat. Furthermore,
while the relative frequency of aged mothers ( > 35 years) did not show
a significant difference between the MR/PE subtype of UPD(14)pat
(6/11) and (i) other subtypes of UPD(14)pat (1/6) (P=0.159), (ii)
deletion group (0/5) (P=0.057), and (iii) epimutation group (1/4)
(P=0.338), it was significantly different between the MR/PE subtype
and the sum of other subtypes of UPD(14)pat, deletion group, and
epimutation group (2/15) (P=0.034). Similarly, while the median
maternal age did not show a significant difference between the MR/PE
subtype of UPD(14)pat (36 years) vs (i) other subtypes of UPD(14)pat
(29.5 years) (P=0.118), (ii) deletion type (28 years) (P=0.088), and
(ili) epimutation type (30.5 years) (P=0.295), it was significantly
different between the MR/PE subtype of UPD(14)pat and the sum of
other subtypes of UPD(14)pat, deletion group, and epimutation
group (29 years) (P=0.045).

The paternal ages were similar irrespective of the genetic causes and
the UPD(14)pat subtypes. In addition, the median paternal age was
comparable between the TR/GC subtype of UPD(14)pat that postu-
lates the production of a disomic sperm (35.0 years) and the sum of
other subtypes of UPD(14)pat, deletion group, and epimutation
group that assumes the production of a normal sperm (33.5 years)
(P=0.322).

DISCUSSION

This study revealed that the UPD(14)pat-like phenotype was caused
by UPD(14)pat in 65.4% of patients, by microdeletions in 19.2% of
patients, and by epimutations in 15.4% of patients. Although the
relative frequency of underlying genetic factors for the development of
UPD(14)pat-like phenotype has been reported previously,!® most data
are derived from our previous publications. Thus, the present results
are regarded as the updated and extended data on the relative
frequency. For the relative frequency, it is notable that 25 of the 26
patients were confirmed to have normal karyotype, although chromo-
some analysis was not performed in patient 6. Thus, while Robertso-
nian translocations involving chromosome 14 is known to be a

‘gﬁg@j w & e 3 w8 & ® %
WMARE | o eme »omeoep (] g wsesges
P ;{1;
W oEE B R Y - we
w [ A
3 P TR Y i 3 B B
BB B s o3 e
Bhaleral ags sk Faarag ags frrs)

Figure 2 The distribution of parental ages at childbirth according to the
underlying genetic causes for the development of UPD(14)pat-like phenotype
and UPD(14)pat subtypes. Of the five plots for the TR/GC subtype, open and
black circles indicate the TR/GC subtype due to non-disjunction at paternal
M1 and M2, respectively.
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predisposing factor for the occurrence of UPD(14)pat,!'"1¢ such a

possible chromosomal effect has been excluded in nearly all patients
examined in this study.

The relative frequency of underlying causes has also been reported
in other imprinting disorders.»7~1° The data are summarized in
Table 2 (a similar summary has also been reported recently by
Hoffmann et al).!% In particular, the results in patients with normal
karyotype are available in Prader-Willi syndrome (PWS).% Further-
more, PWS is also known to be caused by UPD, microdeletions, and
epimutations affecting a single imprinting region,%!° although Silver—
Russell syndrome and Beckwith~Wiedemann syndrome (BWS) can
result from perturbation of at least two imprinted regions,!”!® and
BWS and Angelman syndrome can occur as a single gene disorder.!”>1
Thus, it is notable that the relative frequency of underlying causes is
quite different between patients with UPD(14)pat-like phenotype and
those with PWS.%1° This would primarily be due to the presence of
low copy repeats flanking the imprinted region on chromosome 15,
because chromosomal deletions are prone to occur in regions harbor-
ing such repeat sequences.?’ Indeed, two types of microdeletions
mediated by such low copy repeats account for a vast majority of
microdeletions in patients with PWS,?! whereas the microdeletions
identified in patients with UPD(14)pat-like phenotype are different to
each other. This would explain why microdeletions are less frequent
and UPD and epimutations are more frequent in patients with
UPD(14)pat-like phenotype than in those with PWS.

Advanced maternal age at childbirth was predominantly observed
in the MR/PE subtype. This may imply the relevance of advanced
maternal age to the development of MR-mediated UPD(14)pat,
because the generation of nullisomic oocytes through M1 non-
disjunction is a maternal age-dependent phenomenon.?? Although
no paternal age effect was observed, this is consistent with the previous
data indicating no association of advanced paternal age with a meiotic
error.? For the maternal age effect, however, several matters should be
pointed out: (1) the number of analyzed patients is small, although it
is very difficult to collect a large number of patients in this extremely
rare disorder; (2) of the MR/PE subtype, the advanced maternal age is
a risk factor for the generation of MR-mediated UPD(14)pat, but not
for the development of PE-mediated UPD(14)pat; (3) it is impossible
to discriminate between maternal age-dependent M1 non-disjunction

UPD(14)pat-like phenotype
M Kagami et a/

and maternal age-independent M2 non-disjunction in the MR and
GC subtypes (however, GC must be extremely rare, because it requires
the concomitant occurrence of a nullisomic oocyte and a disomic
sperm); (4) of the TR/GC subtype, the advanced maternal age is a risk
factor for the generation of GC-mediated UPD(14)pat, but not for the
development of TR-mediated UPD(14)pat; and (5) if a cryptic
recombination(s) might remain undetected in some patients with
apparently full isodisomy, this argues that such patients actually have
TR- or GC-mediated UPD(14)pat rather than MR- or PE-mediated
UPD(14)pat. Thus, further studies are required to examine the
maternal age effect on the generation of MR-mediated UPD(14)pat.
In addition, while a relationship is unlikely to exist between advanced
maternal age and microdeletions and epimutations, this notion would
also await further investigations.

Such a maternal age effect is also expected in the TR/GC subtype
maternal UPDs after M1 non-disjunction, because the generation of
disomic oocytes through M1 non-disjunction is also a maternal age-
dependent phenomenon.” Indeed, such a maternal age effect has been
shown for PWS patients with normal karyotype; the maternal age at
childbirth was significantly higher in patients with heterodisomy for a
very pericentromeric region indicative of TR/GC subtype
UPD(15)mat after M1 non-disjunction than in those with other
genetic causes.®® For various chromosomes other than chromosome
15, furthermore, since maternal age at childbirth is higher in patients
with maternal heterodisomy than in those with maternal isodisomy,**
this would also argue for maternal age effect on the development of
maternal UPDs. However, in the previous studies on maternal UPDs
other than UPD(15)mat, the available data are quite insufficient to
assess the maternal age effect. For example, although a relatively large
number of patients with UPD(14)mat phenotype have been reported
in the literature (reviewed in reference Hoffmann et al),!® we could
identify only six UPD(14)mat patients with normal karyotype in
whom maternal age at childbirth was documented and microsatellite
analysis was performed.?>0 Furthermore, the microsatellite data are
insufficient to identify the subtype of UPD(14)mat and to distinguish
between M1 and M2 non-disjunction in the TR/GC subtype. Thus,
while the maternal age at childbirth may be advanced in five patients
with apparently TR/GC-mediated UPD(14)mat (27, 35, 37, 41, and 44
years)?>272%30 (the maternal age at childbirth in the remaining one

Table 2 Relative frequency of genetic mechanisms in imprinting disorders

UPD(14)pat-like phenotype BWS SRS AS PWS
Uniparental disomy 65.4% 16% 10% 3-5% 25% (25%)
UPD(14)pat UPD(11)pat (mosaic) UPD(7)mat UPD(15)pat UPD(15)mat
Cryptic deletion 19.2% Rare — 70% 70% (72%)
Cryptic duplication — — Rare — —
Epimutation
Hypermethylation 15.4% 9% — — 2-5% (2%)
Affected DMR IG-DMR/MEG3-DMR H19-DMR — — SNRPN-DMR
Hypomethylation —_ 44% >38% 2-5% —_
Affected DMR KvDMR1 H19-DMR SNRPN-DMR
Gene mutation — 5% — 10-15% —
Mutated gene CDKN1C UBE3A
Unknown 25% >40% 10%
Reference This study 17 18 19 8,19

Abbreviations: AS, Angelman syndrome; BWS, Beckwith-Wiedemann syndrome; PWS, Prader-Willi syndrome; SRS, Silver-Russell syndrome.
Patients with abnormal karyotypes are included in BWS and AS, and not included in SRS. In PWS, the data including patients with abnormal karyotypes are shown, and those from patients with

normal karyotype alone are depicted in parentheses.
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patient with apparently MR/PE-mediated UPD(14)mat is 40 years),?8
the notion of a maternal age effect awaits further investigations for
UPD(14)mat.

Finally, it appears to be worth pointing out that methylation
analysis invariably revealed hypermethylated DMR(s) in all the 26
patients who were initially ascertained because of bell-shaped thorax
with coat-hanger appearance of the ribs. This indicates that methyla-
tion analysis of the DMRs can be utilized for a screening of this
condition, and that the constellation of clinical features in the
UPD(14)pat-like phenotype, especially the bell-shaped thorax with
coat-hanger appearance of the ribs, is highly unique to patients with
UPD(14)pat-like phenotype.

In summary, this study confirms the relative frequency of under-
lying genetic causes for the UPD(14)pat phenotype and reveals the
relative frequency of UPD(14)pat subtypes. Furthermore, the results
emphasize the difference in the relative frequency of underlying
genetic causes among imprinted disorders, and may support a possible
maternal age effect on the generation of the nullisomic oocyte
mediated UPD(14)pat. Further studies will permit a more precise
assessment on these matters.
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Abstract

Background: Recent studies have revealed relative frequency and characteristic phenotype of two major causative factors
for Silver-Russell syndrome (SRS), i.e. epimutation of the H19-differentially methylated region (DMR) and uniparental
maternal disomy 7 (upd(7)mat), as well as multilocus methylation abnormalities and positive correlation between
methylation index and body and placental sizes in H19-DMR epimutation. Furthermore, rare genomic alterations have been
found in a few of patients with idiopathic SRS. Here, we performed molecular and clinical findings in 138 Japanese SRS
patients, and examined these matters.

Methodology/Principal Findings: We identified H19-DMR epimutation in cases 1-43 (group 1), upd(7)mat in cases 44-52
(group 2), and neither H19-DMR epimutation nor upd(7)mat in cases 53-138 (group 3). Multilocus analysis revealed hyper-
or hypomethylated DMRs in 2.4% of examined DMRs in group 1; in particular, an extremely hypomethylated ARH/-DMR was
identified in case 13. Oligonucleotide array comparative genomic hybridization identified a ~3.86 Mb deletion at
chromosome 1724 in case 73. Epigenotype-phenotype analysis revealed that group 1 had more reduced birth length and
weight, more preserved birth occipitofrontal circumference (OFC), more frequent body asymmetry and brachydactyly, and
less frequent speech delay than group 2. The degree of placental hypoplasia was similar between the two groups. In group
1, the methylation index for the H19-DMR was positively correlated with birth length and weight, present height and
weight, and placental weight, but with neither birth nor present OFC.

Conclusions/Significance: The results are grossly consistent with the previously reported data, although the frequency of
epimutations is lower in the Japanese SRS patients than in the Western European SRS patients. Furthermore, the results
provide useful information regarding placental hypoplasia in SRS, clinical phenotypes of the hypomethylated ARHI-DMR,
and underlying causative factors for idiopathic SRS.
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Introduction chromosome 11p15.5 and maternal uniparental disomy for
chromosome 7 (upd(7)mat) account for ~45% and 5—10% of
) C ! SRS patients, respectively [1,2]. In this regard, phenotypic
tal d.lsorder charactenzefi by pre- and postnatal growth failure,  5essment has suggested that birth length and weight are more
relative macrocephaly, triangular face, hemihypotrophy, and fifth- reduced and characteristic body features are more frequent in

ﬁnger clinodactyly [1]. Recent studies have shown that epim}.!ta— patients with H/9-DMR epimutation than in those with
tion (hypomethylation) of the paternally derived differentially

methylated region (DMR) in the upstream of H19 (H19-DMR) on

Silver-Russell syndrome (SRS) is a rare congenital developmen-

upd(7)mat, whereas developmental delay tends to be more
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frequent in patients with upd(7)mat than in those with H79-DMR
epimutation [3,4]. Furthermore, consistent with the notion that
imprinted genes play an essential role in placental growth and
development [5], placental hypoplasia has been found in both
HI9-DMR epimutation and upd(7)mat [4,6], although compar-
ison of placental weight has not been performed between HI9-
DMR hypomethylation and upd(7)mat. In addition, multilocus
hypo- or hypermethylation and positive correlation between
methylation index (M1, the ratio of methylated clones) and body
and placental sizes have been reported in patients with H79-DMR
epimutation [4,7-9], and several types of rare genomic alterations
have been identified in a few of SRS patients [1,10-12].

Here, we report on molecular and clinical findings in 138
Japanese SRS patients, and discuss on the results obtained in this
study.

Patients and Methods

Ethics statement

This study was approved by the Institutional Review Board
Committee at the National Center for Child Health and
Development. The parents of the affected children and the adult
patients who can express an intention by themselves have given
written informed consent to participate in this study and to publish
their molecular and clinical data.

Patients

This study consisted of 138 Japanese patients (66 males and 72
females) with SRS phenotype aged 0-30 years (median 4.1 years),
including 64 previously reported patients (20 patients with variable
degrees of H79-DMR epimutation, three patients with upd(7)mat,
one patient with 46,XY/46,XY,upd(7)mat mosaicism in whom
upd(7)mat cells accounted for 91-92% of leukocytes and salivary
cells and for 11% of placental tissue, and 40 patients of unknown
causc) [4,6,13]. The 138 patients had a normal karyotype in all the
=50 lymphocytes examined, and satisfied the selection criteria
proposed by Netchine et al. [14], i.c., birth length and/or birth
weight = ~2 standard deviation score (SDS) for gestational age as
a mandatory criteria plus at least three of the following five
features: (i) postnatal short stature (= -2 SDS) at 2 year of age or at
the nearest measure available, (i) relative macrocephaly at birth,
i.e., SDS for birth length or birth weight minus SDS for birth
occipitofrontal circumference (OFC) = -1.5, (iii) prominent
forehead during early childhood, (iv) body asymmetry, and (v)
feeding difficulties during early childhood. Birth and present
length/height, weight, and OFC were assessed by the gestational/
postnatal age- and sex-matched Japanese reference data from the
Ministry of Health, Labor, and Welfare and the Ministry of
Education, Science, Sports and Culture. Placental weight was
assessed by the gestational age-matched Japanese reference data
[15]. Clinical features were evaluated by clinicians at different
hospitals who participated in this study, using the same clinical
datasheet. The SRS patients were classified into three groups by
the molecular studies, i.e., those with H79-DMR hypomethylation
(epimutation) (group 1), those with upd(7)mat (group 2), and the
remaining patients (group 3).

Primers and samples
Primers utilized in this study are shown in Table S1. Leukocyte
genomic DNA samples were examined in this study.

Methylation analysis

We performed pyrosequencing analysis for the H/9-DMR
encompassing the 6th CTCF (CCCTC-binding factor) binding site

PLOS ONE | www.plosone.org
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that functions as the primary regulator for the monoallelic /GF2 and
H19 expressions [16—18], using bisulfite treated leukocyte genomic
DNA samples of all the 138 patients. The procedure was as
described in the manufacturer’s instructions (Qiagen, Valencia, CA,
USA). In brief, a 279 bp region was PCR-amplified with a primer
set (PyF and PyR) for both methylated and unmethylated clones,
and a sequence primer (SP) was hybridized to a single-stranded
PCR products. Subsequently, the MIs were obtained for four CpG
dinucleotides (CG5-CG7 and CGY), using PyroMark Q24 (Qiagen)
(the MI for CG8 was not obtained, because the “C” residue of CG8
constitutes a C/T SNP) (Figure 1A). The PyF/PyR and SP were
designed by PyroMark Assay Design Software Ver2.0. While the
PyF sequence contains a SNP (r5/1564736) with a mean minor allele
frequency of 5% in multiple populations, the minor allele frequency
is 0% in the Japanese as well as in the Asian populations (http://
browser.1000genomes.org/Homo_sapiens/ Variation/Population?
db = core;r = 11:2020801-2021801;v =rs11564736;vdb = varia-
tion;vf=7864021). Thus, we utilized this PyF.

We also carried out combined bisulfite restriction analysis
(COBRA) for the H19-DMR. The methods were as described
previously [4]. In short, a 435 bp region was PCR-amplified with a
primer set (CoF and CoR) that hybridize to both methylated and
unmethylated clones, and MIs were obtained for two CpG
dinucleotides (CG5 and CG16) after digestion of the PCR
products with methylated allele-specific restriction enzymes
(Hpy188I and AfIII) (Figure 1A).

Thus, we could examine CG5 by both pyrosequencing and
COBRA. While we also attempted to analyze CG16 by both
methods, it was impossible to design an SP for the analysis of
CG16 (although we could design an SP between CG11 and CG12,
clear methylation data were not obtained for CG16, probably
because of the distance between the SP and CG16).

In addition, we performed COBRA for the KvDMRI in all the
138 patients (Figure S1A) because of the possibility that
epimutation of the KvDMRI1 could lead to SRS phenotype via
some mechanism(s) such as overexpression of a negative growth
regulator CDENIC [19], and for multiple DMRs on various
chromosomes in patients in whom relatively large amount of DNA
samples were available, as reported previously [4,20,21]. To define
the reference ranges of MIs (minimum ~ maximum), 50 control
subjects were similarly studied with permission.

To screen upd(7)mat, PCR amplification was performed for the
MEST-DMR on chromosome 7¢32.2 in all the 138 patients, using
methylated and unmethylated allele-specific PCR primer sets, as
reported previously [6] (Figure 2A). In addition, bisulfite
sequencing and direct sequencing for the primer binding sites
for the ARHI-DMR analysis were performed in a patient (case 13)
with an extremely low MI for the ARHI-DMR.

Microsatellite analysis

Microsatellite analysis was performed for four loci within a
~4.5 Mb telomeric 11p region (D1182071, D118922, D11S1318,
and D115988) in patients with hypomethylated H79-DMR, to
examine the possibility of upd(l lp)mat involving the H79-DMR.
Microsatellite analysis was also carried out for nine loci widely
dispersed on chromosome 7 (Table S2) in patients with abnormal
methylation patterns of the AMEST-DMR, to examine the
possibility of upd(7)mat and to infer the underlying causes for
upd(7)mat, i.e., trisomy rescue, gamete complementation, mono-
somy rescue, and post-fertilization mitotic error [22}. The methods
have been reported previously [4,6].
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Figure 1. Methylation analysis of the H79DMR, using bisulfite-treated genomic DNA. A. Schematic representation of a segment
encompassing 21 CpG dinucleotides (CG1—CG21) within the H79-DMR. The cytosine residues at the CpG dinucleotides are usually methylated after
paternal transmission (filled circles) and unmethylated after maternal transmission (open circles). The CTCF binding site 6 (CTCF6) is indicated with a
blue rectangle; the cytosine residue at CG8 constitutes a C/T SNP (indicated with a gray rectangle). For pyrosequencing analysis, a 279 bp segment
was PCR-amplified with PyF & PyR primers, and a sequence primer (SP) was hybridized to a single-stranded PCR products. Subsequently, the Mls were
obtained for four CpG dinucleotides (CG5-CG7 and CGY) (indicated with a yellow rectangle). For COBRA, a 435 bp region was PCR-amplified with CoF
& CoR primers, and the PCR product was digested with methylated allele-specific restriction enzymes to examine the methylation pattern of CG5
ands CG16 (the PCR products is digested with Hpy188l when the cytosine residue at CG5 is methylated and with Affill when the cytosine residue at
CG16 is methylated) (indicated with orange rectangles). IGF2 is a paternally expressed gene, and H19 is a maternally expressed gene. The stippled
ellipse indicates the enhancer for IGF2 and H19. B. Pyrosequencing data. Left part: Representative results indicating the Mis for CG5- CG7 and CG9.
CG5- CG7 and CGY are hypomethylated in case 1, and similarly methylated between case 53 and a control subject. Right part: Histograms showing
the distribution of the Mis (the horizontal axis: the methylation index; and the vertical axis: the patient number). Forty-three SRS patients with low Mis
are shown in red. C. COBRA data. Left part: Representative findings of PCR products loaded onto a DNA 1000 LabChip (Agilent, Santa Clara, CA, USA)
after digestion with Hpy1881 or Afllll. U: unmethylated clone specific bands; M: methylated clone specific bands; and BWS: Beckwith-Wiedemann
syndrome patient with upd(11p15)pat. Right part: Histograms showing the distribution of the Mls.

doi:10.1371/journal.pone.0060105.g001

Oligoarray comparative genomic hybridization (CGH)
We performed oligoarray CGH in the 138 SRS patients, using a
genomewide 4x180K Agilent platform catalog array and a
custom-build high density oligoarray for the 11pl5.5, 7pl2.2,
12ql14, and 17q24 regions where rare copy number variants have
been identified in several SRS patients [1,10-12] as well as for the
7q32~qter region involved in the segmental upd(7)mat in four SRS
patients [23-25]. The custom-build high density oligoarray
contained 3,214 probes for 7pl12.2, 434 probes for 7q32, 23,162

PLOS ONE | www.plosone.org

probes for 12ql14, and 39,518 probes for 17q24, together with
~10,000 reference probes for other chromosomal region (Agilent
Technologics, Palo Alto, CA, USA). The procedure was as
described in the manufacturer’s instructions.

Statistical analysis

After examining normality by x? test, the variables following the
normal distribution were expressed as the mean*SD, and those
not following the normal distribution were expressed with the
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Figure 2. Methylated and unmethylated allele-specific PCR
analysis for the MEST-DMR. A. Schematic representation of the
MEST-DMR. The cytosine residues at the CpG dinucleotides are usually
unmethylated after paternal transmission (open circles) and methylated
after maternal transmission (filled circles). The PCR primers have been
designed to hybridize either methylated or unmethylated clones. B. The
results of methylation analysis with methylated and unmethylated
allele-specific primers.

doi:10.1371/journal.pone.0060105.g002

median and range. Statistical significance of the mean was
analyzed by Student’s #test or Welch’s #test after comparing the
variances by F test, that of the median by Mann-Whitney’s U-test,
that of the frequency by Fisher’s exact probability test, and that of
the correlation by Pearson’s correlation coefficient after confirm-
ing the normality of the variables. P<<0.05 was considered
significant.

Results

Identification of H79-DMR hypomethylation

Representative findings are shown in Figure 1B and 1C, and the
MIs are summarized in Table 1. Overall, the Mls obtained by the
pyrosequencing analysis tended to be lower and distributed more
narrowly than those obtained by the COBRA. Despite such
difference, the Mls obtained by the pyrosequencing analysis for
CG5-CG7 and CGY and by the COBRA for CG5 and CG16
were invariably below the normal range in the same 43 patients
(cases 1-43) (group 1). By contrast, the MIs were almost invariably
within the normal range in the remaining 95 patients, while the
MlIs obtained by the pyrosequencing analysis slightly (1-2%)
exceeded the normal range in the same three patients (cases 136—
138).

In the 43 cases of group 1, microsatellite analysis for four loci at
the telomeric 11p region excluded maternal upd in 14 cases in
whom parental DNA samples were available; in the remaining 29
cases, microsatellite analysis identified two alleles for at least one
locus, excluding maternal uniparental isodisomy for this region.
Furthermore, oligoarray CGH for the chromosome 11pl5.5
region showed no copy number alteration such as duplication of
maternally derived H79-DMR and deletion of paternally derived
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Table 1. The methylation indices (%) for the H19-DMR.

Cases 1—43 Cases 44—138  Control subjects

Pyrosequencing analysis

35-50 33-48

cGs 4-24

G 56 36-53 3451 .
cG7 4-24 35-49 30-47
oct] 53 - 3a-a8 3046
COBRA o

CG5 (Hpy188) ~ '33-35.1 37.8-608 36.2-585
CG16 (AT 41-350 43.0-594 38.7-60.0

The position of examined CpG dinucleotides (CG5-7, CG9, and CG16) is shown
in Figure 1A,

COBRA: combined bisulfite restriction analysis.
doi:10.1371/journal.pone.0060105.t001

HI19-DMR. For the KvDMRI, the MIs of the 138 patients
remained within the reference range (Fig. S1B and C).

Identification of upd(7)mat

Methylation analysis for the AMEST-DMR revealed that
unmethylated bands were absent from eight patients and remained
faint in a single patient (cases 44-52) (group 2) (Figure 2B).
Subsequent microsatellite analysis confirmed upd(7)mat in the
eight patients and mosaic upd(7)mat in the remaining one patient,
and indicated trisomy rescue or gamete complementation type
upd(7)mat in cases 44—48, monosomy rescue or post-fertilization
mitotic error type upd(7)mat in cases 49-51, and post-fertilization
mitotic error type mosaic upd(7)mat in case 52 (Table S2).

Muttiple DMR analysis

We examined 17 autosomal DMRs other than the H79-DMR
in 14 patients in group 1, four patients in group 2, and 20 patients
in group 3, and the XIST-DMR in eight female patients in group
1, one female patient in group 2, and five female patients in group
3 (Table S3). The Mls outside the reference ranges were identified
in five of 14 examined cases (35.7%) and six of a total of 246
examined DMRs (2.4%) in group 1. In particular, a single case
with the mean MI value of 23 obtained by the pyrosequencing
analysis for CG5-CG7 and CG9 had an extremely low MI for the
ARHI-DMR (case 13 of group 1). This extreme hypomethylation
was confirmed by bisulfite sequencing, and direct sequencing
showed normal sequences of the primer-binding sites, thereby
excluding the possibility that such an extremely low MI could be
due to insufficient primer hybridization because of the presence of
a nucleotide variation within the primer-binding sites (Figure 3).
Furthermore, no copy number variation involving the ARHI-
DMR was identified by CGH analysis using a genomewide catalog
array. Consistent with upd(7)mat, three DMRs on chromosome 7
were extremely hypermethylated in four examined cases of group
2. Only a single DMR was mildly hypermethylated in a total of
345 examined DMRs in group 3. The abnormal MIs, except for
those for the H7/9-DMR in group 1 and for the three DMRs on
chromosome 7 in group 2, were confirmed by three times
experiments.

Oligonucleotide array CGH

A ~3.86 Mb deletion at chromosome 17q24 was identified in a
single patient (case 73 of group 3) (Figure 4).
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Figure 3. Analysis of the ARHFDMR in case 13. For bisulfite sequencing, each line indicates a single clone, and each circle denotes a CpG
dinucleotide; the cytosine residues at the CpG dinucleotides are usually unmethylated after paternal transmission (open circles) and methylated after
maternal transmission (filled circles). Electrochromatograms delineate the sequences of the primer binding sites utilized for the methylation analysis.

doi:10.1371/journal.pone.0060105.9g003

Epigenotype-phenotype analysis

Clinical findings of SRS patients in groups 1-3 are summarized
in Table 2. All the patients met the mandatory criteria, and most
patients in cach group had severcly reduced birth length and
weight (both=—2 SDS). For the five clinical features utilized as
scoring system criteria, while 23.2% of patients in group 1 and
22.2% of patients in group 2 exhibited all the five features, there
was no patient in group 3 who was positive for all the five features.
By contrast, while 39.5% of patients in group 1 and 33.3% of
patients in group 2 manifested just three of the five features, 77.6%
of patients in group 3 were positive for just three features. In
particular, the frequencies of relative macrocephaly at birth and
body asymmetry were low in group 3, while those of the remaining
three scoring system criteria including prominent forchead during
carly childhood were similar among groups 1-3.

Phenotypic comparison between groups 1 and 2 revealed that
birth length and weight were more reduced and birth OFC was

Chromostme 17

more preserved in group 1 than in group 2, despite comparable
gestational age. In the postnatal life, present height and weight
became similar between the two groups, whereas present OFC
became significantly smaller in group I than in group 2. Body
asymmetry and brachydactyly were more frequent and speech
delay was less frequent in group 1 than in group 2. Placental
weight was similar between the two groups, and became more
similar after excluding case 52 with mosaic upd(7)mat (see legends
for Table 2). Parental age at childbirth was also similar between
the two groups. In group 2, placental weight was grossly similar
among examined cases, as was parental age at childbirth (see
legends for Table 2).

Case 13 with an extremely low MI for the ARHI-DMR and case
73 with a cryptic deletion at chromosome 1724 had no spccific
phenotype other than SRS-like phenotype (Table S4). However, of
the five clinical features utilized as scoring system criteria, all the
five features were exhibited by case 13 and just three features were

#8850
80
150

HPNAZ
§ eicro ot i 1083; Do et o, 2001
= Biyih etal 2008

Figure 4. Oligonucleotide array CGH in case 73, showing a ~3.86 Mb deletion at chromosome 17q24. The black, the red, and the green
dots denote signals indicative of the normal, the increased(>+0.5), and the decreased (< -1.0) copy numbers, respectively. The horizontal bar with
arrowheads indicates a ~2.3 Mb deletion identified in a patient with Carney complex and SRS-like phenotype [44], and the black square represent a
~65 kb segment harboring the breakpoint of a de novo translocation 46,XY,t(1;17)(q24;q23-q24) identified in a patient with SRS phenotype [45,46].
doi:10.1371/journal.pone.0060105.g004
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Table 2. Phenotypic comparison in three groups of patients with Silver-Russell syndrome.

Silver-Russeli Syndrome

P 30:0'(22:0~430) (h=46) 0275

HI19-DMR
hypomethylation Upd(7)mat Unknown P-vaiue

- (Group 1)  (Group 2) (Group 3). Glvs, G2  GIvs.G3 . G2vs. G3
Patient number 43 (31.2%) 9 (6.5%) 85 (62.0%)
Mandatory cntena ‘ a3 (100%).', 9/9 (100%) - 85/85 (100%) - 1.000 1.0(501: 1 0‘0'0 :
Scoring system cntena (5/5) 10/43 (23.2%) 2/9 (22. 2%) 0/85 (0.00%) 0.965 1.52x107% 2. 58><1l')"2
Scoring system criteria (4/5). 16/43 372%) 4/9 (44.49%) - 19/85 (22.4%) 0792 145x107% 0145
Sconng system criteria (3/5) 17/43 (39,5%) 3/9 (33.3%) 66/85 (77.6%) 0.821 ‘ 7.17x10™%  0.161 ‘
Gestatlonal age (weeks days): o : 38:6, (34:3~40:O) (n=36) ‘, 38:0 (34:4~40:0) (n# 9) '37:6 (27i1~4:1:4) (n=6$) 0877 0 120 - 0.450 i
BL (SDS) 4132201 (n=31) -3.18%1.16 (n=9) -2.93+1.43 (n=60) 267x1072  6.69x10°° 0619
BW (5DS) | -350%085(h=42) 290064 (n=9) -271*114(n=64)  3.28x10°2 5.87x10°* 0640
BL=-2 SDS and/or BW=-2 SDS*  43/43 (100%) k 9/9 (100%) 85/85 (100%) 1.000 1000 1000
BL=-2SDSand BW=-25DS  3943(907%)  79.078%) 76/85 (89.4%) 0474 0821 0304
BOFC (DS) ' 0544122 (0 =29)  -144£047 (n=9) ~1.9221.09 (n=48) 3.74x1072  1.52x107° 0202
5L (SDS) - BOFC (5DS) | 3702202(n=27)  -173%120(n=9) -09432148(n=43)  1.02x10°2 3.40x107° 011
BW (SDS) - BOFC (SDS) -321%1.20 (1=27) 1532057 (n=9) -1.04%155 (n= 48) 0326 7.38x10°° 0331
Relative macrocephaly at birtht : '29/29 (1‘00% 7/§ '(77.8%) = ‘1‘6/'45‘(’35'1'6%); 37 3¢ ><'IO"3 205 >§‘Vl(‘)_2
BL or BW.(SDS) - BOFC (SDS)==15. | - . - o
Present age (years months) 41 (0 6~30: 6) (n —31) 48 (2: 4~25 2) (n 9) 43 (0 1~186) (n 60 0.437 N 08‘13 0.335
PH (SDS)  -358%165(n=35)  -377+113(1=9)  -317%150(=61) 075 0218 0253
PH=-2 5DS (>z years)T 29/35 (62.5%) 89 (889%)  52/61(85.%) 0760 0758 072
PW (SDS) 3155106 (1=3)  -277076(n=9) -277+134(=59) 0362 0.144 0.968
POFC (SDS) 116118 (h=21) 0012091 (1=9) 181£157 (n =35) 2,01 x1072 0.107 3.08x10°
PH (SDS) - POFC (SDS) 2472163 (n=16)  362+138(n=8)  155+182(n1 =35 0103  439x107? 1.64x1072
PW (SDS) - POFC (SDS) 284131 (= 21)' -269%136 (n=9) -1.08%1.71 (n=35)  ors2 254x1072 1.90x107%
Relative macrocephaly at present  20/21 (95 2%) . &/B(100%) 29/43 (67. 4%) S0z 4.775410“3‘ 0156
PH or PW (SDS] - POFC (SDS)=-1.5 ; . . ‘ z : L ~
Triangular face dunng early chlldhood 42/43 (97.7%) 8/9 (88.9%) 65/65 (1 00%) 0442’ 0. 0773 5.98><1()_3
Prommerit forehead dunng early ! 31/3'7 (8 8%) ! 7/9 ('100'%)‘ ,41‘/5k3k(,7“7'.4%): ‘0.200 ~,0456 L 0978
chlldhoodf ; ' S S Lo - :
Ear anomahes o 14/35 (40.0%) ‘ 3/9 (33. 3%) ‘ 15/55' (27.3%) 0.k717 ‘ 0,290 6.823
Irregular teeth  1226(@62%)  4/9(444%) 1245 (67%) . 0930 0098 0291
Body asymmetryt 30/37 (81.1%) 3/9 (33.3%) 19/59 (32.2%) 477x107®  3.51x107° 0947
Clinodactyly | 29/37 (78.4%) 5/9 (55.6%) C50/58(862%) - 0167 0323 2.68x107%.
Brachydactyly 30/38 (78. 9%) 28 (éz.z%) 34/56 (60.7%) 116><10 3 00642 3.24x1072
Syndactly 336830 09 (0.00%) CS2G77% 0375 0641 - 0as4
Simian crease 4/26 (15.4%) Y (28.6%) 6/49 (1229%) 0429 0705 0.252
Muscular hypotonia 7RI 5/9.(556%) 12/50 (24.0%) 0898 7.49x10° 00564
Dé&eiopmemal delay 18/37 (48.6%) 6/9 (66.7%) 25/54 (46.3%) 0.337 0826 0.262
Speech delay | B31(58%  6/9(667%) . 18/43(419%) . 255x1072 045 0179
Feeding dlfﬁculty| 16/34 (471%) 6/9 (66.7%) 25/51 <49d%) 031 0860 0333
Placental weight (SDS) | 210%074(n=14)  -172%074(1 =6 1022086 (n=18) 0312 412x10°  8.24x107}
Paternal age at chlldblrth 32:0 (19:0~52:0) (n= 24) 35:0 (27:0~48: 0) (n=9) 32:0 (25:0~46:0) (n= 45 0.223 - 1.06 h 0.105 '
(years months)
Maternal ' ge at chlldblrth . 320 ‘(‘1‘9':’0-;43:(/))':’(n:=:25);; ‘ : 330 ‘(2:5:O~42‘:‘0) (n:Q 0.765 0117

SDS: standard deviation score.
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BL: birth length; BW: birth weight; BOFC: birth occipitofrontal circumference; PH: present height; PW: present weight; POFC: present occipitofrontal circumference, and

For body features, the denominators indicate the number of patients examined for the presence or absence of each feature, and the numerators represent the number
of patients assessed to be positive for that feature.
*Mandatory criteria and ffive clinical features utilized as selection criteria for Silver-Russell syndrome proposed by Netchine et al. [14].
Significant P-values(<<0.05) are boldfaced.
Placental weight SDS is —1.68, -2.55, -2.24, ~1.12, ~2.14 and -0.60 in case 46, 47, 49, 50, 51 and 52, respectively; the placental weight SDS is ~1.95+0.57 in five cases
except for case 52 with mosaic upd(7)mat.
PMaternal childbearing age is 32, 32, 33, 42, 32, 34, 33, 25 and 36 years in case 44-52, respectively.
doi:10.1371/journal.pone.0060105.t002
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manifested by case 73. In addition, cases 136-138 with slightly
elevated Mls for CG5-CG7 and CG9, and cases with multilocus
methylation abnormalities, had no particular phenotype other
than SRS-compatible clinical features.

Correlation analysis
In group 1, the mean value of the MIs for CG5~CG7 and CG9
- obtained by pyrosequencing analysis was positively correlated with
the birth length and weight, the present height and weight, and the
placental weight, but with neither the birth nor the present OFC
(Table 3). Such correlations with the growth parameters were
grossly similar but somewhat different for the MIs obtained by
COBRA (Table S5). Furthermore, the placental weight was
positively correlated with the birth weight and length, but not with
the birth OFC. Such positive correlations were not found in
groups 2 and 3.

Discussion

The present study identified hypomethylation of the H79-DMR
and upd(7)mat in 31.2% and 6.5% of 138 Japanese SRS patients,
respectively. In this regard, the normal KvDMRI methylation
patterns indicate that the aberrant methylation in 43 cases of
group 1 is confined to the H79-DMR. Furthermore, oligoarray
CGH excludes copy number variants involving the H19-DMR,
and microsatellite analysis argues against segmental maternal
isodisomy that could be produced by post-fertilization mitotic
error [26]. These findings imply that the H79-DMR hypomethy-
lation is due to epimutation (hypomethylation of the normally
methylated H19-DMR of paternal origin).

The frequency of epimutations detected in this study is lower
than that reported in Western European SRS patients [1,2,14],
although the frequency of upd(7)mat is grossly similar between the
two populations [2,11,14,27,28]. In this context, it is noteworthy
that, of the five scoring system criteria, the frequencies of relative
macrocephaly at birth and body asymmetry were low in group 3,
while those of the remaining three scoring system criteria were
similar among groups 1-3. Since relative macrocephaly and body
asymmetry are characteristic of H/79-DMR epimutation, the lack
of these two features in a substantial fraction of cases in group 3
would primarily explain the low frequency of HI9-DMR

Table 3. Correlation analyses in patients with H79-DMR
hypomethylations.

Parameter 1 Parameter 2 r P-value
Methylation index (%)* vs.' Birth length (SDS) ~ 0647 6.70x107%
‘ Birth weight (SDS) k 0.590 f.86>;10;3
Bith OFC(sDS) 0190 0498
‘ Present‘ Height (SDS) 0.612 5.3'3><10‘3
| Present weight (SDS) - 0.605 ?.81i><'10'~3
Present OFC (SDS) 0166 0,647
‘ , Placental weight (SDS) 0809  8.30x1072
Placental weight tSDS) vs. Birth weight (SDS) 0.717 8.64x1072
T . Bithlength(SDS) . 0636 2.63x1072
Birth OFC (SDS) 0400 0198

SDS: standard deviation score; and OFC: occipitofrontal circumference.
*The mean value of Mis for CG5, CG6, CG7, and CG9 obtained by
pyrosequencing analysis.

Significant P-values(<0.05) are boldfaced.
doi:10.1371/journal.pone.0060105.t003
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epimutations in this study. In group 3, furthermore, the low
prevalence of relative macrocephaly at birth appears to be
discordant with the high prevalence of prominent forehead during
early childhood. Since relative macrocephaly was evaluated by an
objective method (SDS for birth length or birth weight minus SDS
for birth OFC=-1.5) and prominent forehead was assessed by a
subjective impression of different clinicians, it is recommended to
utilize relative macrocephaly as a more important and reliable
feature in the scoring system than prominent forehead. In
addition, the difference in the ethnic group might also be relevant
to the low frequency of H79-DMR epimutations in this study.

Epigenotype-phenotype correlations in this study are grossly
similar to those previously reported in Western European SRS
patients [1-3]. Cases 1-43 in group 1 with H/9-DMR epimuta-
tion had more reduced birth weight and length, more preserved
birth OFC and more reduced present OFC, more frequent body
features, and less frequent speech delay than case 44-52 in group 2
with upd(7)mat, although the difference in the prevalence of
somatic features appears to be less remarkable in this study than in
the previous studies [3,4]. This provides further support for the
presence of relatively characteristic clinical features in H79-DMR
epimutation and upd(7)mat [1-3]. In this context, previous studies
have indicated biallelic /GF2 expression in the human fetal
choroid plexus, cerebellum, and brain, and monoallelic IGF2
expression in the adult brain, while the precise brain tissue(s) with
such a unique expression pattern remains to be clarified
[29,30,31]. This may explain why the birth OFC is well preserved
and the present OFC is reduced in group 1. However, since the
difference in present OFC between groups 1 and 2 is not
necessarily significant in the previous studies [32], the postnatal
OFC growth awaits further investigations.

Placental weight was similarly reduced in groups 1 and 2. Thus,
placental weight is unlikely to represent an indicator for the
discrimination between the two groups, although the present data
provide further support for imprinted genes being involved in
placental growth, with growth-promoting effects of PEGs and
growth-suppressing effects of MEGs [5,6]. It should be pointed out,
however, that the placental hypoplasia could be due to some other
genetic or environmental factor(s). In particular, while placental
weight was apparently similar among cases of group 2, possible
confined placental mosaicism [33,34] with trisomy for chromo-
some 7 may have exerted some effects on placental growth in cases
with trisomy rescue type upd(7)mat.

Correlation analysis would imply that the /GF2 expression level,
as reflected by the MI of the H79-DMR, plays a critical role in the
determination of pre- and postnatal body (stature and weight) and
placental growth in patients with A79-DMR epimutation. Since
the placental weight was positively correlated with the birth length
and weight, the reduced JGF2 expression level appears to have a
similar effect on the body and the placental growth. Furthermore,
the lack of correlations between the MI and birth and present
OFC and between placental weight and birth OFC would be
compatible with the above mentioned J/GF2 expression pattern in
the central nervous system [29]. Although the MI would also
reflect the HI9 expression level, this would not have a major
growth effect. It has been implicated that A79 functions as a tumor
suppressor [35,36].

Multilocus analysis revealed co-existing hyper- and hypomethy-
lated DMRs predominantly in cases of group 1, with frequencies
0f 35.7% of examined patients and 2.4% of examined DMRs. The
results are grossly consistent with the previous data indicating that
co-existing abnormal methylation patterns of DMRs are almost
exclusively identified in patients with H79-DMR epimutation with
frequencies of 9.5~30.0% of analyzed patients and 1.8~5.2% of a
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total of analyzed DMRs [7-9]. Notably, the co-existing methyl-
ation abnormalities were predominantly observed as mild
hypermethylations of maternally methylated DMRs and were
restricted to a single DMR or two DMRs in patients with
multilocus abnormalities. Such findings are obviously inexplicable
not only by assuming a JFP57 mutation that is known to cause
severely abnormal methylation patterns of multiple DMRs or a
ZACI mutation that may affect methylation patterns of multiple
DMRs [37-39], but also by assuming defective maintenance of
methylation in the postzygotic period [7]. Thus, some factor(s)
susceptible to the co-occurrence of hypomethylation of the H719-
DMR and hypermethylation of other DMR(s) might be operating
during a gametogenic or postzygotic period in cases with H79-
DMR epimutation.

The patients with multilocus methylation abnormalities had no
specific clinical features other than SRS-compatible phenotype.
Previous studies have also indicated grossly similar SRS-like
phenotype between patients with monolocus and multilocus
hypomethylations [7], although patients with multilocus hypo-
methylation occasionally have apparently severe clinical pheno-
type [7]. These findings would argue for the notion that the H19-
DMR epimutation has an (epi)dominant clinical effect. Indeed,
HI19-DMR hypomethylation has led to SRS-like phenotype in a
patient with parthenogenetic chimerism/mosaicism [21], whereas
HI19-DMR hypermethylation has resulted in Beckwith-Wiede-
mann syndrome-like phenotype in patients with androgenetic
mosaicism [40].

An extremely hypomethylated ARHI-DMR was found in case
13. In this regard, it is known that ARHI with a potentially cell
growth suppressor function is normally expressed from paternally
inherited chromosome with unmethylated ARHIFDMR [41].
Indeed, hypermethylation of the ARHI-DMR, which is predicted
to result in reduced expression of ARHI, has been identified as a
tumorigenic factor for several cancers with an enhanced cell
growth function [42,43]. Thus, it is possible that hypomethylation
of the ARHI-DMR has led to overexpression of ARHI, contrib-
uting to the development of typical SRS phenotype in the presence
of a low but relatively preserved MI of the H79-DMR in case 13.

Oligonucleotide array CGH identified a ~3.86 Mb deletion at
chromosome 17¢24 in case 73 of group 3. This provides further
support for the presence of rare copy number variants in several
SRS patients and the relevance of non-imprinted gene(s) to the
development of SRS [10]. Interestingly, the microdeletion overlap
with that identified in a patient with Carney complex and SRS-like
features [44], and the overlapping region encompasses a ~65 kb
segment defining the breakpoint of a de novo reciprocal transloca-
tion involving 17q23-g24 in a patient with SRS-like phenotype
(Figure 4) [45,46]. Furthermore, the translocation breakage has
affected KPNA2 involved in the nuclear transport of proteins [46—
48]. Thus, KPNA2 has been regarded as a candidate gene for SRS,
although mutation analysis of KPNAZ2 has failed to detect a disease-
causing mutation in SRS patients [49].

Lastly, it would be worth discussing on the comparison between
pyrosequencing analysis and COBRA. Since the same 43 patients
were found to have low MIs by both analyses, this implies that
both methods can be utilized as a diagnostic tool. While the
distribution of the MIs was somewhat different between the two
methods, this would primarily be due to the difference in the
employed methods such as the hybridization efficiency of utilized
primers. Importantly, pyrosequencing analysis was capable of
studying plural CpG dinucleotides at the CTCF6 binding site,
whereas COBRA examined only single CpG dinucleotides outside
the CTCF6 binding site. Thus, the Mls obtained by pyrosequenc-
ing analysis would be more accurate than those obtained by
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COBRA in terms of IGF2 expression levels, and this would
underlie the reasonable correlations of MIs yielded by pyrose-
quencing analysis with body and placental growth parameters.

In summary, the present study provides useful information for
the definition of molecular and clinical findings in SRS. However,
several matters still remain to be elucidated, including underlying
mechanisms in SRS patients with no H7/9-DMR epimutation or
upd(7)mat and the DMR(s) and imprinted gene(s) responsible for
the development of SRS in patients with upd(7)mat. Furthermore,
while advanced maternal age at childbirth has been shown to be a
predisposing factor for the development of upd(15)mat because of
increased non-disjunction at meiosis 1 [50], such studies remain
fragmentary for upd(7)mat, primarily because of the relative
paucity of upd(7)mat. Further studies will permit a better
characterization of SRS.

Supporting Information

Figure 81 Methylation analysis of the KvDMRI1 using COBRA.
A. Schematic representation of the KvDMRI1. A 326 bp region
harboring 24 CpG dinucleotides was studied. The cytosine
residues at the CpG dinucleotides are usually methylated after
paternal transmission (filled circles) and unmethylated after
maternal transmission (open circles); after bisulfite treatment, this
region is digested with Hpy188I when the cytosine at the 5th CpG
dinucleotide (indicated with a green rectangle) is methylated and
with Ewl when the cytosines at the 22nd CpG dinucleotide
(indicated with a pink rectangle) is methylated. KCNQIOT1 is a
paternally expressed gene, and ACNQ] and CDENIC are
maternally expressed genes. B. Representative COBRA results.
U: unmethylated clone specific bands; M: methylated clone
specific bands; and BWS: Beckwith-Wiedemann syndrome patient
with upd(11p15)pat. C. Histograms showing the distribution of the
MIs (the horizontal axis: the methylation index; and the vertical
axis: the patient number).

(TIF)

Table S1 Primers utilized in the methylation analysis and
microsatellite analysis.

XLS)

Table 82 The results of microsatellite analysis.
(XLSX)

Table 83 Methylation indices for multiple differetially methyl-
ated resions (DMRs) obtained by COBRA in 38 patients with
Silver-Russell syndrome.

XLSX)

Table $4 Clinical findings in two unique patients.
(DOC)

Table 85 Correlation analyses in patients with H19-DMR
hypomethylations.
DOC)
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SLC9A6 mutations have been reported in families in whom
X-linked mental retardation (XMR) mimics Angelman syn-
drome (AS). However, the relative importance of SLC9A6
mutations in patients with an AS-like phenotype or XMR has
not been fully investigated. Here, the involvement of SLC9A46
mutations in 22 males initially suspected to have AS but found on
genetic testing not to have AS (AS-like cohort), and 104 male
patients with XMR (XMR cohort), was investigated. A novel
SLCY9A6 mutation (c.441delG, p.S147fs) was identified in one
patient in the AS-like cohort, but no mutation was identified in
XMR cohort, suggesting mutations in SLC9A6 are not a major
cause of the AS-like phenotype or XMR. The patient with the
SLC9A6 mutation showed the typical AS phenotype, further
demonstrating the similarity between patients with AS and those
with SLC9A6 mutations. To clarify the effect of the SLC9A6
mutation, we performed RT-PCR and Western blot analysis on
lymphoblastoid cells from the patient. Expression of the mutated
transcript was significantly reduced, but was restored by cyclo-
heximide treatment, indicating the presence of nonsense medi-
ated mRNA decay. Western blot analysis demonstrated absence
of the normal NHE6 protein encoded for by SLC9A6. Taken
together, these findings indicate a loss-of-function mutation in
SLC9A6 caused the phenotype in our patient. ©2011 Wiley-Liss, Inc.

Key words: SLC9A6; sodium/hydrogen exchanger 6; Angelman
syndrome; X-linked mental retardation; nonsense mediated
mRNA decay

INTRODUCTION

SLC9A6 mutations were first reported by Gilfillan et al. [2008] in
families exhibiting an X-linked mental retardation (XMR) syn-
drome mimicking Angelman syndrome (AS). Angelman syndrome
is characterized by severe developmental delay with absent or
minimal speech, ataxia, easily provoked laughter, epilepsy, and
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microcephaly. The syndrome is caused by loss-of-function of the
UBE3A gene which is subject to genomic imprinting. Patients with
SLC9A6mutations resemble patients with AS, but also demonstrate
distinctive clinical features including cerebellar atrophy, slow pro-
gression of symptoms, increased glutamate/glutamic acid peak on
magnetic resonance spectroscopy (MRS), and lack of characteristic
abnormalities seen AS patients examined using electroencephalog-
raphy (EEG). Following the first report in 2008, in 2010 Schroer
etal. reported two other families with AS due to SLC9A6 mutations,
and confirmed the findings of Gilfillan et al.

The SLC9A6 gene is located on Xq26.3, and encodes the ubig-
uitously expressed Na*/H™ exchanger protein member 6, NHES.
The NHE protein family consists of nine members and includes
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NHEI1-5 which is found in the plasma membrane, and NHE6-9
which is found in the membranes of intracellular organelles such as
mitochondria and endosomes. NHES is predominantly present in
the early recycling endosome membranes, and is believed to have a
rolein regulatingluminal pH and monovalent cation concentration
in intracellular organelles [Brett et al., 2002; Nakamura et al., 2005].
Moreover, Roxrud et al. demonstrated that NHE6 in combination
with NHE9 participated in regulation of endosomal pH in HeLa
cells by means of the procedure of co-depletion of NHE6 and NHE9
[Roxrud et al. 2009], indicating the significant role of NHE6 in fine-
tuning of endosomal pH in human cells. In the brain, exocytosis
from recycling endosomes is essential for the growth of dendritic
spines which grow during long-term potentiation (LTP). In the
absence of recycling endosomal transport, spines are rapidly lost,
and LTP stimuli fail to elicit spine growth [Park et al., 2006]. Thus,
NHES6 has an important role in the growth of dendritic spines, and
also in the development of normal brain wiring. Thus far, five
SLC9A6 mutations have been reported in six AS families; two
nonsense mutations, one inframe deletion, one frameshift deletion,
and one splicing mutation [Gilfillan et al., 2008; Schroer et al.,
2010]. The precise pathogenesis by which these mutations produce
disease remains to be clarified.

The aim of this study was to clarify the incidence and importance
of SLC9A6 mutations in AS-like patients and patients with XMR,
and to shed light on the molecular pathogenesis of disease due to
SLCY9A6 mutations.

MATERIALS AND METHODS
Enrolled Patients

We examined 22 affected Japanese males clinically suspected of
having AS but who lacked the genetic abnormalities reported in AS
(AS-like cohort). These patients had AS excluded by having neg-
ative results for the SNURF-SNRPN DNA methylation test (which
identifies a deletion, uniparental disomy, or imprinting defect) and
UBE3A mutation screening (performed as described previously)
[Saitoh et al., 2005]. We also examined DNA samples from 104
Japanese patients suspected of having XMR (XMR cohort). The
XMR samples were collected as a part of a project for the Japanese
Mental Retardation Consortium [Takano et al., 2008]. This study
was approved by the Institutional Review Board of Hokkaido
University Graduate School of Medicine, and written informed
consent was obtained from the parents of the enrolled patients.

Mutation Analysis of the SLCIAS Gene

We amplified each exon, including exon—intron boundaries, of the
SLCY9A6 gene using polymerase chain reaction (PCR), and all
amplicons were directly sequenced on an ABI 3130 DNA analyzer
(Applied Biosystems, Foster City, CA) using BigDye Terminator
V.1.1 Cycle Sequencing Kit (Applied Biosystems). SLC9A6 encodes
two alternatively spliced transcripts produced from alternative
splicing donor sites in exon 2 which give rise to a long form
designated as variant 1, and a short form called variant 2. Variant
1 and variant 2 code for NHE6.1 (isoform a) and NHE6.0 (isoform
b), respectively (Fig. 1). The primers were designed to amplify each
transcript variant. The primers sequence used for amplification and

sequencing are available on request. Genomic DNA (10ng)
extracted from peripheral blood was amplified in a total PCR
volume of 20l containing 1x buffer, 0.4uM of each primer
(forward/reverse), 0.18mM dNTPs, 0.5U AmpliTag Gold®
DNA Polymerase (Applied Biosystems). The PCRs for all exons
except exon one were performed at 94°C for 10 min followed by
30 cycles 0f 94° Cfor 30 sec, 55°Cfor 30 sec, 72°C for 30 sec, then one
cycle at 72°C for 7 min. The high CpG content of exon 1 required it
to be amplified in a total reaction volume of 20 ul containing 1x
buffer, 0.4 uM of each primer, 0.2 mM dNTPs, 0.4 U Phusion® Hot
Start High-Fidelity DNA Polymerase (Finnzymes, Vantaa,
Finland), and 3% DMSO. The thermocycling conditions for
exon 1 were 98°C for 3 min followed by 35 cycles of 98°C for
10 sec, 65°C for 30 secand 72°C for 30 secand then one cycle of 72°C
for 5min. The PCR products were purified with Wizard® PCR
Preps DNA Purification System (Promega, Madison, WI) prior to
sequencing. All mutations are referred to in relation to reference
sequence NM_001042537.

Cell Culture and Cycloheximide Treatment
Epstein—Barr virus (EBV)-transformed lymphoblastoid cells lines
were established from peripheral blood cells using standard meth-
ods. To prevent potential degradation of transcripts containing
premature translation termination codons (PTCs) by nonsense
mediated mRNA decay (NMD), lymphoblastoid cells from the
patient with the SLC9A6 mutation and normal controls were
treated with 100 pg/ml cycloheximide (CHX) (Sigma, St. Louis,
MO). This compound interferes with NMD through inhibition of
protein synthesis [Aznarez et al., 2007]. CHX or a 0.1% DMSO
control vehicle was used 4 hr prior to RNA extraction from the cell
lines [Carter et al., 1995].

RT-PCH

Total RNA from cultured lymphoblastoid cells from the patient and
four normal controls, was extracted using the RNAqueous® Kit
(Applied Biosystems). Reverse transcription was performed using
100 ng of total RNA and the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems) in a total reaction volume of
20 ul containing 1x Random primers, 4 mM dNTP mix, 2.5U of
Multiscribe™ Reverse Transcriptase, and 1 ul of RNase Inhibitor.
The reactions were incubated at 25°C for 10 min, then at 37°C for
120 min and then followed by 85°C for 5min to inactivate the
reverse transcriptase. Complementary DNA was then amplified
using a primer set designed to amplify exon 2-5; forward 5'-
GTCTTTTGGTGGGCCTITGT-3', reverse 5-GTCCCGTTACC-
TTCATCAG-3'. PCR products for NHE6.1 (transcript variant 1)
and NHE6.0 (transcript variant 2) were 399 and 303 bp,
respectively.

Real-Time Quantification of SLLBAE mRNA

To measure SLC9A6 transcript variant 1 and variant 2, both of
which are alternative splicing products, primers and TaqMan®
MGB probes were designed with Primer® Express Software
(Applied Biosystems; Fig. 1). The Primer and MGB probe sequence
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FIG. 1. A: Genomic structure of the SLCIAG gene. B: Two alternatively spliced transcripts of the SLCIAE géne. Above: SLCIAS transcript variant 1
(encodes NHEG.1 or isoform a). Below: SLCIA6 transcript variant 2 (encodes NHEB.0 or isoform b). The location of the SLCIAS mutation in our
patient is shown with *. Primers and probes used in real-time quantitative PCR are shown (horizontal arrows).

for variant 1 were forward primer 5-TGAGTATATGCTG-
AAAGGAGAGATTAGTTC-3, reverse primer 5-GATAGGA-
GGAAGTAATATGTTGAAAAATACTTC-3/, TagMan MGB
probe 5'-CTTAGAAAGGTTACTTTTGATCC-3'; and for variant
2 forward primer 5-CTGTGAAGTGCAGTCAAGTCCAA-3,
reverse primer 5-GATAGGAGGAAGTAATATGTTGAAAAA-
TACTT-3', TagMan MGB probe 5-CTACCTTACTGGTTA-
CTTTTGA-3'. Human GAPDH MGB probe and primers
purchased from Applied Biosystems were used as the internal
control. Patient cDNA was transcribed from 10 ng of total RNA
in a total volume of 25 il containing 1x TagMan® Universal PCR
Master Mix (Applied Biosystems), 0.9 uM of each primer (sense/
antisense) and 0.25puM of probe. Thermocycling was 95°C for
10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min.
Real-time quantitative PCR was performed using the ABI PRISM
7700 (Applied Biosystems). The 274" method was used for
relative quantification.

Western Blot Analysis

HelLa cells and cultured lymphoblastoid cells from the patient,
mother and normal controls were washed with phosphate buffered
saline and suspended in lysis buffer (phosphate buffered saline
containing 1% Triton-X, 1 ig/ml aprotinin, 1pg/ml pepstatin A,
and 1ug/ml leupeptin). HelLa cells expressing the NHE6.1 were
used as a control. The cells were disrupted by sonication and

centrifuged at 20,000g for 10 min at 4°C. The supernatants were
then resolved by SDS-polyacrylamide electrophoresis and trans-
ferred to polyvinylidene fluoride membrane (Millipore, Billerica,
MA). NHE6 was detected with rabbit polyclonal anti-NHE6 anti-
body [Ohgaki et al., 2008], anti-rabbit IgG antibody conjugated
with horseradish peroxidase (Vector Laboratories, Burlingame,
CA) and chemiluminescence reagent (ECL Western Blotting Detec-
tion System; GE Healthcare, Waukesha, WT).

RESULTS

Identification of a SLLYAG Mutation

We identified only one male patient with a frameshift mutation
(c.441delG, p.S147fs) in exon 2, out of 22 male patients in the
AS-like cohort (Fig. 2). This frameshift mutation causes a PTC. His
healthy mother was heterozygous for the mutation.

No mutation in the SLC9A6 gene was identified in the XMR
cohort. However, two common polymorphisms (rs2291639,
rs2307131), and one putative novel polymorphism in intron 12
(¢.1692 +10 A>G) were detected.

Clinical Features of the Patient With the

SLCGAE Mutetion

The affected male patient at birth suffered from mild neonatal
asphyxia, however he had no other perinatal problems. His parents
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FIG. 2. Chromatographs showing the SLCIA6 mutation in our patient, and the equivalent genomic region in both his parents. The mutation c.441delG
is located in exon 2 and is only present in transcript variant 1. His mother was heterozygous for this mutation, while his father did not have the
mutation. This mutant transcript leads to premature protein truncation. The mutation is described relative to reference sequence NM 001043537,
[Color figure can be seen in the online version of this article, available at http://onlinelibrary.wiley.com/journal/10.1002/(ISSN] 1552-485X]

were non-consanguineous and he did not have any family history
of neurological diseases. Although formal clinical assessment
was not conducted to the mother, she is healthy and does not
have intellectual disability. His clinical features are summarized
in Table I. He showed typical findings of AS; severe developmental
delay with absence of verbal language, generalized hypotonia,
easily provoked laughter, epilepsy, ataxia, strabismus, and micro-
cephaly. His occipitofrontal head circumference at birth was
33.8cm (40.4 SD), but his head growth has decelerated into
51.5cm (—3.0 SD) at 18 years of age. He acquired head
control at three months of age, sat and crawled at 6 months
of age, and walked unassisted at 18 months of age. His first
epileptic attack occurred at 4 years of age. After this first
attack, he lost his ability to walk until he was 5 years old. His
epileptic attacks consisted of multiple types of seizures, and
they were difficult to control with ACTH or several anti-epileptic
drugs. TRH treatment improved his awakening and activity
levels, and he transiently acquired the ability to walk.
However, subsequently his ability to walk was lost, probably
due to exacerbation of ataxia. His deep tendon reflex was
not increased and no other features of spasticity or peripheral
neuropathy were identified. His EEG findings included a back-
ground frequency of 5~6 Hz theta waves and spontaneous appear-
ance of 3 Hz diffuse high voltage slow waves. TRH did not change
the frequency of his seizures or his EEG findings. He showed no
cerebellar atrophy on magnetic resonance imaging (MRI) at 5 years
of age. MRS was not performed. He had a normal G-banding

karyotype.

Downregulation of the SLCIAG Variant 1 in the
Patient With the Mutation

The identified mutation c.441delG is located in exon 2 and is only
present in variant 1 (Fig. 1). Therefore, the mutation only affects
NHES6.1, leaving NHE6.0 intact. Reverse transcriptase PCR dem-
onstrated that SLC9A6variant 1 mRNA expression decreased in our
patient (Fig. 3A) compared to that in four normal controls. On the
other hand, variant 2 expression was increased in the patient
compared to the controls. To further investigate mutant SLC9A6
gene expression, real-time quantitative PCR (qPCR) was per-
formed using cDNA from the patient and normal controls. Quan-
titative PCR confirmed that SLC9A6 variant 1 was significantly
downregulated in the patient, while it was not downregulated in
normal controls (Fig. 4A). Furthermore, the SLC9A6 variant 2
mRNA in the patient was significantly increased compared to
normal controls (Fig. 4B).

Nonsense Mediated Decay Was Involved in the

Downregulation of Mutant SLCY46 in the Patlent
To investigate the possible involvement of NMD in the down-
regulation of mutant SLC9A6 in the patient’s lymphoblastoid cells,
we treated the cells with CHX. After CHX treatment, the expression
level of SLC9A6 variant 1 increased compared to normal control
samples on RT-PCR (Fig. 3B). It was also proved that the expression
level of variant 1 was significantly increased by performing
qPCR, while the expression level in normal control samples
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