stabilizing CP110 at the distal end of mother centrioles and by
remodeling centriolar MTs via its MT-depolymerizing activity
(Kobayashi et al., 2011). Therefore, whether the other kinesin-
13s play a role in the control of primary cilia disassembly during
the proliferative phase remains an open question. In this study,
overexpression of each kinesin-13 protein in serum-starved
hTERT-RPET cells indicated that all members did not equally
reduce ciliated cells in the quiescent GO phase and that KIF2A
was able to mediate primary cilia disassembly through its MT-
depolymerizing activity with a similar potency to KIF24 (Figures
1A and 1B). Loss of KIF2A by TALEN-mediated knockout in
hTERT-RPE1 cells caused impairment of primary cilia disas-
sembly following growth stimulation and inappropriate ciliogen-
esis in the proliferative phase (Figures 32 and 83); thereby, the
MT-depolymerizing activity of KIF2A is essential for primary cilia
disassembly coupled with cell proliferation and blocking inap-
propriate ciliogenesis during the cycling phase. However, deple-
tion of KIF2A did not completely impair primary cilia disassembly
and suppression (Figures S2F, 82G, S3F, and S3G). The mother
centriole localization of KIF24, which has the strongest potency
to suppress ciliogenesis among kinesin-13 family members (Fig-
ures 1A and 1B), is not changed in KIF2A-deficient cells (Fig-
ure S3I). KIF2A potentially binds to CP110 in vitro as well as
KIF24 does (Figure 51D). These data imply that KIF24 redun-
dantly acts in the contexts of KIF2A-mediated cilia disassembly
and suppression. Further analyses of all kinesin-13 family mem-
bers will be required to elucidate how primary cilia disassembly
is orchestrated.

How does KIF2A disassemble primary cilia via the MT depoly-
merizaton? Here, we demonstrate that KIF2A localizes to the
subdistal appendages of the mother centrioles during the inter-
phase. However, the subdistal appendages topologically seem
unlikely to be the relevant site of microtubule depolymerization
for primary cilia disassembly, because they are not the free
ends of axonemal microtubules. Recently, it was reported that
the subdistal appendages are required for the stabilization of
centrosomal (cytoplasmic) MTs during the quiescent phase (Ta-
teishi et al,, 2013). One possible mechanism for primary cilia
disassembly is that KIF2A at the subdistal appendages might
depolymerize centrosomal (cytoplasmic) MTs to arrest transport
of materials such as tubulin into cilium (Bhogaraju et al., 2013).
Alternatively, it was proposed that cytosolic tubulin concentra-
tion modulates cilia length and number (Sharma et al., 2011).
Depletion of KIF2A did not increase the total amount of tubulin
(Figure S2D) but promoted to polymerize cytoplasmic microtu-

bules (Figures 54B-84D), suggesting that KIF2A controls the
cytoplasmic tubulin concentration to regulate primary cilia disas-
sembly. Although further studies are required to clarify how the
MT-depolymerizing activity of KIF2A is transmitted to primary
cilia disassembly, this study demonstrates that the MT-depoly-
merizing activity of KIF2A at the mother centriole is a driving
force of primary cilia disassembly during the proliferative phase.
Our results indicate that KIF2A is quantitatively controlled by
APC/C ubiquitin ligase during the cell cycle. KIF2A levels were
relatively low in the quiescent GO phase but increased during
the proliferative phase (Figure S1A). APC/C activity is tightly
regulated during the cell cycle through the binding of CDC20
or another coactivator CDH1 (Peters, 2008). CDC20 binds to
APC/C in a CDK1/cyclin B-dependent manner to initiate the
metaphase-anaphase transition through ubiquitin/proteasome-
mediated degradation of securin and cyclin B. By the end of
mitosis, APC/C®P®?% is no longer active. From late M to G1
and GO phases, CDH1 preferentially interacts with APC/C to acti-
vate the APC/C®P"" ubiquitin ligase activity. Previous studies
indicated that APC/C®PH! activity is indispensable for apical
docking of the basal body via tuning of the level of its substrate
DVL in the context of ciliogenesis during the GO phase (Ganner
et al., 2009; Miyamoto et al, 2011). To the contrary, a recent
study demonstrated that CDC20 during the GO phase localizes
to centrosomes to regulate the proper ciliary length and that it
is released from centrosomes during the proliferative phase
(Wang et al,, 2014). We found that KIF2A is ubiquitinated by
APC/C during the quiescent GO phase and its ubiquitination is in-
hibited to increase the total amount of KIF2A in the proliferative
phase. Interestingly, KIF24 expression is also low in the GO/G1
phase (Kobayashi et al., 2071) and this study demonstrates
that it binds to an APC/C subunit (Figure S1C), implying that
APC/C in the quiescent GO phase ubiquitinates both KIF2A
and KIF24 to robustly suppress premature initiation of cilia disas-
sembly. Thus, PLK1 and APC/C-mediated dual regulation con-
nect the MT-depolymerizing activity of KIF2A to a physiological
primary cilia disassembly during the proliferative phase.
Previously, we showed that BUBR1 in the GO phase mediates
ubiquitin-mediated proteasome degradation of CDC20 to regu-
late the optimal level of DVL proteins for apical docking of the
basal body in ciliogenesis and, consequently, high levels of
DVLs in the PCS (MVA) syndrome patient cells block primary cilia
formation (Mivamoto et al., 2011). We also showed that, in the
interphase, BUBR1 localizes to centrosomes to inhibit PLK1 ac-
tivity (zumi et al, 2009) and that the PCS (MVA) syndrome

Figure 3. PLK1-Mediated KIF2A Phosphorylation Occurs at the Mother Centriole following Growth Stimulation

(A) PLK1-mediated phosphorylation of KIF2A at T554 in vitro was probed by western blotting with the anti-phospho-KIF2A (T554) rabbit polyclonal antibody. The
loading levels of His-PLK1 and GST-tagged KIF2A proteins were also detected by western biotting.

(B-D) After 24 hr serum starvation, hTERT-RPE1 cells were stimulated with 10% serum for 4 hr in the presence or absence of 100 nM BI2536 and then
immunostained with anti-ninein (red), anti-acetylated tubulin (blue), and anti-KIF2A (B); anti-phospho-T554-KIF2A (C); or anti-phospho-T210 PLK1 (D) (green)
antibodies. In the presence of 100 nM BI2536, the phospho-T554-KIF2A and phospho-T210-PLK1 signals at the mother centriole were rarely detected at 4 hr

post-serum stimulation. The scale bar represents 2 um.

(E) hTERT-RPE1 cells were transfected with AcGFP1-tagged KIF2A, PLK1 phosphorylation mimic KIF2A mutant (T554E), or KIF2A T554E mutant with KEC/KVD
motif double mutations and cultured without serum for 24 hr in the presence or absence of 100 nM BI2536 before immunostaining with anti-GFP (green) and anti-
acetylated-tubulin (red) antibodies. DNA was stained with DAPI (blue). Arrow indicates the centrosome/basal body. The scale bar represents 10 pm.

(F) Percentage of cells with primary cilia in GFP-positive cells from (E). The phospho-mimic T554E KIF2A mutant significantly inhibited ciliogenesis even in the
presence of 100 nM BI2536. KEC/KVD motif mutations of KIF2A abrogated the T554E enhancement of primary cilia disassembly (means = SD; ***p < 0.001; t test;

n = 3; >200 cells per experiment).
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Figure 4. Inhibition of the PLK1-KIF2A Pathway Rescues Ciliogenesis in PCS Syndrome

(A) Phosphorylation levels of PLK1 (T210) and KIF2A (T554) during the cell cycle in immortalized fibroblast cells from a patient (PCS1) with PCS (MVA) syndrome
and PCS1 cells transferred with a whole chromosome 15 containing the BUB1B locus (PCS1-Ch.15 cells) were analyzed by western blotting.

(B) siRNA-mediated knockdown of PLKT and/or KIF2A in PCS1 cells was evaluated by western blotting. B-tubulin served as a loading control.

(legend continued on next page)
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patient cells had an aberrant activation of PLK1 throughout the
cell cycle (Figure 4A). In this study, we found an additional path-
ological mechanism of impaired ciliogenesis in PCS (MVA) syn-
drome. Our data demonstrated that the aberrant PLK1-KIF2A
pathway contributes to the ciliopathy disease spectrum in PCS
(MVA) syndrome.

In conclusion, we demonstrate that the PLK1-KIF2A pathway
is essential for primary cilia disassembly induced by growth sig-
nals and that constitutive activation of this pathway is respon-
sible for the defective ciliogenesis of the PCS (MVA) syndrome.

EXPERIMENTAL PROCEDURES

Cell Culture
hTERT-RPET1, HEK293T, an immortalized fibroblast cell line from a patient with
the PCS (MVA) syndrome (PCS1; Matsuura et al, 2008; Mivamoto et al, 2011),
and chromosome-15-transferred PCS1 cells (PCS1-Ch.16) (Mateura et al.,
2008, Mivamoto et al, 2011) were maintained in DMEM supplemented with
10% fetal bovine serum at 37°C with 5% CO,. Transfection of plasmids or
siRNAs into cells was performed using Lipofectamine LTX reagent (Life Tech-
nologies) or Lipofectamine RNAi MAX reagent (Life Technologies), respec-
tively, according to the manufacturer’s protocol. At 24 hr after transfection,
the medium was replaced with serum-free DMEM and the cells were incu-
bated for 24 hr to become Ki-67-negative and achieve quiescent GO phase
to observe ciliogenesis. To avoid the possibility of ciliogenesis induced by con-
tact inhibition, cells were maintained at <100% confluence in all experiments.
Cell-cycle profile was analyzed with Muse Cell Analyzer (Millipore).

Detailed experimental procedures are included in the Supplemental Exper-
imental Procedures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be found with this article online at htto/dx. dolorg/
10.1018/.celrep.2015.01.003.
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Purpose: Expression of imprinted genes is regulated by DNA
methylation of differentially methylated regions (DMRs). Beck-
with-Wiedemann syndrome is an imprinting disorder caused by
epimutations of DMRs at 11p15.5. To date, multiple methylation
defects have been reported in Beckwith-Wiedemann syndrome
patients with epimutations; however, limited numbers of DMRs
have been analyzed. The susceptibility of DMRs to aberrant meth-
ylation, alteration of gene expression due to aberrant methylation,
and causative factors for multiple methylation defects remain
undetermined.

Methods: Comprehensive methylation analysis with two quan-
titative methods, matrix-assisted laser desorption/ionization mass
spectrometry and bisulfite pyrosequencing, was conducted across 29
DMRs in 54 Beckwith~Wiedemann syndrome patients with epimu-
tations. Allelic expressions of three genes with aberrant methylation
were analyzed. All DMRs with aberrant methylation were sequenced.

INTRODUCTION
Genomic imprinting is an epigenetic phenomenon that leads
to parent-specific differential expression of a subset of mam-
malian genes. Most imprinted genes are clustered in regions
called imprinting domains, and the expression of imprinted
genes within these domains is regulated by imprinting control
regions.'? Differentially methylated regions (DMRs), which are
defined as having DNA methylation on only one of the two
parental alleles, play critical roles in the regulation of imprint-
ing. There are two kinds of DMRs: maternally methylated DMRs
(matDMRs) and paternally methylated DMRs (patDMRs). In

Results: Thirty-four percent of KvDMRI-loss of methylation
patients and 30% of H19DMR-~gain of methylation patients showed
multiple methylation defects. Maternally methylated DMRs were
susceptible to aberrant hypomethylation in KvDMR1-loss of meth-
ylation patients. Biallelic expression of the genes was associated with
aberrant methylation. Cis-acting pathological variations were not
found in any aberrantly methylated DMR.

Conclusion: Maternally methylated DMRs may be vulnerable to
DNA demethylation during the preimplantation stage, when hypo-
methylation of KvDMRI1 occurs, and aberrant methylation of DMRs
affects imprinted gene expression. Cis-acting variations of the DMRs
are not involved in the multiple methylation defects.

Genet Med advance online publication 8 May 2014

Key Words: Beckwith~Wiedemann syndrome; DNA methylation;
differentially methylated region; genomic imprinting; multiple meth-
ylation defects

addition, there is another classification, gametic DMRs and
somatic DMRs, based on the timing of the establishment of dif-
ferential methylation. Gametic DMRs acquire DNA methyla-
tion during gametogenesis, and the methylation is maintained
from zygote to somatic cells during all developmental stages.
Most gametic DMRs are identical to imprinting control regions.
On the other hand, somatic DMRs are established during early
embryogenesis after fertilization under the control of nearby
imprinting control regions.»* Because imprinted genes play
an important role in the growth and development of embryos,
placental formation, and metabolism, aberrant expression of
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imprinted genes due to epigenetic or genetic abnormalities is
implicated in the pathogenesis of some human disorders, such
as congenital anomalies and tumors.?

Beckwith-Wiedemann syndrome (BWS; Online Mendelian
Inheritance in Man (OMIM) #130650) is an imprinting disease
that is characterized by prenatal and postnatal macrosomia,
macroglossia, abdominal wall defects, and variable minor fea-
tures. The relevant imprinted chromosomal region in BWS is
11p15.5, which consists of two imprinted domains, IGF2/HI9
and CDKNIC/KCNQIOTI1, HISDMR and KvDMR1 being the
respective imprinting control regions.>*> Among several caus-
ative alterations identified so far, loss of methylation (LOM)
at KvDMR1 and gain of methylation (GOM) at HI9DMR are
isolated epimutations. Hypomethylation at multiple imprinted
DMRs has been reported in patients with transient neonatal
diabetes mellitus type 1,° and the same phenomenon, referred
to as multiple methylation defects (MMDs), has been reported
in BWS patients with KvDMR1-LOM.”** However, although
the human genome contains more than 30 imprinting domains
(http://www.geneimprint.com), a limited number of imprinted
DMRs have been analyzed so far, with the exception of a
report by Court et al.'? In addition, methods used for meth-
ylation analysis have ranged from nonquantitative to quanti-
tative approaches, and although some studies have used only
one method for methylation analysis,*>! others have used
two or more in conjuction.”!®** Furthermore, the questions
of whether susceptibility to aberrant methylation is different
in each type of DMR, whether aberrant methylation indeed
affects imprinted gene expression, and what causative factors
are responsible for MMDs still remain unanswered. To clarify
these issues, we have conducted a comprehensive methylation
screening in BWS patients with KvDMR1-LOM or HI9DMR-
GOM with a quantitative method, matrix-assisted laser desorp-
tion/ionization mass spectrometry (MALDI-TOF MS), on
29 imprinted DMRs, which represents the largest number of
DMRs analyzed to date, followed by confirmation with another
quantitative method, bisulfite pyrosequencing. We also per-
formed gene expression analysis and sequencing of aberrantly
methylated DMRs. We found that matDMRs are susceptible to
aberrant methylation. We also found alterations in imprinted
gene expression due to the aberrant methylation and no cis-
acting pathological variations in DMRs with MMDs.

MATERIALS AND METHODS

Patients

Fifty-four BWS patients (25 boys, 26 girls, 3 gender-unspec-
ified patients; average age: 3.0 years (0-13.9 years)) and their
parents were enrolled in this study. Among them, 46 patients
met clinical criteria for BWS as described by Weksberg et al.?
and 6 patients met clinical criteria as described by DeBaun et
al.* (Supplementary Table S1 online). Because two patients
were clinically diagnosed more than 20 years ago, their specific
diagnostic criteria were unknown. The methylation statuses
of HI9DMR and KvDMRI, paternal uniparental disomy of
chromosome 11 (upd(11)pat), and CDKNIC mutations were
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screened as described previously.'>""” Peripheral blood samples
of most patients were subjected to standard G-banding chro-
mosome analysis and/or high-resolution G-band pattern-
ing of human chromosome 11, but neither assay showed any
abnormalities in any patient (data not shown). Among the 54
patients, 44 displayed KYDMR1-LOM but did not show other
causative alterations, including HI9DMR-GOM, upd(11)pat,
and CDKNIC mutations (data not shown). The remaining 10
patients displayed HI9DMR-GOM but did not show other
causative alterations (data not shown). We sequenced the entire
HI9DMR in HI9DMR-GOM patients and found no muta-
tions.’® We used the peripheral blood samples of 24 children (11
boys, 13 girls; average age: 3.8 years (range of 0-8 years)) who
visited the Department of Pediatrics, Saga University Hospital,
as normal controls having only mild illness such as common
cold. This study was approved by the Ethics Committee for
Human Genome and Gene Analyses of the Faculty of Medicine,
Saga University. Written informed consent was obtained from
the parents or the guardians of the patients and participants.

DNA isolation and bisulfite conversion

Genomic DNA was extracted from the peripheral blood of
patients using the FlexiGene DNA Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. A total of 1 pg of
genomic DNA was subjected to bisulfite conversion using the EZ
DNA Methylation Kit (Zymo Research, Irvine, CA), and then the
converted DNA was eluted in 100 yl of water. Unmethylated con-
trol DNA was created by whole-genome amplification using the
REPLI-g Mini Kit (Qiagen). To prepare fully methylated control
DNA, the unmethylated DNA created by whole-genome amplifi-
cation was treated twice with SssI methylase.

Methylation analysis by MALDI-TOF MS

The DNA methylation status of imprinted DMRs was ana-
lyzed by MALDI-TOF MS analysis with a MassARRAY system
(Sequenom, San Diego, CA) as previously described.!*® Briefly,
each DMR was amplified by bisulfite-mediated polymerase
chain reaction (PCR) using a primer set containing a primer
carrying the T7 promoter sequence at the 5" end. In vitro tran-
scription of the PCR product was performed with T7 RNA
polymerase, and the transcript was subjected to uracil-specific
cleavage with RNase A. MALDI-TOF MS analysis of the cleaved
fragments produced signal pattern pairs indicative of nonmeth-
ylated and methylated DNA. Epityper software (Sequenom)
analysis of the signals yielded a methylation index (MI) ranging
from 0 (no methylation) to 1 (full methylation) for each CpG
unit, which contained one or more CpG sites. Aberrant meth-
ylation of a CpG unit was defined as the condition in which the
difference of MIs between each patient and the average of nor-
mal controls exceeded 0.15. This definition was based on our
finding in methylation-sensitive Southern blots, which revealed
that the differences in MI for KvDMR1-LOM or HI9DMR-
GOM in BWS patients were 20.15 (data not shown). Because
the analyzed DMRs included several CpG units, aberrant meth-
ylation of each DMR was defined as the situation in which more
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than 60% of the total number of analyzed CpG units showed
aberrant methylation (with the MI difference exceeding 0.15).
In the case of IGF2-DMRO, the three CpG sites were analyzed
based on previous reports.** All primers used in this study are
shown in Supplementary Table S2 online.

Methylation analysis by bisulfite pyrosequencing

The aberrant methylation status of DMRs identified by
MALDI-TOF MS was confirmed by bisulfite pyrosequencing
using QIAGEN PyroMark Q24 according to the manufacturer’s
instructions (Qiagen). Primers for bisulfite-mediated PCR and
pyrosequencing were designed using PyroMark Assay Design
2.0 (Qiagen). In analogy with MALDI-TOF MS analysis, aber-
rant methylation of a CpG site was defined as the situation in
which the difference of MIs between each patient and the aver-
age of normal controls exceeded 0.15. Aberrant methylation of
each DMR was defined as the condition in which more than
60% of the total number of analyzed CpG sites showed aberrant
methylation (with the MI difference exceeding 0.15).

Bisulfite sequencing

Bisulfite sequencing was performed to analyze allelic meth-
ylation of ZDBF2-DMR. After PCR amplification, the PCR
products were cloned into a pT7Blue T-Vector (Novagen,
Darmstadt, Germany), and individual clones were sequenced.
Parental alleles were distinguished by a single-nucleotide poly-
morphism (SNP, r51861437) within the DMR.

Expression analysis of ZDBF2, FAM50B, and GNAST1A

Total RNA was extracted from the peripheral blood of patients
using the QIAamp RNA Blood Mini Kit (Qiagen). The RNA
was treated with RNase-free DNase I, and reverse transcrip-
tion was performed with random primers. We used SNPs for
allelic expression to distinguish between the two parental
alleles: rs10932150 in exon 5 of ZDBF2; rs6597007 in exon 2 of
FAM50B; and rs143800311, which is a 5-bp deletion/insertion
variation in exon 1A of GNASIA. Reverse transcription-PCR
(RT-PCR) products encompassing the SNPs of ZDBF2 and
FAM50B were directly sequenced. The products encompassing
the deletion/insertion variation of GNASIA were separated by
electrophoresis on an Applied Biosystems 3130 genetic ana-
lyzer (Applied Biosystems, Foster City, CA) and then ana-
lyzed with GeneMapper software (Applied Biosystems). Total
expression levels of ZDBF2 and FAM50B were quantitated by
real-time PCR with TagMan probes (Applied Biosystems).
The expression level of each gene was normalized against that
of the housekeeping genes encoding hydroxymethylbilane
synthase (HMBS) and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH). All quantitative RT-PCRs were performed
in triplicate.

Sequencing of aberrantly methylated DMRs

Direct sequencing of all DMRs showing aberrant methyla-
tion in KvDMR1-LOM patients was performed to determine
whether there was any pathological variation.
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Statistical analyses

Fisher’s exact test was used for the comparison of aberrant
methylated DMRs. Fisher’s exact test or Mann-Whitney U-test
was used for statistical analyses of clinical features between
MMDs and monolocus methylation defects in KY"DMR1-LOM
patients. A Pvalue < 0.05 was considered statistically significant.

RESULTS
Validation of methylation analyses, MALDI-TOF MS, and
bisulfite pyrosequencing
First, we selected 37 regions reported previously as imprinted
DMRs in the human genome!'®*** (refer to http://www.geneim-
print.com/). To validate the quantitative capability of MALDI-
TOF MS methylation analysis, mixtures of the unmethylated
control DNA and the fully methylated control DNA (0, 25,
50, 75, and 100% methylated DNA) were subjected to bisulfite
conversion and analyzed. We found a significant correlation
between the measured MIs and predicted MIs in all DMRs,
except for GRB10, PEG13, and IG-DMR-CG4 (Supplementary
Figure S1 online). Furthermore, in normal leukocytes, two
regions (TCEB3C, USP29) showed mostly full methylation
and three regions (TP73, SPTBN1, WT1-AS) showed mostly
no methylation, suggesting that these regions were not differ-
entially methylated in leukocytes (data not shown). Therefore,
we excluded these eight regions and decided to analyze the
remaining 29 DMRs by MALDI-TOF MS. Second, we obtained
MlIs from 24 normal controls using MALDI-TOF MS and cal-
culated the average and SD of each CpG unit. We excluded CpG
units in which SDs were >0.1 from further analysis. Averages
and SDs of all CpG units analyzed in this study are shown in
Supplementary Table S3 online. After the MALDI-TOF MS
analysis, we used bisulfite pyrosequencing to confirm the
aberrant methylation uncovered. We also obtained MIs from
the 24 controls using bisulfite pyrosequencing and calculated
the average and SD of each CpG site. We excluded one CpG
site in HI9DMR because its SD was >0.1 due to a known SNP
(rs10732516). Averages and SDs of control CpG sites are shown
in Supplementary Table S3 online. Finally, we compared the
MIs of MALDI-TOF MS and bisulfite pyrosequencing of each
DMR and found a significant correlation (Supplementary
Figure S2 online).

Multilocus methylation defects in BWS patients with
epimutations

Among the 44 KvDMR1-LOM patients, 15 (34.1%) showed
aberrantly methylated DMRs outside of KvDMRI: six showed
aberrant methylation at only one DMR, and the other nine
showed two or more methylated DMRs (Figure Ia and
Supplementary Figure S3 online). The greatest number of
aberrantly methylated DMRs was found in patient BWS-s113,
who exhibited 12 DMRs. Most of the aberrantly methylated
DMRs demonstrated LOM, which was seen at ARHI-CGI,
ARHI-CG2, ARHI-CG3, FAMS50B, ZAC, IGF2R-DMR2,
MEST, NNAT, L3MBTL1, NESPAS, GNASXL, and GNASIA.
Among them, the most frequently hypomethylated DMRs were
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ARHI-CG1 and ARHI-CGS3, found in nine (20.5%) and eight
(18.2%) patients, respectively. By contrast, three DMRs, located
at ZDBF2, NESP, and MCTS2, showed GOM, which was found
in six (13.6%), two (4.5%), and one (2.3%) patients, respectively.
GNASXL-DMR showed GOM in one patient (2.3%), whereas
four patients (9.1%) showed LOM. The other 13 DMRs were
not aberrantly methylated in any KvDMR1-LOM patient.
Among the 10 HI9DMR-GOM patients, all patients showed
GOM at the H19 promoter DMR, which was usually observed
with loss of imprinting of IGF2 (Figure 1b).** Four patients
showed GOM at either IGF2-DMRO or IGF2-DMR2; two
patients showed GOM at both. Moreover, both LOM and GOM
at other DMRs were found: LOM was found at INPP5Fv2-DMR

a

MAEDA et al | Susceptibility of specific DMRs to aberrant methylation in BWS

in patients BWS-s015 and BWS-s064, and GOM was found at
NESP-DMR in patient BWS-s012.

In addition, to exclude aberrantly methylated DMRs result-
ing from chromosome abnormalities such as uniparental
disomy and copy number abnormality, microsatellite analyses
using patients’ and their parents’ DNA were performed on all
DMRs showing aberrant methylation. For quantitative analy-
ses, tetranucleotide repeat markers near the imprinted DMRs
were used (Supplementary Materials and Methods online).
We found that no DMRs, except for six DMRs in three patients,
exhibited any chromosome abnormalities (summarized in
Supplementary Figure $4 online). These results strongly sug-
gest that the aberrant methylation of DMRs observed was
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Figure 1 Results of methylation analyses of 29 imprinted differentially methylated regions (DMRs) in Beckwith-Wiedemann syndrome
patients with epimutations. (a) Results of patients with KvDMR1-LOM. Only the results of multiple methylation defects are shown. Aberrant methylation
was confirmed by two quantitative methods: matrix-assisted laser desorption/ionization mass spectrometry and bisulfite pyrosequencing. The definition of
aberrant methylation used here is described in the Materials and Methods section. Shaded rectangle: aberrant hypomethylation; dark gray rectangle: aberrant
hypermethylation. (b) Results of all patients with H719DMR-GOM. GOM, gain of methylation; LOM, loss of methylation.
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an isolated epimutation and was not due to chromosome
abnormalities.

Comparison of aberrantly methylated DMRs

We found that 34.1% (15 of 44) of KvDMR1-LOM patients and
30.0% (3 of 10) of HI9DMR-GOM patients showed MMDs
(Figure la). There was no statistical difference between them
(P> 0.99, Fisher’s exact test).

Among the 29 DMRs analyzed, there were 20 gametic DMRs
and 8 somatic DMRs (Figure 1a). The timing of methylation
establishment of one DMR (FAM50B-DMR) has not yet been
determined. On the other hand, there were 20 matDMRs and
9 patDMRs. We investigated whether susceptibility to aberrant
methylation differed for each type of DMR in KvDMR1-LOM
patients. KvDMR1 itself, a gametic and matDMR, was excluded
from this analysis. Several DMRs were mapped to certain
imprinted domains, e.g., three DMRs in the ARHI domain and
four in the GNAS domain. However, these DMRs differed by
type, and aberrant methylations of these DMRs were not always
linked. We also had previously found that DMRs in the GNAS
domain were independently aberrantly methylated in hepato-
blastoma.?® Therefore, we decided to perform statistical analy-
ses assuming the independence of each DMR.

We first compared gametic DMRs with somatic DMRs and
found no significant difference in susceptibility (P = 0.42,
Fisher’s exact test; Figure 2a). FAM50B-DMR was excluded
from this comparison. By contrast, matDMRs were aberrantly
methylated more frequently than patDMRs (P = 0.042, Fisher’s
exact test; Figure 2b). In addition, among the aberrantly meth-
ylated DMRs, 12 showed LOM and 4 showed GOM. When we
compared LOM with GOM, LOM preferentially occurred on
matDMRs (P = 0.050, Fisher’s exact test; Figure 2¢). In this
subanalysis, GNASXL-DMR was counted as having both GOM
and LOM (Figure 1a). Furthermore, among the 12 DMRs with
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LOM, most of them (10) were gametic DMRs. These results
suggest that matDMRs are susceptible to aberrant methylation
and that gametic maternally methylated DMRs tend to be sus-
ceptible to LOM in KvDMR1-LOM patients.

Biallelic expression of imprinted genes induced by

aberrant methylation at their corresponding DMRs

We continued our investigation by determining whether
allelic expression was associated with the methylation status
of the corresponding DMR. We selected three genes (ZDBF2,
FAMS50B, and GNASIA) expressed in lymphocytes.** In the
case of ZDBF2, bisulfite sequencing of ZDBF2-DMR showed
paternal monoallelic methylation in normal controls het-
erozygous for a specific SNP (rs1861437), whereas four BWS
patients with GOM showed biallelic methylation: these find-
ings were consistent with the results of MALDI-TOF MS and
bisulfite pyrosequencing (Figure 3a,b and Supplementary
Figure S5 online). Because paternal expression of the ZDBF2
gene is coupled with methylation of ZDBF2-DMR on the pater-
nal allele,” biallelic expression due to biallelic methylation was
expected. Indeed, three BWS patients heterozygous for a coding
SNP (r510932150) with hypermethylated DMRs clearly showed
biallelic expression, in contrast with the paternal monoal-
lelic expression in patients with normally methylated DMRs
(Figure 3c). FAM50B and GNASIA were paternally expressed
and were coupled with maternal methylation of corresponding
DMRs. RT-PCR using coding SNPs (rs6597007 for FAM50B
and rs143800311 for GNASIA) revealed that both genes
were expressed biallelically with LOM of each corresponding
DMR, which was in contrast with monoallelic expression in
the patients with normally methylated DMRs (Figure 4 and
Supplementary Figure S5 online). It is intriguing that FAM50B
in patient BWS-s096 and GNASIA in patient BWS-s062 were
expressed from the maternal allele despite low-grade LOM,
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Figure 2 Statistical analyses of aberrantly methylated differentially methylated region (DMRs). (a) Comparison of the number of aberrantly
methylated DMRs between gametic DMRs and somatic DMRs in KvDMR1-LOM patients. There was no statistical difference between the two DMRs (P = 0.42,
Fisher's exact test). (b) Comparison of the number of aberrantly methylated DMRs between matDMRs and patDMRs in KvDMR1-LOM patients. matDMRs were
aberrantly methylated more frequently than patDMRs (P = 0.042, Fisher’s exact test). (c) Comparison of the number of LOMs and GOMs between matDMRs
and patDMRs among the aberrantly methylated DMRs in KvDMR1-LOM patients. LOM preferentially occurred on matDMRs (P = 0.050, Fisher's exact test).
GOM, gain of methylation; LOM, loss of methylation; matDMR, maternally methylated DMR; patDMR, paternally methylated DMR.
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Figure 3 Methylation analysis of ZDBF2-DMR and expression analysis of the ZDBF2 gene. (a) Results of matrix-assisted laser desorption/ionization
mass spectrometry analysis. Averages with SD of 24 normal controls are shown in blue. Methylation indexes of the patients showing GOM are indicated in
different colors. Units 1 and 2 included two and one CpG sites, respectively. (b) Results of bisulfite sequencing. Normal controls show monoallelic differential
methylation, whereas four Beckwith-Wiedemann syndrome (BWS) patients (BWS-s001, BWS-s011, BWS-s023, and BWS-s060) show biallelic methylation. Two

parental alleles were distinguished by a SNP (rs7867437). Mat, maternal allele;

Pat, paternal allele. (c) Results of expression analysis of the ZDBF2 gene. Three

BWS patients (BWS-s001, BWS-s011, and BWS-s113) heterozygous for a coding SNP (rs70932150) with GOM clearly showed biallelic expression; by contrast,
two patients with normally methylated differentially methylated region (DMRs) exhibited paternal monoallelic expression (patients BWS-s004 and BWS-s060).

gDNA, genomic DNA; GOM, gain of methylation; SNP, single-nucleotide polym

which suggests that our definition of aberrant methylation is
appropriate. In addition, we investigated the expression levels
of ZDBF2 and FAMS50B by quantitative RT-PCR. The expres-
sion levels in patients with aberrantly methylated DMRs were
higher than those in patients with normally methylated DMRs
(Supplementary Figure S6 online). These results indicate that
allelic expression and expression levels were indeed associ-
ated with the methylation status of the corresponding DMR in
patients with MMDs.

Lack of pathological variation in all aberrantly methylated
DMRs in KvDMR1-LOM patients

Because the genetic aberrations of HI9DMR explained only
~20% of BWS patients with HI9DMR-GOM,*® we hypoth-
esized the existence of cis-acting variations within aberrantly
methylated DMRs. Therefore, we sequenced all aberrantly
methylated DMRs, including KvDMRI1, in KvDMRI1-LOM
patients. However, no variations were found in any aberrantly
hypomethylated DMRs, except for four known SNPs (sum-
marized in Supplementary Figure S7 online), suggesting that
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cis-acting pathological variations are not involved in aberrant
methylation of these DMRs.

No difference in clinical features between MMDs and
monolocus methylation defects

In KvDMRI1-LOM patients, there was no significant difference
in clinical features between MMDs and monolocus methylation
defects, which demonstrated LOM only at KvDMRI1 (Table 1).
Among 27 patients with K"'DMR1-LOM for whom information
on conception was available, one patient was conceived using
intracytoplasmic sperm injection, two were from artificial insem-
ination by the husband, and two were from ovulation stimulation.
We searched for a link between assisted reproductive technology
and MMD but could find no relationship (Table 1). The aver-
age age of neither the mother nor the father differed between
patients with MMDs versus those with monolocus methyla-
tion defects (Table 1). The fact that monozygotic twins discor-
dant for BWS were found predominantly for females suggests
an insufficient amount of DNA methyltransferase 1 (DNMT1)
to maintain KvDMR1 methylation during the overlap in timing
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Figure 4 Methylation analysis of FAM50B- and GNASTA-DMRs and expression analysis of the FAM50B and GNASTA genes. (a,b) Results of matrix-
assisted laser desorption/ionization mass spectrometry analysis. Averages with SD of 24 normal controls are shown in blue. Methylation indexes of patients
showing LOM are indicated in different colors. Ten CpG units analyzed for FAM50B-DMR covered 13 CpG sites, and 13 CpG units analyzed for GNASTA-DMR
covered 18 CpG sites. (¢) Results of expression analysis of the FAM508B gene. Beckwith-Wiedemann syndrome (BWS) patient BWS-s096 was heterozygous for
a coding SNP (rs6597007) with LOM and showed biallelic expression with a low peak of maternal expression, whereas monoallelic expression was seen in a
patient with normally methylated differentially methylated regions (DMRs) (patient BWS-s089). In patient BWS-s096, maternal expression was noted in two
independent analyses despite low-grade LOM. gDNA, genomic DNA. (d) Results of expression analysis of the GNASTA gene. Patients BWS-s062 and BWS-
5113, heterozygous for a deletion/insertion variation (rs743800311) with LOM, showed biallelic expression, whereas patient BWS-s060 possessed normally
methylated DMRs and exhibited monoallelic expression. Maternal expression was noted despite low-grade LOM in patient BWS-s062. Red peaks are molecular

markers. GOM, gain of methylation; LOM, loss of methylation.

with X-chromosome inactivation and twinning.” This hypoth-
esis suggests that females might tend to suffer from MMDs. We
compared the frequency of female patients with MMDs with the
frequency of those with monolocus methylation defects, but no
significant difference could be found (Table 1).

DISCUSSION
Currently, most reports have studied 3-10 imprinted DMRs in
BWS patients,”'*" with the exception of two reports in which
16 and 27 DMRs were analyzed.!"" In addition, the quantita-
tive capability of methods used for multiple methylation analy-
ses has been variable, and few studies have conducted multiple

GENETICS in MEDICINE | Volume 16 | Number 12 | December 2014

checks to confirm the methylation statuses of all DMRs show-
ing aberrant methylation.”"* To resolve these matters, we ana-
lyzed 29 DMRs and confirmed all aberrantly methylated DMRs
using MALDI-TOF MS and bisulfite pyrosequencing, which
are the most reliable quantitative methods of methylation anal-
ysis available at present.!>***! We found that 34.1% of KVDMR1-
LOM patients exhibited MMDs. The frequency was higher than
that in previous reports, which can be summarized as reporting
an overall frequency of 20.6% (102 of 495 patients).””'* However,
within these reports, the frequency in studies that analyzed 10
or fewer DMRs is 19.0% (82 of 431),”** and the frequency
in studies that analyzed more than 10 DMRs is 31.3% (20 of

909
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Table 1 Clinical features of KYDMR-LOM patients with monolocus methylation defect and those with multilocus

methylation defects

Methylation defect

Monolocus Multilocus P value
Sex 022
Malehioe o . o o X 15 : . :
Female L : Y [k 9 i :
Average age of patients 3.3 2.4 0.098°
Average age of parents A : : .
Father 318 -33.8 0.93°
Mother 318 303 0372
Assisted reproduction technology 3/19(20%) (AlH 2, OS 1) 2/8(29%) (ICSI1, 05 1) 0.47
Standard deviation of avérage birth weight k {1 .9 : +2.0 058
OVergrowth ' 21/28 (75%) 9/13‘(69%) 0.78
Abdominal wall defect 22/29 (76%) 12/13(92%) 021
Macroglossia‘ 29/29 (100%) 12/12 (100%) 0.60
Hypoglycemia 14/27 (52%) 5/12 (42%) 0.41
Ear pits and creéses 19/27 (70.4%) 8/12 (67 %) 0.73
Nevus flammeus 9/26 (35%) : ‘4/10‘ (40%) 0.53
Hemihypertrophy 6/27 (22%) 6/13 (46%) 0.12
Renal anomaly 226 (8%) 0/11(0%) 049
Renal eniargemént 6/28 (21%) 1/1 3(8%) 0.27
Adrenal enlargement 127 (4%) 011 (O%) “071
Hepatomegaly 5/29 (17 %) 2/12 (17 %) 0.67
Splenomegaly 6129 (21%) 2112 (17%) 0.57
Abnormal external genitalia 2/28 (7%) 0/12 (0%) 0.49
Increased bone age 2/15(13%) 03(0%) 0,69
Cardiac anomaly 2/23 (9%) 0/11 (0%) 0.82
Developrnental retardation 6/22 (27 %) ' 0/9 (0%) 0.10
Childhood tumor 5/26 (19%) 0/11(0%) 0.15

AlH, artificial insemination by husband; ICS|, intracytoplasmic sperm injection; LOM, loss of methylation; OS, ovulation stimulation.

sMann-Whitney U-test. Fisher's exact test was used for other analyses.

64).112 In addition, we found that 30.0% of HISDMR-GOM
patients showed MMDs, which is surprising considering that
no MMDs were found in two previous reports in which 10 and
16 DMRs were analyzed.*" These data suggest that the greater
the number of DMRs analyzed, the higher the frequency of
MMDs observed. In future, all DMRs in the genome should be
analyzed to understand the precise frequency of MMDs, which
DMRs become preferentially aberrantly methylated, and the
mechanism by which MMDs occur.

In both KvDMRI-LOM patients and HIIDMR-GOM
patients, we found MMDs in which not only LOM but also
GOM were seen. We also found that both matDMRs and pat-
DMRs were aberrantly methylated in both patient groups. It
is noteworthy that matDMRs, probably gametic maternally
methylated DMRs, were more susceptible to aberrant meth-
ylation than patDMRs in KvDMR1-LOM patients, although
no particular parent-based pattern of aberrant methylation has

910

been reported previously.* This suggests that gametic mater-
nally methylated DMRs are vulnerable to DNA demethylation
during the preimplantation stage of early embryogenesis when
KvDMR1-LOM occurs.

Although it has not been reported that aberrant methyla-
tion of the corresponding DMR affects imprinted gene expres-
sion in MMD patients, we found biallelic expression of three
imprinted genes (ZDBF2, FAM50B, and GNASIA) to be associ-
ated with the aberrant methylation of their respective DMRs.
Because biallelic expression increased the total expression lev-
els of ZDBF2 and FAMS50B, we expect that had we measured
the expression levels of GNASIA, we would have observed an
increase. Therefore, alteration of gene expression levels due to
MMDs might affect the phenotype; however, clinical features
between MMDs and monolocus methylation defects were not
different in our study. This lack of difference has been previ-
ously reported,”*!*? although a few groups have reported a
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difference in clinical features.*'"'* Two reasons for this similar-
ity in terms of clinical features could be suggested. First, the
mosaic ratio might be different in each organ. Because aberrant
methylation was generally partial, it would occur after fertiliza-
tion, and the patients would be mosaic. A high mosaic ratio
would be a critical factor in the emergence of a distinct phe-
notype in BWS patients with monolocus methylation defects.
Second, the imprinted locus at 11p15 might be epidominant
over other imprinted loci because all MMD patients were clini-
cally diagnosed as BWS.

Regarding the causative factor(s) for MMD, we could not
find any pathological variation in any aberrantly methylated
DMR, including KvDMRI1, suggesting that cis-acting variations
of each specific DMR itself were not involved in the genesis of
MMDs. On the other hand, the involvement of trans-acting fac-
tors has been advocated in other reports because mutations of
ZFP57 (which are required for the postfertilization maintenance
of maternal and paternal methylation imprinting at multiple
loci) have been found in transient neonatal diabetes mellitus
type 1 patients with multilocus hypomethylation.* Mutations
of NLRP2 were also identified in a BWS patient with KvDMR1-
LOM and MEST-LOM in a family with complex consanguinity
and in a Silver-Russell syndrome patient with multilocus hypo-
methylation.'*” In addition, TRIM28, NLRP7, KHDC3L, and
DNMT3L have been considered to be candidate trans-acting
factors. However, no mutations in any of these candidates or
other genes, such as DNMT1, DNMT3A, and DNMT3B, were
found in our BWS patients with MMDs, as determined by
exome sequencing (K. Sasaki and K. Hata, personal commu-
nication). Recently, Lorthongpanich et al.** reported that the
absence of maternal Trim28 until zygotic gene activation at the
two-cell late stage caused mosaicism of MMDs randomly, sug-
gesting that insufficient expression of the candidate gene(s) at
very early embryogenesis is an important event in the genera-
tion of MMDs in human imprinted diseases. Whole-genome
sequencing and whole-genome bisulfite sequencing, including
the regulatory regions of the candidate genes, and transcrip-
tome analysis in early embryogenesis would be useful to iden-
tify the cause(s) of MMDs.

In our HISDMR-GOM patients, we also found GOM of
IGF2-DMRO and IGF2-DMR2 to be associated with GOM of
HI9DMR and HI9promoter DMR, in agreement with previous
reports.”*** Two patients showed simultaneous GOM at both
IGF2-DMRs. Because Igf2-DMRs were established at the post-
implantation stage under the control of HI9DMR in mice,”
GOM of IGF2-DMRs in BWS is likely to occur at the same stage.
Although the function of IGF2-DMRO is still unknown, methyl-
ated Igf2-DMR2 plays a role in transcription initiation of Igf2 in
mice.*® GOM of the DMRs might change the high-order chro-
matin structure of the maternal allele and increase the expression
of IGF2 in cooperation with HI9DMR-GOM in BWS patients.

In conclusion, our comprehensive and quantitative methyla-
tion analysis of multiple imprinted DMRs revealed several new
findings: (i) matDMRs, probably gametic maternally meth-
ylated DMRs, are more susceptible to aberrant methylation
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during the preimplantation stage, when KvDMR1-LOM occurs;
(i) aberrant methylation indeed alters imprinted gene expres-
sion; and (iii) cis-acting pathological variations of each DMR
are not involved in the MMDs analyzed. Moreover, our study
confirmed the simultaneous aberrant hypermethylation of
IGF2-DMRO and/or -DMR2 with isolated HI9DMR-GOM.
These findings may help us to understand the molecular mech-
anisms and pathophysiological features of MMDs.

SUPPLEMENTARY MATERIAL
Supplementary material is linked in the online version of the paper
at http//www.nature.com/gim.
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A novel de novo point mutation of the

OCT-binding site in the

IGF2/HI9-1mprinting control region in a
Beckwith—Wiedemann syndrome patient

Higashimoto K., Jozaki K., Kosho T., Matsubara K., Fuke T., Yamada D.,
Yatsuki H., Maeda T., Ohtsuka Y., Nishioka K., Joh K., Koseki H., Ogata
T., Soejima H. A novel de novo point mutation of the OCT-binding site in
the IGF2/H19-imprinting control region in a Beckwith~Wiedemann
syndrome patient.

Clin Genet 2014: 86: 539-544. © John Wiley & Sons A/S. Published by
John Wiley & Sons Ltd, 2013

The IGF2/HI19-imprinting control region (ICR1) functions as an insulator
to methylation-sensitive binding of CTCF protein, and regulates imprinted
expression of /GF2 and HI9 in a parental origin-specific manner. ICR1
methylation defects cause abnormal expression of imprinted genes, leading
to Beckwith—Wiedemann syndrome (BWS) or Silver—Russell syndrome
(SRS). Not only ICR1 microdeletions involving the CTCF-binding site,
but also point mutations and a small deletion of the OCT-binding site have
been shown to trigger methylation defects in BWS. Here, mutational
analysis of ICR1 in 11 BWS and 12 SRS patients with ICR1 methylation
defects revealed a novel de novo point mutation of the OCT-binding site
on the maternal allele in one BWS patient. In BWS, all reported mutations
and the small deletion of the OCT-binding site, including our case, have
occurred within repeat A2. These findings indicate that the OCT-binding
site is important for maintaining an unmethylated status of maternal ICR1
in early embryogenesis.
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Human 11pl5 contains two neighboring imprinted
domains, IGF2/HI19 and KCNQI . Each domain is con-
trolled by its own imprinting control region: ICR1 or
ICR2, respectively (1). ICR1 methylation defects cause
abnormal imprinted expression of insulin-like growth
factor 2 (IGF2), which encodes a growth factor, and
non-coding RNA HI19, which possesses possible tumor-
suppressor functions, leading to Beckwith—Wiedemann
syndrome (BWS: OMIM 130650) and Silver—Russell
syndrome (SRS: OMIM 180860), respectively (1, 2).

BWS is a congenital overgrowth disorder character-
ized by macroglossia, macrosomia, and abdominal wall
defects, whereas SRS is a congenital growth retarda-
tion disorder characterized by a typical facial gestalt,
clinodactyly V, and body asymmetry (1, 2). Among
varied causative genetic and epigenetic abnormalities,
ICR1 methylation defects are etiologies common to
both diseases. Gain of methylation (GOM) and loss of
methylation (LOM) at ICR1 account for ~5% of BWS
and ~44% of SRS cases, respectively (1, 2).

ICR1 upstream of H19 is a differentially methylated
region (DMR) that is methylated exclusively on the
paternal allele, and it regulates the imprinted expression
of paternally expressed /IGF2 and maternally expressed
HI19. On the maternal allele, unmethylated ICR1 bound
by CTCF forms a chromatin insulator that prevents
IGF2 promoter activation by the enhancer downstream
of HI9, resulting in silencing of /GF2 and activation
of HI9. On the paternal allele, methylation-sensitive
CTCF cannot bind to methylated ICR1, resulting in
activation of IGF2 and silencing of HI9 (3, 4). CTCF
also maintains the unmethylated status of ICR1 on the
maternal allele (5, 6).

Human ICR1 contains two different repetitive
sequences (A and B) and seven CTCF-binding
sites (CTSs) (Fig. 1a). A maternally inherited ICR1
microdeletion (1.4-2.2kb), which affects ICR1 func-
tion and CTCF binding by changing CTS spacing,
has been reported to result in ICR1-GOM in a few
familial BWS cases (7-9). ICR1 also contains other
protein-binding motifs, such as OCT, SOX, and ZFP57
(10, 11). Recently, point mutations and a small deletion
of the OCT or SOX motif have been reported in a few
BWS patients with ICR1-GOM (10, 12, 13).

Here, mutational analysis in 11 BWS and 12 SRS
patients with ICR1 methylation defects revealed a novel
de novo point mutation in the OCT-binding site on the
maternal allele of one BWS patient.

Materials and methods
Patients

Eleven BWS and twelve SRS patients, who were
clinically diagnosed, were enrolled in this study. All
BWS and SRS patients displayed isolated GOM and
LOM of ICRI, respectively. This study was approved
by the Ethics Committee for Human Genome and Gene
Analyses of the Faculty of Medicine, Saga University.
Written informed consents were obtained from the
parents or guardians of the patients.

540

Sequencing analysis of ICR1

A genomic region in and around ICR1, which included
seven CTSs and three OCT-binding sites, was directly
sequenced in all patients as previously described (14).
All polymerase chain reaction (PCR) primer pairs used
are listed in Table S1, Supporting Information.

Microsatellite analysis .

For quantitative polymorphism analysis, tetranucleotide
repeat markers, D11S1984 at 11p15.5 and D1151997 at
11p15.4, were amplified and analyzed with GENEMAP-
PER software. The peak height ratios of the paternal
allele to the maternal allele were calculated.

Southern blot analysis

Methylation-sensitive Southern blots with PstI/Miul
and BamHI/Not1 were employed for ICR1 and ICR2,
respectively, as described previously (15). Band inten-
sity was measured using a FLLA-7000 fluoro-image ana-
lyzer (Fujifilm, Tokyo, Japan). The methylation index
(MI, %) was then calculated.

Bisulfite sequencing

Bisulfite sequencing was performed covering the three
variants within ICR1 that were found in BWS-s043.
Genomic DNA was bisulfite-converted using an EpiTect
Bisulfite Kit (Qiagen, Hilden, Germany). After PCR
amplification, the products were cloned and sequenced.

Electrophoretic mobility shift assay

The pCMX-Flag-human OCT4 and pCMX-Flag-human
SOX2 were simultaneously transfected into HEK293
cells. The nuclear extracts from HEK293 cells express-
ing human OCT4/SOX2 and mouse ES cells were
used. Electrophoretic mobility shift assay (EMSA) was
performed as described previously (10). For super-
shift analysis, 1.5 1tg of anti-OCT4 antibody (Abcam,
ab19857, Cambridge, UK) or 1.5 ig of anti-SOX2 anti-
body (R&D systems, AF2018, Minneapolis, MN) was
used. The unlabeled probes were also used as competi-
tors. The reaction mixtures were separated on a 4%
polyacrylamide gel and exposed to a film. Oligonu-
cleotide sequences are presented in Table S1.

Results

Among 11 BWS and 12 SRS patients with ICR1 methy-
lation defects, 7 and 2 variants from 5 BWS and 2 SRS
patients were found, respectively (Table 1). The variants
in BWS-047 and BWS-s061 were polymorphisms. The
remaining variants were not found in the normal pop-
ulation, the UCSC Genome Browser database, or the
1000 Genomes database, suggesting them to be can-
didates for causative mutations for ICR1 methylation
defects. However, the positions of the variants, except
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Fig. 1. The three variants in BWS-s043 and their effects on ICR1 methylation. (a) Map of ICR1 and the position of 2,023,018C=>T. Upper panel:
structure of ICRI. ICRI consists of two repeat blocks. Each block consists of one repeat A and three or four repeat Bs. The black and red
arrowheads indicate CTCF-binding sites (CTS) and OCT-binding sites (OCT), respectively. Middle panel: the position of 2,023,018C>T (arrow)
and previously reported mutations and deletions (asterisks). Three octamer motifs are enclosed by a red line. Lower panel: electrophoretograms
around 2,023,018C>T. BWS-s043 were heterozygous for the variant, whereas the maternal grandmother and both parents did not harbor it. (b)
Haplotype encompassing the three variants in BWS-s043. Polymerase chain reaction (PCR) products encompassing the three variants were cloned
and sequenced. All three variants were revealed to be on the same allele in BWS-s043. (¢) Pedigree and haplotype of the family. Haplotype analysis
showed that 2,023,018C>T (asterisk) occurred on the maternal allele in BWS-s043. (d) Bisulfite sequencing analysis encompassing the 2,022,561~
562CT>delCT and the 2,022,565G>C variants in the mother and the maternal grandmother. Open and filled circles indicate unmethylated and
methylated CpG sites, respectively. X indicates G at chrll: 2,022,565, Numerals on the left reflect the number of clones with the same methylation
pattern. The variant allele was unmethylated in the mother and methylated in the maternal grandmother, respectively. (e) Bisulfite sequencing
analysis encompassing 2,023,018C>T in BWS-s043. The maternal allele contained a de novo variant that was heavily methylated in BWS-s043,
while differential methylation was maintained in other family members and normal controls without the variant (Fig. S2a).

Table 1. Variants found in this study?®

Heterozygosity
MI of Position in normal
Patient ID  ICR1 (%) Variant (GRCh37/hgt19 chr11)  Location Transmission  population
BWS-047 100 G>Gdel 2,024,428 Centromeric outside of ICR1 Maternal 2/116
(5’ of CTS1) (rs200288360)
CT>CT del 2,022,561-2,022,562 Between A2 and B4 Maternal na
BWS-s043 86 G>C 2,022,565 Between A2 and B4 Maternal 0/115
C>T 2,023,018 A2 (OCT-binding site 1) De novo 0/107
BWS-s061 76 C>T 2,023,497 B5 (5’ of CTS3) Paternal 2/105
BWS-s081 67 C>T 2,025,777 Centromeric outside of ICR1 Paternal 0/106
(3’ of OCT-binding site 0)
BWS-s100 67 C>A 2,021,145 B1 (3 of CTS6) Maternal 0/105
SRS-002 4 G>Gdel 2,024,364 B7 (5’ of CTS1) Unknown 0/106
SRS-s03 24 C>T 2,021,103 B1 (3" of CTS6) Maternal 0/106
ICR, imprinting control region; MI, methylation index; na, not analyzed.
aParents’ DNA were not available for SRS-002.
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Fig. 2. Methylation-sensitive Southern blots and microsatellite analysis of BWS-s043, and electrophoretic mobility shift assay (EMSA) for
2,023,018C>T. (a) Methylation-sensitive Sothern blots of ICR1 and ICR2. Methylation indices [MI, %] are shown below each lane. MI was
calculated using the equation M /(M + U) x 100, where M is the intensity of the methylated band and U is the intensity of the unmethylated band.
m, methylated band; um, unmethylated band. BWS-s043 showed ICR1-GOM, whereas the relatives did not. Methylation statuses of CTS1 and
CTS4 are shown in Fig. S2b,c. Methylation of ICR2 in BWS-s043 was normal. (b) Microsatellite analysis at 11p15.4-p15.5. Ratios of the paternal
allele to the maternal allele in BWS-s043 were approximately 1, indicating no uniparental disomy. Red peaks are molecular markers. (¢) EMSA
using the wild-type (Wt) probe and the mutant (Mut) probe encompassing 2,023,018C>T. The unlabeled Wt probe or Mut probe (x50 or x200
molar excess) was used as a competitor. The arrows and asterisks indicate the protein-DNA complexes (A and B) and supershifted complexes,
respectively. mES NE, nuclear extract from mouse ES cells; OCT4/SOX2 NE, nuclear extract from human HEK293 cells expressing OCT4/SOX2;

Ab, antibody.

for BWS-s043, were not located at any protein-binding
sites that have been reported as involved in methyla-
tion imprinting (CTCF, OCT, and ZFP57) (3, 4, 10,
12, 16). Furthermore, we did not find any protein-
oligonucleotide complexes in EMSA using mouse ES
nuclear extracts and oligonucleotide probes encompass-
ing all variants, except for BWS-s043 (Fig. S1). There-
fore, we analyzed further three variants in BWS-s043,
which were in and around the OCT-binding site 1.
First, we re-confirmed that BWS-s043 showed GOM
near CTS6 within ICR1, but it did not demonstrate
LOM at ICR2, paternal uniparental disomy of chromo-
some 11, or a CDKNIC mutation (Fig. 2a,b, and data
not shown). The 2,023,018C>T variant was located
in the second octamer motif of OCT-binding site 1
within repeat A2 (Fig. la). The other two variants
were located approximately 450bp on the telomeric
side of the 2,023,018C>T variant, between repeats A2

542

and B4 (Fig. 1a, Table 1). The 2,023,018C>T variant
was absent in other family members, indicating a de
novo variant (Fig. 1a). To clarify if the de novo vari-
ant in the patient occurred on the maternal or paternal
allele, we performed haplotype analysis with PCR cov-
ering all three variants. We found all three variants were
located on the same allele and the 2,023,018C>T vari-
ant occurred de novo on the maternal allele because the
2,022,561-562CT>delCT and 2,022,565G>C variants
were on the maternal allele in the patient (Fig. 1b,c).
Next, we investigated the methylation status of
ICR1. Methylation-sensitive Southern blots and bisul-
fite sequencing showed normal methylation of ICRI1
in the parents and the maternal grandmother (Figs 2a
and S2). As for the 2,022,561-562CT>delCT and
the 2,022,565G>C variants, the variant allele was
unmethylated in the mother, but methylated in the
grandmother (Fig. 1d). On the basis of methylation
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analysis, the variant allele in the grandmother must have
been transmitted by her father, and that in the mother
must have been transmitted by bher mother. The results
indicated that the variant allele could be either methy-
lated or unmethylated during gametogenesis, strongly
suggesting no relation between the variants and JICR1-
GOM. On the other hand, bisulfite sequencing including
the 2,023,018C>T variant revealed that both the vari-
ant and wild-type alleles were heavily methylated in
the patient (Fig. 1e), while differential methylation was
maintained in other family members and normal con-
trols without the variant (Fig. S2a). As the de novo
variant on the maternal allele was located within the
OCT-binding site, which is required for the mainte-
nance of the unmethylated status in a mouse model,
the variant was likely involved in ICR1-GOM (17, 18).

Finally, we performed EMSA to determine if
2,023,018C>T influenced the binding ability of nuclear
protein factors, such as OCT4 and SOX2 (Fig. 2¢). The
wild-type probe formed two complexes (A and B) with
the nuclear extracts of mouse ES cells and HEK293
cells expressing OCT4/SOX2 (lanes 2 and 3), whereas
such complexes were not observed in the mutant probe
(lanes 11 and 12). Complexes A and B competed more
efficiently with wild-type than with the mutant com-
petitor (lanes 4 to 7). Furthermore, complex B, but not
A, was supershifted with the antibody against OCT4
(lane 8). The supershift did not occur with the anti-
body against SOX2 and with both antibodies using the
mutant probe (lanes 9, 13, and 14). These data demon-
strated that 2,023,018C>T abrogated binding ability of
a nuclear factor, most likely OCT4. Taken together, our
data strongly suggest that 2,023,018C>T is a mutation
that could prevent OCT4 binding to the OCT-binding
site and induce ICR1-GOM, leading to BWS.

Discussion

We identified a novel de novo point mutation, chrll:
2,023,018C>T, in OCT-binding site 1 within repeat A2
in a BWS patient with ICR1-GOM. Our data strongly
suggest the involvement of the mutation in GOM at
ICR1. In a mouse cell model, the evolutionarily well-
conserved dyad octamer motif within ICR1, which is
bound by OCT protein, has been shown to be required
for the maintenance of unmethylated status competing
against de novo methylation (17). In addition, the
importance of a SOX motif flanked by an OCT
motif has also been reported (19). Recent studies have
shown that the SOX~OCT motif functions to maintain
unmethylated status in vitro and in vivo; a cooperative
function of CTCF and OCT/SOX for maintenance
of differential methylation has been suggested as
responsible (18, 19). Although there is one OCT-
binding site in mice, three evolutionarily conserved
OCT-binding sites (0, 1, 2) are located in and around
ICR1 in humans. As all mutations and the small deletion
previously reported in addition to our case occurred in
site 1 within repeat A2 (Fig. la), site 1 within repeat
A2 likely plays a more important role for maintaining

A novel mutation of the OCT-binding site in BWS

unmethylated status of maternal ICR1 in humans than
the other OCT-binding sites (10, 12, 13).

ICR1-GOM cases, including ours, with muta-
tions/deletions also show partial hypermethylation in
spite of pre-existent genetic aberrations in the oocyte
9, 12, 13, 20), suggesting aberrant hypermethylation
at ICR1 would also be stochastically acquired at a
cellular level even in the existence of such aberrations.

As for SRS, including familial cases, the ICRI1
mutation has not been found except in one sporadic case
to date (10). We did not find any promising mutations
in this study, suggesting the cause of ICR1 methylation
defects to differ between SRS and BWS.

In conclusion, we identified a novel de novo point
mutation of OCT-binding site 1 within repeat A2,
a location suggested to play an important role for
maintaining the unmethylated status of maternal ICR1
in humans, on the maternal allele in a BWS patient
with ICR1-GOM. However, genetic aberrations of
ICR1I explain only 20% of BWS cases with ICRI1-
GOM (10). As aberrant methylation may occur as
a consequence of stochastic events or environmental
influences irrespective of ICR1 mutations, unknown
causes for ICR1 methylation defects should be clarified.

Supporting Information
The following Supporting information is available for this article:

Fig. SI. EMSA for all variants found in this study, except for
those in BWS-047 and BWS-s061, using the nuclear extract from
mouse ES cells. The variant in BWS-s081 was located outside
of ICR1, and a CpG site within the probe sequence was mostly
unmethylated in three normal controls (data not shown). Thus,
an unmethylated probe was used for it. Since the variants in
BWS-s100 and SRS-s03 were located 3’ of CTS6 and found on
the maternal allele, unmethylated probes were used for them.
As for the variant in SRS-002, it was located 5’ of CTS1 but
its parental origin was unknown. Thus, both unmethylated and
methylated probes were used for it. There was no difference
between a wt-probe and a variant-probe in each variant except for
the BWS-s043 mutation. A wt-probe for the BWS-s043 mutation
formed two complexes, whereas such complexes were not
observed with a probe for the mutation. These results suggested
that only the BWS-s043 mutation affected the protein—DNA
interaction (see text and Fig. 2c for details). WT, probe for the
wild-type sequence; MUT, probe for the BWS-s043 mutation;
VAR, probe for the variant sequence; um, unmethylated probe; me,
methylated probe; mES NE, nuclear extract from mouse ES cells.
Fig. §2. Bisulfite sequencing of the region encompassing the
2,023,018 variant, CTS1, and CTS4. (a) Results for the 2,023,018
variant. In the healthy members of the BWS-s043 family,
comprised of the maternal grandmother, mother, and father,
showed differential methylation. Three normal controls also
showed differential methylation. In particular, normal control 3
was heterozygous for a SNP (rs61520309) and showed differential
methylation in an allele-dependent manner. Open and filled circles
indicate unmethylated and methylated CpG sites, respectively. (b)
Results for CTS1. Two normal controls that were heterozygous for
a SNP (rs2525885) showed differential methylation. The healthy
family members also showed differential methylation, whereas the
patient, BWS-s043, showed aberrant hypermethylation. CpG sites
within CTS1 are indicated by a short horizontal line. X indicates
T of the SNP (152525885). (c) Resuits for CTS4. The healthy
family members and two normal controls showed differential

543

— 392 —



Higashimoto et al.

methylation. Among them, the parents and two normal controls
were heterozygous for a SNP (1s2525883). The patient, BWS-s043,
showed aberrant hypermethylation. CpG sites within CTS4 were
indicated by a short horizontal line. X indicates T of the SNP
(rs2525883).

Table S1. PCR primers and oligonucleotide probes used in this
study.

Additional Supporting information may be found in the online
version of this article.
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