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A novel de novo point mutation of the

OCT-binding site in the

IGF2/HI9-imprinting control region in a
Beckwith—Wiedemann syndrome patient
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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 [1pl5 contains two neighboring imprinted
domains, IGF2/H19 and KCNQ! . 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 H19, 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 /GF2 and maternally expressed
H19. On the maternal allele, unmethylated ICR1 bound
by CTCF forms a chromatin insulator that prevents
IGF2 promoter activation by the enhancer downstream
of H19, resulting in silencing of /GF2 and activation
of H19. On the paternal allele, methylation-sensitive
CTCF cannot bind to methylated ICR1, resulting in
activation of /GF2 and silencing of H19 (3, 4). CTCF
also maintains the unmethylated status of ICR1 on the
maternal allele (5, 6).

Human ICRI1 contains two different repetitive
sequences (A and B) and seven CTCF-binding
sites (CTSs) (Fig. la). 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 ICRI1, 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.
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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, D/151984 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/Mlul
and BamHI/Notl were employed for ICR1 and ICR2,
respectively, as described previously (15). Band inten-
sity was measured using a FLA-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, 1.5ug of anti-OCT4 antibody (Abcam,
ab19857, Cambridge, UK) or 1.5 g of anti-SOX?2 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 ICR1. ICR1 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 chrl1: 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/hg19 chri1)  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
(8 of OCT-binding site 0)
BWS-s100 67 C>A 2,021,145 B1 (8 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.
3
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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
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and B4 (Fig. la, Table 1). The 2,023,018C>T variant
was absent in other family members, indicating a de
novo variant (Fig. la). 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



analysis, the variant allele in the grandmother must have
been transmitted by her father, and that in the mother
must have been transmitted by her 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 ICR1-
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. le), 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. 2c). 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. 1a), 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 ICR1
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
ICR1 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. S1. 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 (1s2525885). (¢) Results for CTS4. The healthy
family members and two normal controls showed differential
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methylation. Among them, the parents and two normal controls
were heterozygous for a SNP (rs2525883). The patient, BWS-5043,
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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Summary

Objective Arboleda et al. have recently shown that IMAGe
(intra-uterine growth restriction, metaphyseal dysplasia, adrenal
hypoplasia congenita and genital abnormalities) syndrome is
caused by gain-of-function mutations of maternally expressed
gene CDKNIC on chromosome 11pl15.5. However, there is no
other report describing clinical findings in patients with molecu-
larly studied IMAGe syndrome. Here, we report clinical and
molecular findings in Japanese patients.

Patients We studied a 46,XX patient aged 8-5 years (case 1) and
two 46,XY patients aged 16-5 and 15-0 years (cases 2 and 3).
Results Clinical studies revealed not only IMAGe syndrome-
compatible phenotypes in cases 1-3, but also hitherto unde-
scribed findings including relative macrocephaly and apparently
normal pituitary-gonadal endocrine function in cases 1-3, famil-
ial glucocorticoid deficiency (FGD)-like adrenal phenotype and
the history of oligohydramnios in case 2, and arachnodactyly in
case 3. Sequence analysis of CDKNIC, pyrosequencing-based
methylation analysis of KvDMRI1 and high-density oligonucleo-
tide array comparative genome hybridization analysis for chro-
mosome 11pl15.5 were performed, showing an identical de novo
and maternally inherited CDKNIC gain-of-function mutation
(p.Asp274Asn) in cases 1 and 2, respectively, and no demonstra-
ble abnormality in case 3.

Conclusions The results of cases 1 and 2 with CDKNIC muta-
tion would argue the following: [1] relative macrocephaly is
consistent with maternal expression of CDKNIC in most tissues
and biparental expression of CDKNIC in the foetal brain; [2]
FGD-like phenotype can result from CDKNIC mutation; and
[3] genital abnormalities may primarily be ascribed to placental
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dysfunction. Furthermore, lack of CDKNIC mutation in case 3
implies genetic heterogeneity in IMAGe syndrome.

(Received 1 October 2013; returned for revision 24 November
2013; finally revised 26 November 2013; accepted 29 November
2013)

Introduction

IMAGe syndrome is a multisystem developmental disorder
named by the acronym of intra-uterine growth restriction
(IUGR), metaphyseal dysplasia and adrenal hypoplasia congenita
common to both 46,XY and 46,XX patients, and genital abnor-
malities specific to 46,XY patients.' In addition to these salient
clinical features, hypercalciuria has been reported frequently in
IMAGe syndrome."” This condition occurs not only as a spo-
radic form but also as a familial form.'™ Furthermore, transmis-
sion analysis in a large pedigree has revealed an absolute
maternal inheritance of this condition, indicating the relevance
of a maternally expressed gene to the development of IMAGe
syndrome.’

Subsequently, Arboleda et al.* have mapped the causative gene
to a ~17-2-Mb region on chromosome 11 by an identity-by-des-
cent analysis in this large pedigree and performed targeted exon
array capture and high-throughput genomic sequencing for this
region in the affected family members and in other sporadic
patients. Consequently, they have identified five different mis-
sense mutations in the maternally expressed gene CDKNIC (cy-
clin-dependent kinase inhibitor 1C) that resides on the
imprinting control region 2 (ICR2) domain at chromosome
11p15.5 and encodes a negative regulator for cell proliferation.*™®
Notably, all the missense mutations are clustered within a specific
segment of PCNA-binding domain, and functional studies have
implicated that these mutations have gain-of-function effects.*
Thus, IMAGe syndrome appears to constitute a mirror image
of Beckwith-Wiedemann syndrome (BWS) in terms of the
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CDKNIC function, because multiple CDKNIC loss-of-function Ethical approval and samples
mutations have been identified in BWS with no mutation shared
in common by IMAGe syndrome and BWS.**

However, several matters remain to be clarified in IMAGe
syndrome, including phenotypic spectrum and underlying mech-
anism(s) for the development of each phenotype in CDKNIC-
mutation-positive patients, and the presence or absence of
genetic heterogeneity. Here, we report clinical and molecular
findings in three patients with IMAGe syndrome and discuss Sequence analysis of CDKN1C
these unresolved matters.

This study was approved by the Institutional Review Board
Committee at Hamamatsu University School of Medicine.
Molecular studies were performed using leucocyte genomic
DNA samples of cases 1-3 and the parents of cases 1 and 2,
after obtaining written informed consent.

The coding exons 1 and 2 and their flanking splice sites were
amplified by polymerase chain reaction (PCR) (Fig. la), using

Patients and methods primers shown in Table S1. Subsequently, the PCR products were
subjected to direct sequencing from both directions on ABI 3130
Patients autosequencer (Life Technologies, Carlsbad, CA, USA). In this

regard, if a nucleotide variation were present within the primer-
binding site(s), this may cause a false-negative finding because of
amplification failure of a mutation-positive allele. Thus, PNCA-
binding domain was examined with different primer sets. To con-
firm a heterozygous mutation, the corresponding PCR products
were subcloned with TOPO TA Cloning Kit (Life Technologies),
and normal and mutant alleles were sequenced separately.

We studied one previously described 46,XX patient (case 1)’
and two hitherto unreported 46,XY patients (cases 2 and 3). In
cases 1-3, no pathologic mutations were identified in the coding
exons and their splice cites of NR5A1 (SF1) and NROBI (DAXI)
relevant to adrenal hypoplasia,® and MC2R, MRAP, STAR and
NNT involved in familial glucocorticoid deficiency (FGD).”
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Fig. 1 Summary of molecular studies. (a) Sequence analysis of CDKNIC. CDKNIC consists of three exons (E1-E3), and the black and white boxes
denote the coding regions and the untranslated regions, respectively. CDKNI1C protein is composed of 316 amino acids and contains CDK binding
domain, PAPA domain and PCNA-binding domain. The p.Asp274Asn mutation found in this study and the previous study® is shown in red. The four
mutations written in black have also been identified in IMAGe syndrome.* The plle272Ser mutation written in green has been detected in atypical
IMAGe syndrome lacking skeletal lesion,” and the pArg279Leu mutation written in blue has been found in SRS.** Electrochromatograms denote a de
novo p.Asp274Asn mutation in case 1 and a maternally inherited p.Asp274Asn mutation in case 2. (b) Methylation analysis of KvDMRI at the ICR2
domain. The cytosine residues at the CpG dinucleotides are unmethylated after paternal transmission (open circles) and methylated after maternal
transmission (filled circles). KCNQIOTI is a paternally expressed gene, and KCNQI and CDKNIC are maternally expressed genes. The six CpG
dinucleotides (CG1—CG6) examined by pyrosequencing are highlighted with a yellow rectangle, and the positions of PyF & PyR primers and SP are
shown by thick arrows and a thin arrow, respectively. A pyrogram of case 3 is shown. (c) Array CGH analysis for chromosome 11p15.5 encompassing
the ICR2 domain in case 3. A region encompassing KvDMRI and CDKNIC is shown. Black, red and green dots denote signals indicative of the
normal, the increased (>+0-5) and the decreased (<—1-0) copy numbers, respectively. Although several red and green signals are seen, there is no
portion associated with >3 consecutive red or green signals.
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Methylation analysis of KvDMR1 and array CGH analysis
for chromosome 11p15.5

Increased expression of CDKNIC, as well as gain-of-function
mutations of CDKNIC, may lead to IMAGe syndrome. Such
increased CDKNIC expression would occur in association with
hypermethylated KvDMR1 (differentially methylated region 1) at
the ICR2 domain, because CDKNIC is expressed when the cis-
situated KvDMRI1 is methylated as observed after maternal
transmission and is repressed when the cis-situated KvDMR1 is
unmethylated as observed after paternal transmission.” Thus, we
performed pyrosequencing analysis for six CpG dinucleotides
(CG1-CG6) within KvDMRI, using bisulphite-treated leucocyte
genomic DNA samples (Fig. 1b). In brief, a 155-bp region was
PCR-amplified with a primer set (PyF and PyR) for both methy-
lated and unmethylated clones, and a sequence primer (SP) was
hybridized to single-stranded PCR products (for PyF, PyR and
SP sequences, see Table S1). Subsequently, methylation index
(M, the ratio of methylated clones) was obtained for each CpG
dinucleotide, using PyroMark Q24 (Qiagen, Hilden, Germany).
To define the reference ranges of Mls, 50 control subjects were
similarly studied with permission.

Increased CDKNIC expression may also result from a copy
number gain of the maternally inherited ICR2 domain. Thus, we
performed high-density array CGH (comparative genomic
hybridization) using a custom-build 33 088 oligonucleotide
probes for chromosome 11pl5.5 encompassing the ICR2
domain, together with ~10 000 reference probes for other chro-
mosomal regions (Agilent Technologies, Santa Clara, CA, USA).
The procedure was carried out as described in the manufac-
turer’s instructions.

Results

Clinical findings

Detailed clinical findings are shown in Table 1. Cases 1-3 exhib-
ited characteristic faces with frontal bossing, flat nasal root, low
set ears and mild micrognathia, as well as short limbs. They had
IUGR and postnatal growth failure. Notably, while birth and
present length/height and weight were severely compromised,
birth and present occipitofrontal circumference (OFC) were rela-
tively well preserved. Radiological examinations revealed general-
ized osteopenia, delayed bone maturation and metaphyseal
dysplasia with vertical sclerotic striations of the knee in cases
1-3, slender bones in cases 1 and 2, scoliosis in cases 2 and 3,
arachnodactyly in case 3 and broad distal phalanx of the thumbs
and great toes in case 2 (Fig. 2). Cases 1 and 3 experienced
adrenal crisis in early infancy and received glucocorticoid and
mineralocorticoid supplementation therapy since infancy. Case 2
had transient neonatal hyponatremia and several episodes of
hypoglycaemia without electrolyte abnormality in childhood and
was found to have hypoglycaemia and hyponatremia without
hyperkalemia when he had severe viral gastroenteritis at
155 years of age. Thus, an adrenocorticotropic hormone stimu-
lation test was performed after recovery from gastroenteritis,

© 2013 John Wiley & Sons Ltd
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revealing poor cortisol response. Thereafter, he was placed on
glucocorticoid supplementation therapy. As serum electrolytes
were normal, mineralocorticoid supplementation therapy was
not initiated. Genital abnormalities included cryptorchidism and
small testes in cases 2 and 3, and hypospadias in case 3. How-
ever, pituitary-gonadal endocrine function was apparently nor-
mal in cases 1-3. Urine calcium secretion was borderline high or
increased in cases 1-3, although serum calcium and calcium
homeostasis-related factors were normal. In addition, feeding
difficulties during infancy were observed in cases 1 and 2, but
not in case 3, and oligohydramnios was noticed during the preg-
nancy of case 2. There was no body asymmetry in cases 1-3.
Thus, clinical studies in cases 1-3 revealed not only IMAGe syn-
drome-compatible phenotypes, but also hitherto undescribed
clinical finding (Table 2).

Sequence analysis of CDKN1C

A heterozygous identical missense mutation (c.820G>A,
p.Asp274Asn) was identified in cases 1 and 2 (Fig. la). This
mutation occurred as a de novo event in case 1 and was inher-
ited from the phenotypically normal mother in case 2. No
demonstrable mutation was identified in case 3.

Methylation analysis of KyDMR1 and array CGH analysis
for chromosome 11p15.5

The MIs for CG1-CG6 were invariably within the normal range
in cases 1-3 (Fig. 1b), and no discernible copy number alter-
ation was identified in cases 1-3 (Fig. 1c). The results excluded
maternal uniparental disomy involving KvDMRI, hypermethyla-
tion (epimutation) of the paternally inherited KvDMR1 and
submicroscopic duplication involving the maternally derived
ICR2 domain, as well as submicroscopic deletion affecting the
paternally derived ICR2 domain.

Discussion

CDKN1C mutations in IMAGe syndrome

We identified a heterozygous CDKNIC missense mutation
(Asp274Asn) in cases 1 and 2. This mutation has previously
been detected in a patient with IMAGe syndrome‘4 Furthermore,
de novo occurrence of the mutation in case 1 argues for the
mutation being pathologic, and maternal transmission of the
mutation in case 2 is consistent with CDKNIC being a mater-
nally expressed gene. Thus, our results provide further evidence
for specific missense mutations of CDKNIC being responsible
for the development of IMAGe syndrome.

Clinical features in CDKN1C-mutation-positive cases 1
and 2

Several matters are noteworthy with regard to clinical findings
in CDKNIC-mutation-positive cases 1 and 2. First, although
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Table 1. Clinical findings of cases 1-3

Case 1* Case 2 Case 3
Karyotype 46,XX 46,XY 46,XY
Present age (year) 8:5 165 150
Characteristic face Yes Yes Yes
Pre- and postnatal growth
Gestational age (week) 35 37 38
Birth length {em) (SDS) 37-0 (~35) 40-0 (~4-0) 410 (—~4-3)
Birth weight (kg) (SDS) 1-34 (-29) 2:03 (~3:5) 171 (~3-4)
Birth OFC (cm) {SDS) 30-7 (~0-3) 32:0 (~0:9) 33.0 (—0-1)
Birth BMI (kg/m?) (percentile) 9.8 (<3) 12-7 {50) 10-1 (<3)
BMI (kg/mz) at 2 years of age (SDS} 14:2 (~1-8) 130 {(~34) Unknown
Present height (¢cm) (SDS) 92:8 (~6-2) 124-7 (~7-8) 1352 (~5-1)
Present weight (kg) (SDS) 16:0 (19} 25-4 (~3-5) 30-4 (=2-6)
Present QFC {em) (SDS) 520 {(~0-2) 530 (—2-5) Unknown
Present BMI (kg/mz) (8DS) 18:6 (+1-6) 16:3 (—~2:6) 166 {(—1-7}
Skeletal abnormality
Examined age (year) 55 16-5 150
Generalized osteopenia Yes Yes Yes
Delayed maturation Yes Yes Yes
Metaphyseal dysplasia Yes Yes Yes
Slender bones Yes Yes No
Scoliosis No Yes Yes
Arachnodactyly No No Yes
Broad thumbs & big toes No Yes No
Adrenal dysfunction
Examined age (year) 0-1 (39 days) 155 0-5 (6 months)
before therapy
MRI/CT Undetectable Undetectable Undetectable
ACTH (pg/ml) 9010 [19-9 - 8-8] 427 {22:9 & 6-2] >1000 [22-9 & 6-2)
Cortisol (pg/dl) 8-4 [8:3 + 34] 69 [9:5 & 2-9] <10 {95 & 2-9]
After ACTH stimulationt N.E. 9-4 [> 20] <1-0 {> 20]
Plasma renin activity (ng/ml/h) N.E. 60 [1-0 = 0-1] >25 [1-01 £ 0-14])
Active renin concentration (pg/ml) 21 400 [2-5-21-4] N.E. N.E.
Aldosterone (ng/dl) 6:9 [9:7 £ 4-5] 5-2 (85 4 1-4] 4174 & 2-2]
Na (mEq/l) 122 [135-145] 141 (127]) [135-145] 126 [135-145]
K (mEq/l) 80 [3.7-48] 42 (4-01) (3-7-4-8) 65 (3.7-4-8]
Cl (mEqg/l) 86 [98-108] 103 (98%) [98-108] 89 [98-108]

Glucocorticoid therapy
Mineralocorticoid therapy
Genital abnormality

Yes (since 2 months)
Yes (since 2 months)

Yes (since 155 years)
No

Yes (since 6 months)
Yes (since 6 months)

Examined age (year) 8:5 16-5 15-0
Hypospadias - No Yes (operated at 2 years)
Cryptorchidism - Yes (B) (operated at 2 years) Yes (operated at 2 years)
Micropenis - No No
Testis size (R & L) (ml) - 5 & 8 [13-20] 4 & 10 [11-20]
Pubic hair (Tanner stage) 1 [10-0 & 1-4 years]§ 4 [14-9 £ 0-9 years]§ 4 [14-9 £ 0-9 years]y
LH (mIU/ml) <0-1 [<0-1~1-3] 3.9 {0-2-7-8) 4-8 [0-2-7-8]
After GnRH-stimulation** 3-5 [1-6-4-8] N.E. N.E.
FSH (mIU/ml) 0-7 [<0-1-5-4] 42 [0-3-18-4] 176 [0-3-18-4]
After GnRH-stimulation** 12-0 [10-7-38-1] N.E. N.E.
Testosterone (ng/ml) - 4.3 [1.7-8:7] 3.7 [1-7-8-7]
Calcium metabolism
Examined age (year) 8-5 16-5 15-0
Calcium (mg/dl) 9.7 [8-8-10-5] 9-2 [8-9-10-6] 9-8 [8:9-10-6)
Inorganic phosphate (mg/dl) 3-9 [3.7-5-6] 4-6 [3-1-5-0] 3-8 [3-2-5-1}
Alkaline phosphatase (1U/1) 458 [343-917] 623 [225-680] 309 [225-680]
Intact PTH (pg/ml) 23 [10-65] 43 [10-65) 28 [10-65)
PTHrP (pmol/l) N.E. <1-1 [<1-1] N.E.
(continued)
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Table 1. (continued)

Case 1* Case 2 Case 3
1,25(0OH), vitamin D (pg/ml) 50 [13-79] 67 [13-79] 50 [13-79]
Urine calcium/creatinine 0-82 [<0-25] 0-24 [<0-25] 0-44 [<0-25]
ratio (mg/mg)
%TRP 92 [80-96] 95 [80-96] 94 [80-96]
Others Feeding difficulties Feeding difficulties
Oligohydramnios

SDS, standard deviation score; OFC, occipitofrontal circumference; BMI, body mass index; MRI, magnetic resonance imaging; CT, computed tomogra-
phy; ACTH, adrenocorticotropic hormone; R, right; L, left; LH, luteinizing hormone; FSH, follicle-stimulating hormone; GnRH, gonadotropin-releasing
hormone; PTH, parathyroid hormone; PTHrP, PTH-related protein; TRP, tubular reabsorption of phosphate; N.E., not examined; and B, bilateral.
Biochemical values indicate basal blood values, except for those specifically defined.

Birth and present length/height, weight, OFC and BMI have been assessed by sex- and gestational- or age-matched Japanese reference data reported in
the literature?®?” and in the Ministry of Health, Labor, and Welfare Database (http://www.e-stat.go.jp/SG1/estat/GL02020101.do).

The values in brackets represent age- and sex-matched reference values in Japanese children.*®

The conversion factor to the SI unit: 0-220 for ACTH (pmol/l), 27-6 for cortisol (nmol/1), 0-028 for aldosterone (nmol/l), 3-46 for testosterone (nmol/l),
0-25 for calcium (nmol/l), 0-323 for inorganic phosphate (nmol/l), 0-106 for intact PTH (pmol/l), 2-40 for 1,25(OH), vitamin D (pmol/l) and 1-0 for
plasma renin activity (pg/l/h), active renin concentration (ng/l), Na (nmol/l), K (nmol/l), Cl (nmol/l), LH (IU/1), FSH (IU/l), alkaline phosphatase
(IU/1) and PTHrP (pmol/l).

*Clinical findings before 3 years of age have been reported previously.”

tACTH 0-25 mg bolus i.v.; blood sampling at 60 min.

tElectrolyte values at the time of severe gastroenteritis; other biochemical data in reference to adrenal dysfunction were obtained after recovery from
gastroenteritis and before glucocorticoid supplementation therapy.

§Reference age for Tanner stage 2 breast development in Japanese girls.”

fReference age for Tanner stage 4 pubic hair development in Japanese boys.”

**GnRH 100 [Jg/m2 bolus i.v.; blood sampling at 0, 30, 60, 90, and 120 min.

Table 2. Summary of clinical features of cases 1-3

Case 1 Case 2 Case 3
CDKNIC mutation Yes Yes No
Previously reported IMAGe syndrome-compatible phenotype
IUGR Yes Yes Yes
Metaphyseal dysplasia Yes Yes Yes
Adrenal hypoplasia Yes* Yes* Yes*
Genital abnormality (Female) Yes Yes
Hypercalciurat Yes No Yes
Hitherto undescribed findings
Body habitus Relative macrocephaly Relative macrocephaly Relative macrocephaly
Skeletal Arachnodactyly
Lack of slender bones
Adrenal FGD-like phenotype with no
obvious mineralocorticoid deficiency
Genital Apparently normal Apparently normal pituitary-gonadal Apparently normal
pituitary-gonadal endocrine function pituitary-gonadal
endocrine function endocrine function
Others Feeding difficulties Feeding difficulties Oligohydramnios

IUGR, intrauterine growth retardation; and FGD, familial glucocorticoid deficiency.
*Undetectable on magnetic resonance imaging and/or computed tomography.
TFrequent but not invariable feature.

pre- and postnatal body growth was severely impaired, pre- and brain.'® This expression pattern would be relevant to the relative
postnatal OFC was relatively well preserved. In this regard, while macrocephaly in IMAGe syndrome. Notably, the combination of
CDKNIC is preferentially expressed from the maternal allele in severely compromised body growth and well-preserved OFC is
most tissues, it is biparentally expressed at least in the foetal also characteristic of Silver—Russell syndrome (SRS) resulting

-© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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Case 1 at 5:5 years of age

Casa 2 at 165 years of age

from HI9-DMR hypomethylation (epimutation),'" and this is
primarily consistent with paternal expression of the growth-pro-
moting gene IGF2 in the body and biparental expression of
IGF2 in the brain.'"* Thus, loss-of-imprinting in the brain tissue
appears to underlie relative macrocephaly in both IMAGe syn-
drome and SRS.

Second, skeletal abnormalities including metaphyseal dysplasia
were identified in cases 1 and 2. In this regard, skeletal pheno-
type of mice lacking Cdknlc is grossly opposite of parathyroid
hormone-related protein (PTHrP)-null phenotype,'>'* and
PTHrP permits skeletal development at least in part by suppress-
ing Cdknlc expression.'® Thus, while serum calcium and calcium
homeostasis-related factors were normal in cases 1 and 2, dys-
regulated PTHrP and/or PTH/PTHIP receptor signalling might
be relevant to skeletal abnormalities in patients with gain-of-
function mutations of CDKNIC. In addition, such a possible
signalling defect might also be relevant to the frequent occur-
rence of hypercalciuria in IMAGe syndrome.

Third, adrenal dysfunction was mild in case 2, while case 1
experienced adrenal crisis in infancy as previously reported in
patients with CDKNIC mutations.">* Indeed, adrenal pheno-
type of case 2 is similar to that of patients with FGD rather than
adrenal hypoplasia.®® Our results therefore would expand the
clinical spectrum of adrenal dysfunction in patients with
CDKNIC mutations. For adrenal dysfunction, cortisol and aldo-
sterone values remained within the normal range at the time of
adrenal crisis in case 1 (Table 1). However, as adrenocorticotro-
pic hormone and active renin concentrations were markedly

152

Case 3 at 15-0 years of age

Fig. 2 Representative skeletal roentgenograms in
cases 1-3.

increased, the overall results would be consistent with primary
hypoadrenalism, as has been described previously.’® This notion
would also apply to the adrenal dysfunction in case 3 who had
apparently normal aldosterone value and markedly increased
plasma renin activity at the time of adrenal crisis.

Lastly, although male case 2 had bilateral cryptorchidism and
small testes, pituitary-gonadal endocrine function was appar-
ently normal as was secondary sexual development. Previously
reported patients with CDKNIC mutations, as well as those
who have not been examined for CDKNIC mutations, also
have undermasculinized external genitalia in the presence of
apparently normal endocrine function and pubertal develop-
ment.” 7% Notably, an episode of oligohydramnios was
found in case 2 and has also been described in a 46,XY IMAGe
syndrome patient with cryptorchidism.'” This may imply the
presence of placental hypoplasia and resultant chorionic gona-
dotropin deficiency as an underlying factor for genital anoma-
lies."! In support of this notion, imprinted genes are known to
play a pivotal role in body and placental growth,® and SRS is
often associated with oligohydramnios, placental hypoplasia and

undermasculinization.! !

Genetic heterogeneity in IMAGe syndrome

Molecular data in case 3 imply the presence of genetic heterogene-
ity in IMAGe syndrome. Indeed, there was neither demonstrable
CDKNIC mutation nor evidence for increased CDKNIC expres-
sion, while a pathologic mutation leading to gain-of-function or

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8



increased expression of CDKNIC might reside on an unexamined
region(s) such as promoter or enhancer sequences. In this regard,
while case 3 showed IMAGe syndrome-compatible clinical fea-
tures such as IUGR, metaphyseal dysplasia, adrenal hypoplasia
and genital abnormalities, case 3 lacked slender bones and had
arachnodactyly, in contrast to CDKNIC-mutation-positive cases 1
and 2. Such mild but discernible phenotypic variation might
reflect the genetic heterogeneity. This matter might be clarified in
the future by extensive studies such as exome or whole-genome
sequencing. In particular, when such CDKNIC-mutation-negative
patients with IMAGe syndrome-compatible phenotype have been
accumulated, a novel gene(s) mutated in such patients may be
identified. In this regard, if such a gene(s) exist, it is predicted to
reside in the signal transduction pathway involving CDKNIC.

Relevance of CDKN1C mutations to atypical IMAGe
syndrome and SRS

CDKNIC mutations have also been identified in atypical IMAGe
syndrome and SRS (Fig. la). Hamajima et al. revealed a mater-
nally inherited p.lle272Ser mutation in three siblings (two males
and one female) who manifested IUGR and adrenal insuffi-
ciency, and male genital abnormalities, but had no skeletal
lesion.”? Similarly, Brioude et al. found a maternally transmitted
p-Arg279Leu mutation in six relatives (all females) from a four-
generation family who satisfied the SRS diagnostic criteria,®>**
after studying 97 SRS patients without known causes of SRS,
that is, hypomethylation (epimutation) of the H19-DMR, dupli-
cation of the ICR2 and maternal uniparental disomy for chro-
mosome 7 (upd(7)mat).** Notably, although both mutations
had no significant effect on a cell cycle, they were associated
with increased protein stability that appears to be consistent
with the gain-of-function effects.”®** Such increased stability
was also found for IMAGe-associated missense mutant
proteins,” and an altered cell cycle with a significantly higher
proportion of cells in the G1 phase was shown for an IMAGe-
associated p.Arg279Pro mutation.”® Tt is possible therefore that
relatively severe CDKNIC gain-of-function effects lead to
IMAGe syndrome and relatively mild CDKNIC gain-of-function
effects result in SRS, with intermediate CDKNIC gain-of-func-
tion effects being associated with atypical IMAGe syndrome.”*

Thus, it would not be surprising that cases 1-3 also met the
SRS diagnostic criteria (Table 3).2%2* Indeed, cases 1-3, as well
as CDKNIC-mutation-positive SRS patients,”® exhibited pre-
and post-natal growth failure with relative macrocephaly and
frequently manifested feeding difficulties and/or low body mass
index (BMI) at two years of age. However, while relative macro-
cephaly is usually obvious at birth in SRS patients with HI9-
DMR epimutations and upd(7)mat,21’23’25 it is more obvious at
2 years of age than at birth in CDKNIC-mutation-positive SRS
patients.”*  Furthermore, ~CDKNIC-mutation-positive SRS
patients are free from body asymmetry,”* as are typical and
atypical IMAGe syndrome patients described in this study and
in the previous studies."™”** Thus, SRS caused by CDKNIC
mutations may be characterized by clinically discernible macro-
cephaly at two years of age and lack of body asymmetry.

© 2013 John Wiley & Sons Ltd
Clinical Endocrinology (2013), 0, 1-8
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Table 3. Silver—Russell syndrome phenotypes in cases 1-3 and in
affected relatives reported by Brioude et al.

Case 1 Case2 Case3 Brioude et al.*
Mandatory criteria
IUGRY Yes Yes Yes 4/4
Scoring system criteria
Postnatal short Yes Yes Yes 4/4
stature (<—2 SDS)
Relative macrocephaly]  Yes Yes Yes 4/4§
Prominent forehead Yes Yes Yes 4/4
during early childhood
Body asymmetry No No No 0/4
Feeding difficulties Yes Yes Unknown 3/4

during early
childhood and/or
low BMI

(<—2-0 SDS) around
2 years of age

(1/4 & 2/4)]

IUGR, Intrauterine growth retardation; SDS, standard deviation score;
and BMI, body mass index.

The SRS diagnostic criteria proposed by Netchine et al.>> and Brioude
et al.** (low BMI around 2 years of age is included in Brioude et al., but
not in Netchine et al.): The diagnosis of SRS is made, when mandatory
criteria plus at least three of the five scoring system criteria are observed.
For detailed clinical features in cases 1-3, see Table 1.

*While six relatives were found to have CDKNIC mutation, detailed
clinical features have been obtained in four mutation-positive relatives.**
TBirth length and/or birth weight <—2 SDS for gestational age.

1SDS for birth length or birth weight minus SDS for birth occipitofron-
tal circumference <—1-5.

§Relative macrocephaly is more obvious at 2 years of age (4/4) than at
birth (2/4).

YOne patient is positive for feeding difficulties, and other two patients
are positive for low BML

Conclusion

In summary, we studied three patients with IMAGe syndrome.
The results provide implications for phenotypic spectrum,
underlying factor(s) in the development of each phenotype and
genetic heterogeneity in IMAGe syndrome, as well as a pheno-
typic overlap between IMAGe syndrome and SRS. Further stud-
ies will permit to elucidate such matters.
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Rapid generation of mouse models with
defined point mutations by the CRISPR/
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Introducing a point mutation is a fundamental method used to demonstrate the roles of particular
nucleotides or amino acids in the genetic elements or proteins, and is widely used in in vitro experiments
based on cultured cells and exogenously provided DNA. However, the in vivo application of this approach by
modifying genomic loci is uncommon, partly due to its technical and temporal demands. This leaves many
in vitro findings un-validated under in vivo conditions. We herein applied the CRISPR/Cas9 system to
generate mice with point mutations in their genomes, which led to single amino acid substitutions in
proteins of interest. By microinjecting gRNA, hCas9 mRNA and single-stranded donor oligonucleotides
(ssODN) into mouse zygotes, we introduced defined genomic modifications in their genome with alow cost
and in a short time. Both single gRNA/WT hCas9 and double nicking set-ups were effective. We also found
that the distance between the modification site and gRNA target site was a significant parameter affecting
the efficiency of the substitution. We believe that this is a powerful technique that can be used to examine the
relevance of in vitro findings, as well as the mutations found in patients with genetic disorders, in an in vivo
system.

Il ntroducing point mutations is a widely used experimental approach to evaluate the roles of specific nucleotides
| or amino acids in the function of the genetic elements or in proteins of interest. Using this technique, various

1 nucleotides and amino acids have been proved to be indispensable for promoter or enhancer activity, as well as
for the function or regulation of enzymes, transcription factors and signaling molecules. However, these findings
were achieved mainly by in vitro experiments using exogenously provided DNA, such as plasmids or virus
vectors, and the in vivo introduction of defined point mutations at endogenous genomic loci has been uncom-
mon, largely because of the technical and temporal costs associated with such techniques. Thus, the in vivo
context or relevance of in vitro findings has remained unexplored in many cases.

The CRISPR/Cas9 (clustered regularly interspaced short palindromic repeat/CRISPR-associated 9) system is a
recently developed genome-engineering tool based on the bacterial CRISPR immune system, in which guide RNA
(gRNA) recruits the Cas9 nuclease to the target locus in the genome by sequence complementarity, and induces
double strand breaks (DSBs)"2. These DSBs cause small insertions or deletions (indels) following non-homo-
logous end-joining (NHE]) repair, or can be utilized to introduce defined sequence modifications through a
homology-dependent repair (HDR) mechanism"*. While the use of HDR-dependent genomic engineering has
been reported in in vitro cell culture systems, whether this could be applied in in vivo systems to introduce defined
point mutations and what parameters affect its efficiency were less explored.

In the present study, we applied the CRISPR/Cas9 system to create a single amino acid substituted mouse
model. By microinjecting synthesized RNAs and single-strand oligodeoxynucleotide (ssODN) donor sequences
into mouse zygotes, we were able to introduce defined point mutations in the mouse genome, which led to single
amino acid substitutions in the proteins of interest, within as short as one to two months. Using this technique, we
can now evaluate the in vivo relevance of particular nucleotides/amino acids with a low cost and within a short
time, which facilitates the elucidation of the in vivo context of the findings in cultured cell systems, as well as the in
vivo screening for the relevant mutation among those found in human patients with various diseases.
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Results

Substitution by single gRNA and wild-type hCas9. To generate an
amino acid substituted mouse model using the CRISPR system, we
first took the simplest approach: microinjecting single gRNA, wild
type (WT) hCas9 mRNA and a ssODN with a single base mismatch
to the genomic sequence, which caused single amino acid conver-
sion, into mouse zygotes. As a target, a ¢.274C>T mutation of the
Steroidogenic Factor 1 gene (Sf-1, also known as Ad4BP or Nr5al)?,
which causes a p.R92W amino acid substitution in the SF-1 protein,
was chosen, and gRNAs and ssODNs were designed as shown in
Figure 1A.

To examine whether the sequence or location of the gRNAs could
affect the efficiency of the substitution, we designed three independ-
ent gRNAs (Sf-1gRNAI, 2 and 3), which had their Protospacer-
Adjacent Motif (PAM) sequence 52 or 7 bases upstream, or 12 bases
downstream, of the target point mutation (Fig. 1A). Three independ-
ent ssODNs were also designed, placing the mismatched nucleotide
or PAM sequence of gRNA1 and gRNA2 in their center, respectively
(Fig. 1A).

Various combinations of gRNAs and ssODNs (Table 1) were
mixed with hCas9 mRNA and microinjected into pronuclear stage
embryos. The injected zygotes were transferred to pseudo-pregnant
females at the two-cell stage, and the obtained pups were examined
for the sequence around the Sf-1 locus. As shown in Table 1, we
found total 26 mice with the C>T substitution generated from three
out of four experiments (experiments 2, 3 and 4), and 7 of them had
biallelic substitutions (Fig. 1B and Table 1). These results show that
microinjecting gRNA, WT hCas9 mRNA and the ssODN donor into
mouse zygotes is sufficient to introduce a defined single base substi-
tution in their genome.

Of note, while the frequencies of DSB caused by hCas9/gRNAs,
which are indicated by the frequencies of mutated alleles, are com-
parable among 4 experiments (68-89%, P = 0.75) (Table 1), the
frequencies of designated substitutions vary significantly (0-29.6%,
P < 0.01) (Table 1). This lack of a correlation between the frequency
of the mutation and the substitution to occur suggests that there may
be an optimal rate of DSB occurance to introduce HDR-dependent
sequence incorporation (such like too frequent DSB might be unfa-
vorable for HDR), or that the distance and/or the mutual position
between the substitution target site and gRNA PAM sequences (sur-
rogate DSB point) could affect the substitution efficiency. Our sub-
sequent experiments support the latter possibility (see below). To
explore the effect of mutual position between substitution target site
and DSB point on substitution efficiency, we designed two additional
ssODNs which have similar sequence to ssODN1, but carry point
mutations in 36 base upstream or 12 base downstream to the PAM
sequence of Sf-1 gRNA3 (Supplementary Fig. S1). ssODNs were
microinjected into mouse zygotes with hCas9 mRNA and Sf-1
gRNA3, and the frequency of the designated substitution and the
mutated allele in those mice were compared to experiment 4
(Supplementary Table S1). As a result, while 80-95% of mice had
mutated alleles in all three experiments, the frequency of the sub-
stituted alleles differs substantially: 29.6% with ssODN3, 20.0% with
ssODN4, and 0% with ssODN5 (Supplementary Table S1). These
results indicate that the probability of the mutation in donor DNA to
be incorporated into the genome declines with the distance between
the DSB point and the mutation. In addition, the mutation which is at
the downstream (3’ side) of PAM sequence showed slightly lower
frequency of substitution than the mutation with the same distance
from the PAM sequence but is at the upstream (5’ side). Together,
these results show that the mutual location of gRNA target site and
substitution target site is an important parameter for the efficient
introduction of the designated point mutation.

Although there was an efficient generation of targeted point muta-
tions, we observed that many mice with the C>T substitution also
received additional random mutations in the flanking regions

(Fig. 1C and Table 1). Moreover, it has previously been reported that
single gRNA/WT hCas9 may introduce undesired mutations at the
genomic loci with similar sequences to the target site (off-target
effect)*®, which prompted us to test the double nicking strategy® to
induce more accurate genome modifications in mouse zygotes.

Substitution using two gRNAs and hCas9 D10A (double nicking).
Combining a pair of gRNAs with mutated hCas9 (hCas9 D10A),
double nicking cause DSB only at the genomic loci where both of
the gRNAs bind at an appropriate distance, thus making it highly
specific to the target site®. To examine whether this set-up could be
used for the HDR-dependent genome editing in vivo, we aimed to
induce the ¢.1187A>G mutation of the Sox9 gene, which results in a
p-K396R amino acid substitution in the SOX9 protein. Lysine 396 is
an evolutionary-conserved post-translational modification site of the
SOX9 protein, but its in vivo relevance has not been fully examined””.
We designed two gRNAs with a five-base offset where their PAM
sequences are positioned about 40 bases upstream and three bases
downstream of the A>G substitution site (Fig. 2A). Two ssODNs
were designed with several silent mutations within the recognition
sequence of gRNA2 to avoid repetitive digestions. An additional
silent mutation to eliminate the Pvull site was also designed to
facilitate the genotyping (Fig. 2A). Sox9-ssODNI1 causes both silent
mutations and ¢.1187A>G substitution (K-to-R substitution), while
S0x9-ssODN2 causes only silent mutations (K-to-K substitution)
(Fig. 24, lower panel). The two gRNAs, hCas9 D10A mRNA and 2
ssODNs were mixed and microinjected into zygotes to generate
amino acid substituted mice (by Sox9-ssODN1) and negative
control mice (by Sox9-ssODN2) simultaneously.

The obtained pups were genotyped as before, and we found that
five pups out of 24 (20.8%) with the designated substitution, two of
which had a K-to-R substitution (Fig. 2B) and three of which had a K-
to-K substitution (Table 2). A frame shift mutation caused by an
indel was observed in only one mouse. Thus, double nicking,
together with donor ssODN, can also introduce defined point muta-
tions in mouse zygotes. The frequency of the substitution was lower
than that of the single gRNA/WT hCas9 condition shown in previous
section, but was sufficient to generate mice with two genotypes in a
single microinjection experiment by mixing different donor DNAs.
Of note, a Pvull site substitution was never observed in the mice with
upstream substitutions (Fig. 2B and data not shown). This, together
with the results of the experiment 4-6 with Sf-1, suggest that only a
part of the sequence of the donor DNA near the DSB site will be
incorporated through the CRISPR-mediated HDR pathway.
Therefore, it is important to place the gRNA target site close enough
to the substitution site to achieve efficient substitution.

SOX9-K396R gRNA2 and WT hCas9 mRNA with ssODNs were
also microinjected into zygotes to compare the efficiency with double
nicking (Table 2). As shown in Table 2, single gRNA with WT hCas9
resulted in a higher mutation frequency (76.9%) as well as substi-
tution frequency (34.6%), and as in the case of Sf-1, biallelic substi-
tution and additional random mutations were also observed
(Supplementary Fig. S2 and Table 2).

Finally, we compared the off-target effects under the two condi-
tions. Five putative off-target sites of SOX9-K396R gRNA2 were
computationally predicted®, and the sequences of those sites in
gRNA/hCas9-injected mice were analyzed (Fig. 3A). As a result,
we did not detect any mutations in the total of 250 loci (five off-target
sites in 50 mice) examined (Fig. 3B and Table 3), indicating that both
single gRNA with WT hCas9 and double nicking introduced desig-
nated genetic modification in highly specific manner. To examine if
this high specificity could also be observed with other gRNAs, off-
target effect of Sf-1 gRNAs were also analyzed. We focused on the
mice which received designated substitution in first 4 experiments
(total 26 mice shown in Table 1) and examined total of 121 loci, and
did not find any off-target mutation (Supplementary Fig. S3 and
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Figure 1 | Introduction of the C>T substitution in Sf-1locus. (A) A schematic illustration showing the locations of the gRNAs and ssODNs, along with
the mouse Sf-1 locus. Blue bars and letters indicate the position of the gRNA targets with red bars highlight the PAM sequences. ssODNs are shown in

green letters at the corresponding position to the Sf-I locus. Red letters indicate the substitution target site in the Sf-I locus and corresponding

mismatched nucleotides in the ssODNs. The deduced amino acid sequences from wild type (WT) and substituted sequences are shown at the bottom,
with red letters indicating the target and the results of the substitution. (B) The results of the sequence analysis of the Sf-1locus of a representative mouse,
with a monoallelic C>T substitution. The Sf-Ilocus around the gRNA target site was PCR amplified and directly sequenced (Upper panel), or cloned into
the plasmid and sequenced independently (Lower panel). The upper panel shows the electropherogram of the direct sequencing results, in which one
allele received a C>T substitution. WT and donor DNA sequences are shown on the top, with red letters indicating the mutated nucleotide. The red arrow
indicates the overlapping peak caused by the monoallelic substitution. The lower panel shows the sequence alignment of eight independent clones. The
eight sequences are separated into two types: the WT sequence and substituted sequences. (C) The results of the direct sequencing of the Sf-1locus around
the gRNA target site of another representative mouse obtained in experiment 4 shown in Table 1, in which one alleles received C>T substitutions,

followed by additional mutation(s) that caused continuous overlapping peaks.

| 4:5396 | DOI: 10.1038/srep05396

157



Table 1 | Summary of experiments targeting the Sf-1 locus
Microinjection Survival of zygotes Result of genotyping Ratio of genotyping
2 cell embryo/ Monodllelic  Biallelic Mouse with Mouse with
inject substitution  substitution substituted  mutated

Experiment ~ gRNA  ssODN zygotes  Transferred Genotyped  (+indel) (+indel) Indel WT  dlleles (%) alleles (%)
1 1 1 128/256 128 39 0(0) 0(0) 31 8 0(0) 31 (79.5)
2 ] 2 101/203 101 37 1) 0 (0) 32 4 1027 33(892)
3 2 3 124/169 124 5] 8 (7) 100) 26 16 9(17.6) 35(68.4)
4 3 1 157/217 144 54 10 (7) 6 (5) 28 10 16 (29.6) 44 (81.5)

Supplementary Table S2). Together, these results suggest the ratio of
on/off-target mutation is substantially high in this experimental set

up.

Discussion

Introducing point mutations is widely used technique in cultured cell
based experiments, but uncommon in in vivo system partly because
of its temporal and technical demands. The standard approach to
examine the function of particular nucleotides or amino acids in in
vivo background has been to create a knock-in or transgenic mouse
that carries cDNA or other genetic element with defined point muta-
tion(s). However these techniques require long and laborious proce-
dures such as constructing targeting vectors, cloning of ES cell and/or
establishing multiple transgenic mouse lines. Our method overcome
those difficulties and possible problems and is ideal to observe the
effect of subtle genetic modification under physiological condition.

The CRISPR/Cas9 system has been used to introduce defined
genetic modification in cultured cell system®?, but whether this could
be applied to in vivo system and what parameter(s) is influential for
its efficiency was less explored. We demonstrated that the CRISPR/
Cas9 system, both single gRNA/WT hCas9 and double nicking set-
ups, was effective in mouse zygotes with the former having slightly
higher efficiency. In our best condition, microinjection of single
gRNA with WT hCas9 introduced the point mutation in more than
30% of mice examined, in which 10% of them received biallelic
modification, allowing researcher to analyze the mouse model in
the founder generation (Note that the possible mosaicism should
be considered in analyzing the phenotype of founder generation
and we believe that the confirmation in descendant generation is
indispensable to conclude genotype-phenotype relationship). We
observed higher efficiency with single gRNA with WT hCas9 than
double nicking set-up, which is expected because the latter set-up
requires two gRNA-hCas9 complexes to be recruited simultaneously
to the target site to introduce DSB while one complex is enough for
the former. In addition, to inject the same amount of RNAs in total,
the concentration of each gRNA and hCas9 mRNA was lower in our
double nicking set-up, which might also affect the efficiency (see
Methods for the details).

The mutual position of substitution target sites and gRNA target
sites (DSB points) seems to affect the substitution efficiency. Using
same gRNA and ssODNs with various point mutations, we found
that the mutations which are closer to the gRNA target site is incor-
porated more often than that are farther from DSB point
(Supplementary Fig. S1 and Supplementary Table S1). This is in line
with the previous report in which the efficiency of gene conversion
was examined using plasmid donor DNA and restriction enzyme in
cell culture system, and found that the frequency of the substitution
declines with the distance from the digestion site'®. Whether the
frequency of substitution varies by using sense (i.e. the same strand
of gRNA target) or anti-sense strand sequence for ssODN could be
another point to be examined in the future studies.

Surprisingly, we did not observe any off-target effect in our experi-
ments. The total of 371 loci were examined but no indels were
detected. This was an unexpected result, since frequent off-target

mutagenesis has been reported in human cells**, but is consistent
with a rare off-target effect observed in mouse zygotes microinjected
with hCas9 and gRNA plasmids''. These results do not exclude off-
target effects in general, but imply that the cultured cells and mouse
zygotes have distinct risks for off-target effects, possibly due to the
different stability of the CRISPR/Cas9 components and/or the nuc-
lear/chromatin dynamics between stable cell lines and zygotes under
early developmental process. Further accumulation of data is neces-
sary to understand the kinetics of CRISPR mediated genome modi-
fication to optimize the experimental parameters for obtaining
highest efficiency with minimum off-target effect in various back
ground.

In summary, we have established an experimental system to intro-
duce defined point mutations into the mouse genome using the
CRISPR/Cas9 system, which enabled us to generate an amino acid
substituted mouse model at a low cost and in a short time. The WT
hCas9 and double nicking strategy were both effective and the dis-
tance between the DSB site and substitution site seems to be an
important parameter for determining the substitution efficiency.
We believe this technique will be useful to reveal the in vivo relevance
of particular nucleotides/amino acids identified in in vitro systems, as
well as to reproduce the genetic variations found in patients of gen-
etic disorders in mouse models.

Methods

Plasmids. hCas9, hCas9 D10A and the gRNA cloning vector' were purchased from
Addgene (Plasmid ID #41815, #41816 and #41824, respectively). Since the original
gRNA cloning vector lacks the partial sequence of the U6 promoter and gRNA
scaffold, we first modified it by adding the following sequence: 5'-GTGGAA-
AGGACGAAACACCGGCTAGCAGGCCTATCGATGTTTTAGAGCTAGAA-
ATAGC-3' into the AfIII site to fill the missing sequence and to facilitate further
cloning. gRNA expression vectors were constructed by inverse PCR using this
modified vector and the primer pairs shown in the Table below. The PCR products
were Dpnl digested and used for the transformation of E. coli (DH5a). The sequences
of the obtained constructs were validated by sequencing.

gRNA design. The gRNAs were designed by searching for “GG” or “CC” sequences
near the point mutation target sites, and were defined as N(21)GG or the reverse
complement sequence of CCN(21). The gRNA pairs used for double-nicking were
designed by searching for CCN(40-48)GG sequences, and the pair closest to the
substitution site was chosen.

The gRNAs used in this study were: Sf-1 gRNA1 5'-GTGGGCAGGAGC-
AGTCTGTCAGG-3', $f-1 gRNA2 5'-GTGCGTGCTGATCGAATGCGGGG-3', Sf-
1 gRNA3 5'-GGGGTGGCCGGAACAAGTTTGGG-3', SOX9-K396R gRNA1 5'-
GCCTGGCTCGCTGCTCAGCGTGG-3', SOX9-K396R gRNA2 5'-CCAGCGAAC-
GCACATCAAGACGG-3'.

RNA synthesis. Template DNAs for in vitro transcription were generated by PCR
amplification of the ORFs of hCas9 and hCas9 D10A, as well as gRNAs (i.e. guide
sequences and scaffold sequences) from each plasmid using PrimeSTAR (TaKaRa)
and the primer sequences shown below (the T7 RNA polymerase recognition
sequence was attached to the 5’ end of the fw primers). The PCR products were
purified and used for the in vitro RNA synthesis using mMessage mMachine T7 kit
(lifetechnologies). The reaction scale was doubled, and the reaction time was
extended to over-night to obtain a sufficient amount of gRNA. The synthesized RNAs
were purified using an RNeasy mini kit (Qiagen) with an additional ethanol
precipitation.

ssODN. The synthesized single stranded oligonucleotides (110 bases, PAGE purified)
were purchased from fasmac.
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