Mice and Oocytes and Zygotes Analyses

Wild-type C57/B6 mice were from the Zhejiang Academy of Medical Science,
China. Vprbp™ ™ (McCall et al., 2008) and Zp3-Cre (Lan ot al., 2004) were
previously generated. Animal care and experimental procedures were in
accordance with the Animal Research Committee guidelines of Zhejiang Uni-
versity. For superovulation assay, pubertal mice (21-23 days old) were injected
intraperitonally (i.p.) with 5 1U of pregnant mare serum gonadotrophin (PMSG).
After 44 hr, the mice were i.p. injected with 5 IU human chorionic gonadotropin
(hCG). After an additional 16 hr, oocyte/cumulus masses were surgically
removed from oviducts, and the numbers of oocytes were counted. To obtain
fertilized eggs (zygotes), female mice were mated. Zygotes were harvested
from oviducts at 20 hr after hCG injection and used for confocal microscopy
and real-time PCR analyses.

Electrophoretic Mobility Shift Assay

Biotin-labeled single-stranded oligonucieotides used for TET-DNA binding
assay were synthesized and annealed. Immunopurified FLAG-TET2 (500 ng)
was incubated in a total 20 pl reaction mixture containing 1 ng of biotin-labeled
oligonucleotide. The resulting protein-DNA complexes were resolved in a 6%
DNA retardation gelin 0.5 x TBE buffer, transferred to a nylon membrane, and
blotted with streptavidin-HRP. The gel-shift assays were performed using the
LightShift Chemiluminescent EMSA Kit.

Cell Fractionation

4 x 107 U20S cells were harvested and lysed by Triton X-100. Nuclei were
collected in pellet 1 (fraction P1) by low-speed centrifugation (5 min, 1,300 g,
4°C). The supernatant (S1) was further clarified by high-speed centrifugation
(10 min, 15,000 g, 4°C) to remove cell debris and insoluble aggregates (P2).
Nuclei were washed once in buffer A and then lysed. Insoluble chromatin (P3)
was collected by centrifugation (6 min, 1,700 g, 4°C), washed once in buffer
B, and centrifuged again under the same conditions. The resulting six fractions
were resuspended in the Laemmli buffer, boiled for 15 min, and resolved by
SDS-PAGE for western analysis.

In Vitro TET2 Activity Assay

In vitro assay of TET2 catalytic activity was performed using two different
substrates, methylated dsDNA oligonucleotides and total genomic DNA. To
prepare the TET enzyme, FLAG-tagged wild-type and AML-derived full-length
TET2 mutants were ectopically expressed in HEK293T cells, immunoprecipi-
tated, and eluted by FLAG peptide. The reactions were carried out as described
in detail in the Supplemental information, denatured, and then neutralized. The
reaction mixtures were spotted on nitrocellulose membrane, crosslinked, and
incubated overnight with antibodies recognizing 5mC, 5hmC antibody, 5fC
antibody, or 5caC, followed by chemiluminescence.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures, four tables, and Supplemental
Experimental Procedures and can be found with this article at hitp:/dx.doi.
org/10.10168/.molcel.2014.12.002.
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Abstract

A case of dysferlinopathy presenting choreic movements

Toshiaki Takahashi", Takashi Imai”, Hiroyasu Tanaka”, Masaru Yoshioka", Hidehiko Konno",
Shuichi Higano®, Yoshiaki Onodera”, Hiroshi Saito", Itaru Kimura", Yasuto Itoyama®,
Atsushi Takeda” and Masashi Aoki”

YDepartment of Neurology and Division of Clinical Research,
National Hospital Organization Sendai-Nishitaga National Hospital
PDepartment of Radiology, Tohoku University School of Medicine
“Department of Neurology, Tohoku University School of Medicine

Mutations in the dysferlin gene cause limb-girdle muscular dystrophy type 2B. We report the case of a
53-year-old man who had progressive muscle weakness and involuntary movements. He first noticed weakness
at the age of 31. His wife first noticed involuntary movements when he was 37. The weakness and movements
progressed slowly. Neurological examination revealed muscle weakness and atrophy in the limb-girdle, extensor
plantar response, pollakisuria, and choreiform movements. The involuntary movements increased during mental
tasks and speaking, and occured in the neck, the shoulders and all four limbs. A homozygous ¢.2997G>T
mutation was identified in the dysferlin gene. The patient had no evidence of other causes of chorea. There have
been few reports of the function of the isoform of the dysferlin gene, or of brain imaging or symptoms of the
central nervous system in patients with dysferlinopathy. Further study is needed to determine the significance of
the isoform of dysferlin in the brain and the involvement of the central nervous system in dysferlinopathy.

(JMDD 2014; 24: 51-54)

Key words: dysferlin, limb-girdle muscular dystrophy type 2B, chorea
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Compilation of copy number variants identified in
phenotypically normal and parous Japanese women

Ohsuke Migitab!!, Kayoko Maehara>!!, Hiromi Kamura!, Kei Miyakoshi?, Mamoru Tanaka,
Seiichi Morokuma®, Kotaro Fukushima?, Tomihiro Shimamoto®, Shigeru Saito®, Haruhiko Sago’,
Keiichiro Nishihama®, Kosei Abe!, Kazuhiko Nakabayashi!, Akihiro Umezawa®, Kohji Okamura!®

and Kenichiro Hata!

With increasing public concern about infertility and the frequent involvement of chromosomal anomalies in miscarriage,
analyses of copy number variations (CNVs) have been used to identify the genomic regions responsible for each process of
childbearing. Although associations between CNVs and diseases have been reported, many CNVs have also been identified in
healthy individuals. Like other types of mutations, phenotypically indefinite CNVs may have been retained and accumulated
during anthropogenesis. Therefore to distinguish causative variants from other variants is a formidable task. Furthermore,
because previous studies have predominantly focused on European and African populations, comprehensive detection of
common Asian CNVs is eagetly awaited. Here, using a high-resolution genotyping array and samples from 411 Japanese women
with normal parity without significant complications, we have compiled 1043 copy number variable regions. In total, the
collected regions cover 164 Mb, or up to 0.5% of the genome. The copy number differences in these regions may be irrelevant
not only to infertility but also to a wide range of diseases. The utility of this resource in reducing the candidate pathogenetic

variants, especially in Japanese subjects, is also demonstrated.

Journal of Human Genetics (2014) 59, 326-331; doi:10.1038/jhg.2014.27; published online 1 May 2014

INTRODUCTION

The advent of new technologies has allowed the identification of
structural variants that have a more significant impact on human
diversity than does the entire set of single-nucleotide polymorphisms
(SNPs). Copy number variations (CNVs) are one such type of
structural variant and constitute the largest proportion of genomic
variations.! CNVs result from the duplication or deletion of a DNA
segment and are commonly observed in human genomes.*” When a
genomic event results in a CNV, not only the copy number of a gene
can be altered but also its genic sequences. Therefore, CNVs can cause
disease or contribute to disease susceptibility,®'% and they have been
compiled in several databases for public use.”!!

Although a number of deleterious changes may have been
negatively selected during human evolution, it is likely that pheno-
typically neutral changes have been retained, transmitted and
accumulated over generations. Increasing numbers of CNVs are
found in phenotypically normal human individuals.! Accordingly,
each ethnic group tends to have distinct features in terms of the

positions, copy numbers and frequencies of their CNVs, and it is
possible that fixed CNVs have contributed to ethnic differences in
phenotypic variations and disease susceptibility.'?"'> Therefore, it is
important to have a list of CNVs for each ethnic group, especially for
medical purposes. However, the number of reported CNVs from
Asian populations is small compared with those of Europeans and
Africans. Extensive examination of Asian CNVs is eagerly awaited by
Asian researchers.

The compilation of nonpathogenic variations, in addition to
disease-related variations, is also important for a better understanding
of the genetic landscape of the human genome. Data sets including
both these sorts of variations should be helpful in pinpointing
causative mutations. Even when we search for variations using patient
samples, most of the variations identified would be normal poly-
morphisms, together with a few pathogenic mutations. Although we
can consider most of the available variation data nonpathogenic, it is
difficult to know which variations are pathogenic. Therefore, the
collection of data from normal controls is essential. To investigate
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phenotypically ‘normal’ samples in this study, we considered repro-
duction and child development, and chose parous Japanese women,
who had experienced normal pregnancies and deliveries.

Although the origin of the Japanese population remains contro-
versial, the last major migration to the Japanese Archipelago is
thought to have occurred approximately 2000 years ago.'®!” The
population has been mixed well with various Asian ethnic groups
during previous migrations, but has remained relatively isolated for
2000 years. However, although the current population of Japan is 127
million, far fewer CNVs have been documented in Japanese samples
than in Europeans. Compiling a list of Japanese CNVs is also
important from the perspective of medical science in Japan.

MATERIALS AND METHODS

Subject recruitment and SNP genotyping with a high-resolution
microarray

We examined 411 unrelated Japanese women who had had one or more
normal parities, with no significant abnormalities in any of their pregnancies,
deliveries or neonates. Ethical approval was also obtained from each review
board of the hospitals that participated in the study. The informed consent of
all the subjects was obtained. To avoid cell-culture-induced chromosomal
rearrangements, genomic DNAs were extracted directly from blood using the
QIAsymphony DNA Midi Kit (Qiagen, Venlo, The Netherlands) with the
QIAsymphony SP instrument and analyzed with a high-resolution SNP-based
genotyping microarray, HumanOmni2.5-8 BeadChip (Illumina, San Diego,
CA, USA). Only data that met the quality control guidelines of the
manufacturer were used for further analyses.

Identification of CNVs and CNVRs

Two distinct algorithms were used to maximize the specificity of our CNV
calling: a likelihood-based method with CNVPartition version 3.2.0 (http:/
www.illumina.com/software/illumina_connect.ilmn) and a hidden Malkov
method with PennCNV version (27 August 2009).'® The parameters applied
with these tools were referred to those typically used by many research groups
(at least three comsecutive probes to define a CNV, using the GC wave
adjustment option, etc.). These programs computed confidence scores that can
be used to filter out CNV regions that are likely to be false positives. However,
we should note that the two programs calculated the scores in different ways,
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with different scales. To minimize false positives, we first chose only CNVs
with high confidence scores; that is, more than 100 with CNVPartition, and
selected copy number variable regions (CNVRs) that overlapped those called
by PennCNV for at least 80% of their lengths. For PennCNV, we generated a
list of B allele frequencies using a collection of signal intensities for 47 samples
from HapMap Japanese in Tokyo with the compile_pfb script (Figure 1a).

Multiplex PCR assay

Multiplex polymerase chain reaction (PCR) assay was used to confirm regions
that had been called homozygously deleted. The reactions were performed with
both a control primer pair that generated a 296-bp fragment and a test primer
pair that amplified a target region. The thermal cycling conditions were initial
denaturation at 95 °C for 2 min, followed by 35 cycles of denaturation at 95°C
for 30s, annealing at 60 °C for 30's and extension at 72 °C for 30, and a final
extension at 72 °C for 3 min. Detailed information on these primers is given in
Supplementary Table S3.

RESULTS

Genetic ancestry of the subjects

First, the population structure was inferred with the Structure
software (http://pritchardlab.stanford.edu/structure.html) to confirm
the Japanese ancestry of the subjects.!” A cluster analysis of our
samples together with the sequences of 499 HapMap individuals from
three ancestral populations (European, African and Asian) was
performed using 1959 unlinked tag SNPs on chromosome 21. The
expected ancestry of all the subjects was confirmed with a minimum
coefficient of 0.85. We also performed a principal components
analysis with the pcajar program (Biobank Japan project; http://
genome-analysis.src.riken.jp/PCP/). The results indicated that all but
one subject were derived from the main islands of Japan and that the
remaining singleton was Ryulkyuan,?

Characterization of CNVs and CNVRs

The CNVPartition software (Illumina) identified 26 150 candidate
regions as CNVs. We then used another program, PennCNV;!® which
is based on an integrated hidden Markov algorithm, to maximize the
specificity of the analysis. If a candidate CNV was also supported by
PennCNV for at least 80% of its length, it was retained. In this way,
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Figure 1 (a) Data processing flow. The initial 26 150 regions identified with CNVPartition were validated with PennCNV. (b) Chromosomal distribution of the
CNVRs. Each CNVR is shown by a horizontal bar. Gain- and loss-type CNVs are distinguished by bars on the left and right, respectively. The numbers of
each type of CNV are also shown, and are drawn with I[diographica (http://www.ncrna.org/idiographica/). CNV, copy number variation; CNVR, copy number

variable regions.
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Table 1 Comparison of the CNVRs with those reported in other studies and in the DGVs

Present study McCarroil et al2!

Conrad et al.?? Koike et al.23 DGV Jul. 2013

CNVs reported 1043 592
CNVs spanning our data 1043 88
(71/1043)2

Number of samples 411 Japanese females 45 HapMap JPT

Experimental method SNP array (lllumina

HumanOmni2.5-8

SNP array (Affymetrics
Genome-Wide Human SNP

BeadChip) Array 6.0)
CNYV calling CNVPartition and then Birdseye and custom
PennCNV program

1768 169 202430
156 37 30322
(112/1043) (45/1043) (1033/1043)2

45 HapMap JPT 57 Japanese females and

123 Japanese males

Collective (including non-
Japanese samples)

Custom CGH array SNP array (Affymetrics N/A
(NimbleGen and Genome-Wide Human SNP
Agilent) Array 6.0)
Custom program PennCNV N/A

Abbreviations: CNV, copy number variations; CNVR, copy number variable region; DGV, database of genomic variants; JPT, Japanese in Tokyo; N/A, not available; SNP, single-nucleotide

polymorphism.

aThe number of CNVRs overlapped with those in the present study is indicated within parentheses.

Table 2 CNVRs overlapping between the Japanese and other
populations

Frequency of

Sample Reported  overlapping regions
Population size CNVRs among studies®
Japanese (present study) 411 1043 —_
Korean2* 100 576 10% (106/1043)
Tibetanl4 29 139 4.9% (51/1043)
Chinese!3 (Han, Tibetan 155 1440 17% (173/1043)
and five other ethnic group)
Han Chinese!3 80 1407 17% (175/1043)
Swiss?5 717 917 16% (163/1043)
Rwandan?® (sub-Saharan African) 450 1185 14% (141/1043)
HapMap26 (mixed) 112 3262 13% (134/1043)

Abbreviation: CNVR, copy number variable regions.
aNumber of overlapped CNVRs is indicated within parentheses.

we identified 6871 CNVs and 1043 regions with variable copy
numbers from 411 Japanese individuals, with an average of 16.7
CNVs per diploid genome (Supplementary Table S1). Detailed
information on all the SNP probes used for the CNV calls is tabulated
(Supplementary Table S2). The mean length of the CNVs was 79.9 kb,
ranging from 169 bases to 2.27 Mb. These 6871 CNVs corresponded
to 1043 CNVRs (588 losses and 455 gains). Figure 1 shows the
chromosomal distribution of the observed CNVRs. The total length of
all of these CNVRs was 163 720 kb, which is equivalent to 0.5% of the
whole human genome. The CNVRs can be divided into gain regions
and loss regions, depending on whether their copy numbers have
increased or decreased. Of the 1043 regions identified, 1033 overlap
the latest database of genomic variants (DGVs) (released on 23 July
2013) reported at the DGV. More than half the CNVRs, including
72% of the gain CNVRs and 36% of the loss CNVRs, intersect RefSeq
gene loci.

As far as we know, three studies have examined the Japanese
population with array-based methods: two of them used samples
from HapMap and the other used healthy individuals.?!?* These
results are summarized with our data set (Table 1). Although those
three studies had together already reported 82 regions, more than half
the regions reported in the present study were not detected by them.
It is probable that the higher resolution of our analysis and our larger
sample size allowed us to detect additional CNVRs. Depending on the
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Table 3 List of genes lying within a homozygously deleted region

No.  Coordination Frequency Suffered gene
1 Chr 1: 161 570803-161644281* 2/411 FCGR3B  FCGR2B
2 Chr 2: 111884 593-111 886 246* 3/411 BeLalil

3 Chr 4: 69367 146-69489473* 302/411  UGT2B17

4 Chr 5: 180377 470-180424820*  32/411 BTNL3

5 Chr 6: 32551 892-32555728 2/411 HLA-DRBI

6 Chr 7: 115584 568-115593 688* 1/411 TFEC

7 Chr 7: 141761 027-141795404* 6/411 MGAM

8 Chr 11: 18949220-18961743 1/411 MRGPRX1

9 Chr 19: 41350895-41379321* 10/411 CYP2A6

10 Chr 19: 43590229-43772302 86/411 PSG5 PSG4 PSG9
11  Chr 19: 46622776-46636 139* 3/411 IGFL3

12 Chr 19: 52132392-52150601* 114/411  SIGLEC5

Abbreviation: PCR, polymerase chain reaction.
Asterisk indicates a homozygously deleted region validated by PCR.

types of platform used, array-based CNV studies occasionally show
discrepancies in the regions of CNVs.2122 Differences in the array
architectures, scanning machines and calling algorithms could affect
the final data sets. Using reported CNV data from SNP arrays, we
counted the overlapping regions among studies that focused on other
populations or HapMap data!>!4?426 (Table 2). The similarities
among these studies are comparable, but our results suggest a greater
similarity between the Japanese and Chinese populations.

Homozygous deletions found in parous Japanese women

In our study, 1628 homozygous deletions that could affect 112 RefSeq
gene loci were called in a total of 822 chromosomes. Although the
CNV analysis was unable to determine the precise breakpoints, our
data indicate that some exonic sequences are disrupted by homo-
zygous deletions (Table 3). Using multiplex PCR with both control
and test primer pairs, we confirmed the null genotypes caused by
deletions (Supplementary Figure S1 and Supplementary Table S3).
Five genes, FCGR3B, FCGR2B, UGT2B17, HLA-DRBI and CYP2A6,
are described as disease related in the OMIM database. The FCGR3,
FCGR2B and HLA-DRBI genes have roles in the immune system.
FCGR3B and FCGR2B encode the crystallizable region of immuno-
globulin G. Several studies have shown that a low copy number at the
FCGR3B-FCGR2B locus is associated with a susceptibility to systemic
lupus erythematosus in the Caucasian population,”~2° but not in the
Chinese population. UGT2B17 encodes a protein that belongs to
the family of UDP-glucuronosyltransferases enzymes, which catalyzes
the glucuronidation of steroid hormones. A case-control study of



osteoporosis-related fracture suggested that a CNV at the UGT2B17
locus contributes to osteoporosis.?® Jakobsson et al3! found that its
null genotype was more common in Koreans (67%) than in Swedish
(9%). Our array results also showed a high frequency (74%) of the
null genotype. The CYP2A6 protein metabolizes nicotine and
coumarin in the liver. The lack of a CYP2A6 gene may affect
nicotine levels in individuals and probably has a protective effect
against tobacco dependence.’? Another study reported that the
frequency of homozygotes for the CYP2A6 gene deletion was lower
in Japanese lung cancer patients than in control samples.?® Except for
HLA-DRBI, these disease-related genes have been reported to be
frequently deleted in Asian populations.?>3*$~36 Because we limited
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our samples to parous women only, it is unlikely that the CNVRs
identified in the present study are related to human reproduction.

DISCUSSION

In the present study, we compiled a catalog of copy number variable
regions identified in phenotypically normal Japanese samples, espe-
cially those with a history of full-term pregnancy and deliveries
without major complications. The data set will be useful in the search
for novel or rare CNVs that increase the individual’s susceptibility to
congenital diseases and complications during pregnancy. It is unlikely
that the newly identified CNVs are related to infertility or miscarriage.
CNVs in parous women without complications have never before
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Figure 2 (a) A copy number variation (CNV) located on chromosome 7. The panel shows the region at nucleotides 108541 155-108 698 960 in hgl9.
This CNV was called with high-intensity probes. The B allele frequencies (BAFs) were separated into four levels, which corresponded to AAA, AAB, ABB and
BBB, respectively. (b) Another CNV located in the subtelomeric region on chromosome 4. The panel shows the region at nucleotides 863513-1113194.

Despite high-intensity probes used, as in the example shown above, the

four levels of BAFs were not observed, suggesting that the call might be

implausible. Such CNVs tended to be called in G+ C-rich regions; for example, 58% G+ C content in this case. The snapshot was made with the 1GV
program (http://www.broadinstitute.org/igw/). A full color version of this figure is available at Journal of Human Genetics online.
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been investigated. Although the copy numbers of these regions were
not thoroughly validated with other methods; such as, quantitative
PCR, according to DGV, most of the CNVRs identified here have
been reported in previous studies, indicating that they should be
observed by other methods or techniques. Because our identification
strategy was based on a microarray technique, it is inevitable that
errors would have occurred. Besides routine data processing, we also
carefully curated the data by examining the B allele frequencies and
signal intensities (log R ratio) for each CNVR using the GenomeStu-
dio software (Illumina) (Figure 2). We found that many implausible
calls were situated in regions with high G+ C contents; for example,
in subtelomeric regions. All of them were copy number gain-type
CNVs rather than copy number loss-type CNVs. Although further
research is required, it is important to note that CNVRs tend to be
detected in those regions by SNP microarrays. Even if such CNVRs
are false positives, our data set is still useful for screening large
numbers of candidate CNVs.

It is unclear whether CNVs are selectively neutral on the basis of
genetic drift, but they are certainly distributed throughout all human
populations. Using the genotypes of mitochondrial DNA and Y
chromosome, geneticists and anthropologists have surmised various
intriguing scenarios about the history of humans.3’~0 However, these
genetic materials have been transmitted exclusively through maternal
and paternal lineages, respectively. In contrast, the CNVs reported
here occur in the more extensive remaining genome regions; that is,
on autosomes or the X chromosome. Therefore, they have acted some
times as maternal alleles at and at other times as paternal alleles. They
might also have been subjected to crossingover. CNV data from
various parts of the world are essential to substantiate these
hypothetical scenarios.

Chromosomal anomalies are found with conventional cytogenetic
techniques in approximately half of all early sporadic miscarriages.*!
It is possible that miscarriages and pregnancy losses are also caused by
submicroscopic chromosomal changes, including CNVs. Twenty-eight
CNVs have been reported as candidate miscarriage-related variations
when instances of recurrent pregnancy loss were examined by Rajcan-
Separovic et al*> When 17 Caucasian and three African-American
couples with recurrent pregnancy losses and their miscarriage samples
were examined, CNVs that may have been related to miscarriages
were reported.’? They reported 11 novel CNVs in miscarriage
samples and three in the parent samples and suggested that these
CNVs were probably mutations causing susceptibility to miscarriage.
Of the 11 CNVs in the miscarriage samples, one on chromosome 12
(130060 706-130 430 847 in hgl8) and another one on chromosome
X (6498521-8091951) overlapped with our data set. Whereas the
first one on chromosome 12 was up to 370kb in length and
encompassed the GPRI33 gene, the corresponding variable region
in our data set is much shorter and includes no known genes. The
GPR133 gene encodes one of the orphan G-protein-coupled receptors,
but its function is unknown.*? It is possible that this receptor protein
has a role in several signal-transduction pathways via classical
receptor/G-protein interactions. Therefore, the CNV mentioned
above may be a variant that causes miscarriage. However, one of
the CNVs on chromosome X is consistent with our data set,
suggesting that it is a commonly observed variant. In fact, Rajcan-
Separovic ef al*? tried to define the common CNVs using a collective
repository in the DGV, but insufficient phenotypic information was
available to refine the data. Taking these observations together, it
seems that to define a set of common CNVs, it will be necessary to
collect a large number of control data that focus on a specific
phenotype; such as, normal parity in this case.

Journal of Human Genetics

The Japanese are an admixture of ancient Asian populations that
inhabited regions outside the Japanese Archipelago. We investigated
the similarities among the CNVRs detected in various populations
and noted that around 15% of Japanese CNVRs overlap those of
other populations (Table 2). It has been suggested that the number of
overlapping CNVs is influenced by the number of subjects. For
instance, Japanese and Tibetan data showed dissimilarity because of
the limited number of Tibetan subjects. Although the sample sizes of
the Korean and Chinese populations are smaller than those of the
European and African populations, similarities between the Japanese
and other East Asian populations were similar to those of the
European and African populations. This probably suggests strong
similarities between the Japanese and other East Asian populations.

Previous studies have predominantly targeted European and
African populations, but CNVs have been observed at different
frequencies or copy numbers in different populations; for example,
variations in the salivary amylase gene.** Many CNVs; such as, those
at the AMYI locus, may be associated with diabetes, asthma,
hypertension, allergy and other diseases of affluence in each ethnic
group. Although CNVRs may result from the accumulation of
tolerable structural mutations in the course of an ethnic history,
they could start to influence the population’s susceptibility to disease
once its lifestyle is altered. The allelic frequencies of SNPs and short
indels in each population have recently been documented.*> The
complete documentation of the CNVRs in each ethnic group is
similarly important. The development of an innovative method to
achieve this; such as, one involving next-generation sequencing and
informatics, is another challenge.
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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 a low 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.

B 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
. 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)*?. 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 iz 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-1gRNAL, 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 ssODNI, 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 isat
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)’S, 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
SOXO9 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 Pyull 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. 2A, lower panel). The two gRNAs, hCas9 D1I0A mRNA and 2
ssODNs were mixed and microinjected into zygotes to generate
amino acid substituted mice (by Sox9-ssODN1) and negative
control mice (by S0x9-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 substitation (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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C C>T substitution
|

s e SN S e

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-1 locus. Red letters indicate the substitution target site in the Sf-1 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~1locus 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.
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Microinjection Survival of zygotes Result of genotyping Ratio of genotyping
2 cell embryo/ Monodllelic  Biallelic Mouse with Mouse with

injected 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) 31795
2 ! 2 101/203 101 37 1) 0(0) 32 4 1[27) 33(89.2)
3 2 3 124/169 124 51 8 (7) 1(1) 26 16 9(17.6) 35(68.6)
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 gRNAL 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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Figure 2 | Introduction of the K396R substitution in Sox9 locus. (A) A schematic illustration demonstrating the locations of the gRNAs and ssODNs
along with the mouse Sox9 locus. The blue bars and letters indicate the positions of gRNA targets, while red bars highlight the PAM sequences. The
sequences of ssODNs are shown in green letters at the corresponding positions to the Sox9locus. Red letters indicate the substitution target site in the Sox9
locus and the 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. Orange letters in the sequences are the targets of silent
mutations, which do not cause amino acid conversion. The Pvull site is underlined in the Sox91oci which had mutated in ssODNs. (B) The results of the
sequence analysis of the Sox9 locus of a representative mouse, which had a monoallelic K-to-R substitution. The Sox9locus around the gRNA target site
was PCR amplified and directly sequenced (Upper panel), or was cloned into the plasmid and sequenced independently (Lower panel). The upper panel
shows the electropherogram of the direct sequencing result of a mouse obtained in experiment 1 shown in Table 2, in which one allele received a
K-to-R substitution. The WT and donor DNA sequences are shown on the top, with orange and red letters indicating mutated nucleotides. The orange
and red arrows indicate the overlapping peaks caused by monoallelic substitutions, and a black arrow indicates the non-overlapping peak despite the fact
that the ssODN (donor DNA) had a mutated nucleotide. The lower panel shows the sequence alignment of seven independent clones. The seven
sequences were separated into two types: the WT and substituted sequences.
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Survival of zygotes

Microinjection

Result of genotyping Ratio of genotype

2 cell embryo/ Monodllelic  Biallelic Mouse with  Mouse with

injected substitution substitution substituted  mutated
Experiment gRNA hCas®  ssODN zygotes  Transferred Genotyped  (+indel)  (+indel) Indel WT  dlleles (%) olleles (%)
1 1&2 DIOA 1&2  144/188 144 24 50 010 1 18 5208 6250
2 27 WT 1&2  116/139 90 26 6] 31 11 6 93346 20769

8£-1 ssODN1 5'-GACTGCTCCTGCCCACAGCTGTGCGTGCTGATCGAATG-
CGGGGTGGCTGGAACAAGTTTGGGCCCATGTACAAGAGAGACCGGGCC-
TTGAAGCAGCAGAA-3', $f-1 ssODN2 5’ -TTTGGGAAAAGATCTGTGGC-
AGACAGTTGGGAAGGTAGAACCTGACAGACTGCTCCTGCCCACAGCTGT-
GCGTGCTGATCGAATGCGGGGTGGCTGGAAC-3’, §f-1 ssODN3 5'-TGGG-
AAGGTAGAACCTGACAGACTGCTCCTGCCCACAGCTGTGCGTGCTGATC-
GAATGCGGGGTGGCTGGAACAAGTTTGGGCCCATGTACAAGAGAGAC-3',
Sf-1 ssODN4 5'-GACTGCTCCTGCCCACAGCTGTGCGTGCTGATCGAAT-

A

GCGGGGTGGCCGGAACAAGTTTGGGCCCATGTATAAGAGAGACCGGGC-
CTTGAAGCAGCAGAA-3', $f-1 ssODN5 5'-GACTGCTCCTGCCCACAGCT-
GTGTGTGCTGATCGAATGCGGGGTGGCCGGAACAAGTTTGGGCCCATG-
TACAAGAGAGACCGGGCCTTGAAGCAGCAGAA-3', S0x9-K396R ssODN1 5'-
ACACACGCTCACCACGCTGAGCAGCGAGCCAGGCCAGTCCCACAGGAC-
CCATATCAGGACGGAGCAACTGAGCCCCAGCCACTACAGCGAGCAGCA-
GCAGCACTCCCCGC-3', Sox9-K396R ssODN2 5'-ACACACGCTCACCACG-
CTGAGCAGCGAGCCAGGCCAGTCCCACAGGACCCATATCAAGACGG-

i ismatches |
Sox3 locus chril 112,785,156-112,785,178 + {
OT-1 chrX 78,583,896-78,583,918 + CCAGAGAACCCACATCAAGAGGG 2
oT-2 chrg 123,777,851-123,777,973 + CCAGCGAGGGCACACCAAGAAGG 3
OT-3 chrb 15,067,966-15,067,988 + CCAGCTAAAGCACATCTAGAGAG 3
oT-4 chris 97,443,330-97,443,352 - CCAGCGAGCTCACTTCAAGACAG 3
OT1-5 chri3 72,438,524-72,438,546 + CCAGTGAAAGCACATGAAGATGG 3
Sox3 loci OT-1
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Figure 3 | Off-target analysis of SOX9-K396R gRNAs. (A) The sequences and positions of possible off-target sites for SOX9-K396R gRNA2. OT: Off-
target site. (B) The results of the sequence analysis of the target site and off-target sites. Direct sequencing of the PCR-amplified Sox9 locus and five
putative off-target sites from single representative mouse are shown as representative results. Only the sequence of the Sox9 locus showed overlapping
peaks caused by substitution. The gRNA target and possible off-target sequences were shown at the fourth to twenty-sixth bases, as indicated by the darker
background color.
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Mutation rate with double nicking (%)

Target sites

Sox9 locus 20/26 (76.9)
OT-1 0/26 (0)
) 0/26 (0)
o3 0/26(0)
OT-4 0/26(0)
OT:5 0/26 (0)

6/24(25.0)
0/24 (0)
0/24 (0)
0/24 (0)
0/24 (0)
0/24(0)

OT: Offarget site.

Mutation rate: No. of mice with a mutated allele {including indels and substitutions)/No. of mice genotyped.

AGCAACTGAGCCCCAGCCACTACAGCGAGCAGCAGCAGCACTCCC-
CGC-3".

Microinjection. The microinjection of mouse zygotes was performed as described
before™". Essentially, mouse zygotes were obtained by mating superovulated BDF1
females and WT BDF1 males (Sankyo lab service). RNAs and ssODNs were mixed
just before microinjection into the cytoplasm or pro-nuclei of zygotes, and the
injected embryos were incubated at 37°C until they were transferred into pseudo-
pregnant females at the two-cell stage. The concentration of injected RNAs was
always kept at 500 ng/pl in total. For the single gRNA/WT Cas9 condition, gRNA and
hCas9 mRNA were mixed ata 1: 1 ratio, and thus the final concentration was 250 ng/
ul each, and for the double nicking condition, the gRNAs and hCas9 mRNA were
mixed at 1:1:1 ratio, and thus a final concentration of 167 ng/pl each. The
concentration of injected ssODNs was final 100 ng/pl. The protocols for animal
experiments were approved by the Animal Care and Use Committee of the National
Research Institute for Child Health and Development (Permit Numbers: A2004-003-
C09, A2009-002-C04).

Genotyping. Genomic DNA was extracted from the tail tips of pups, and the genomic
sequences around the gRNA target sites were PCR amplified using the primers shown
below. The obtained PCR products were treated by ExoSAP-IT (USB) and sequenced
directly, or were cloned into the plasmid and sequenced.

The criteria for the “mutation’ and “substitution”. The genomic sequences around
the gRNA target sites were PCR amplified and served for direct sequencing (see
above). The electropherograms of each sequence were classified into three categories:
wild type (no overlapping peaks), mutated (continuous overlapped peaks, which
started from the gRNA target site) and substituted (overlapped peak(s) at the
designated position(s)) (Supplementary Fig. S2). The sequences were also aligned
with the wild type sequence to check whether there was a homozygous mouse with
identical indels on both alleles (which also produce a no overlapping peak pattern).
PCR products were cloned into the plasmid, and multiple clones were sequenced to
determine the sequences of each allele when necessary.

Off-target analysis. Possible off-target sites for SOX9-K396R gRNA2 and Sf-1 gRNA
1, 2 and 3 were predicted by an online-based tool (http://www.genome-engineering.
org/)". Four or five putative off-target sites were found allowing a maximum of three
to four bases of mismatches (Fig. 3A and Supplementary Fig. $3). The off-target sites
were PCR amplified from the genomic DNA of gRNA-injected mice and analyzed by
direct sequencing.

Primers. The primer sequences used in this study are shown below:

For vector construction: gRNA vector adopter fw 5'-
GCTAGCAGGCCTATCGATGTTTTAGAGCTAGAAATAGCAAGTTAAAATA-
AGGCTAGTCCGTTATC-3', gRNA vector adopter rev 5'-
ATCGATAGGCCTGCTAGCCGGTGTTTCGTCCTTTCCACAAGATATATAA-
AGCCAAGAAATCGAAATAC-3'.

For gRNA cloning: SOX9-K396R gRNA1 fw 5'-CCTGGCTCGCTGCTCAGC-
GGTTTTAGAGCTAGAAATAGCAAG-3', SOX9-K396R gRNAI rev 5'-
AACCGCTGAGCAGCGAGCCAGGCGGTGTTTCGTCCTTTCCAC-3', SOX9-
K396R gRNA2 fw 5'-CAGCGAACGCACATCAAGAGTTTTAGAGCTAG-
AAATAGCAAG-3’, SOX9-K396R gRNA2 rev 5'-AACTCTTGATGTGCGTTC-
GCTGCGGTGTTTCGTCCTTTCCAC-3, $f-1-gRNA1 fw 5'-TGGGCAGGA-
GCAGTCTGTCGTTTTAGAGCTAGAAATAGCAAG-3’, Sf-1-gRNAL1 rev 5'-
AACGACAGACTGCTCCTGCCCACGGTGTTTCGTCCITTCCAC-3, Sf-1-
gRNA2 fw 5'-TGCGTGCTGATCGAATGCGGTTTTAGAGCTAGAAA-
TAGCAAG-3', Sf-1-gRNA2 rev 5'-AACCGCATTCGATCAGCACGCACGG-
TGTTTCGTCCTTTCCAC-3', Sf-1-gRNA3 fw 5-GGGTGGCCGGAACAA-
GTTTGTTTTAGAGCTAGAAATAGCAAG-3', Sf-1-gRNA3 rev 5'-AACAAAC-
TTGTTCCGGCCACCCCGGTGTTTCGTCCTTTCCAC-3'.

For RNA synthesis:

T7-5f-1-gRNA1 5'-TTAATACGACTCACTATAGGTGGGCAGGAGCAGTCT-
GTC-3, T7-8f-1-gRNA2 5'-TTAATACGACTCACTATAGGTGCGTGCTGA-
TCGAATGCG-3', T7-5f-1-gRNA3 5'-TTAATACGACTCACTATAGGG-
GGTGGCCGGAACAAGTTT-3', T7-SOX9-K396R gRNA1 5'-TTAATACGA-
CTCACTATAGGCCTGGCTCGCTGCTCAGCG-3, T7-SOX9-K396R gRNA2 5'-

TTAATACGACTCACTATAGGCAGCGAACGCACATCAAGA-3', gRNA rev
template for RNA synthesis 5'-AAAAGCACCGACTCGGTGCC-3', T7-hCAS9 5'-
TAATACGACTCACTATAGGGAGAATGGACAAGAAGTACTCCATTGG-3/,
hCAS9-rev 5'-TCACACCTTCCTCTTCTTC-3".

For genotyping: Sox9 exon 3 fw 5 -ACCAATACTTGCCACCCAAC-3', Sox9 exon
3 rev 5'-CGGCTGCGTGACTGTAGTAG-3', $f-1 exon 4 fw 5'-TGGGGAATG-
GTATAAGCGTGTG-3’, 8f-1 exon 4 rev 5'-CGTGCAGGCTAGGGGGTAAC-3".

For the off-target analysis:

SOX9-K396R gRNA2 OT1 fw 5'-TACACACCCGAGTCCCTTTC-3', SOX9-
K396R gRNA2 OT1 rev 5'-ACCAAACAACACGGCCTITAG-3', SOX9-K396R
gRNA2 OT2 fw 5'-ATCTGACTTGGCGTGGAAAC-3', SOX9-K396R gRNA2 OT2
rev 5'-GACCAGGACCTGTCGTCAAT-3', SOX9-K396R gRNA2 OT3 fw 5'-GCC-
AAGAGGAGGTAGCAGTG-3', SOX9-K396R gRNA2 OT3 rev 5'-CACATCCC-
CATAGGAAATGG-3', SOX9-K396R gRNA2 OT4 fw 5'-GTCTCTTGGCCTC-
TGCAATC-3’, SOX9-K396R gRNA2 OT4 rev 5'-AGCTCCACCCACAGAG-
AGAA-3', SOX9-K396R gRNA2 OT5 fw 5'-AGACAGAGCTGCTGCAAACA-3/,
SOX9-K396R gRNA2 OT5 rev 5'-TGTCAACTACCGCACATGGT-3', 5f-1 gRNA1
OT1 fw 5'-AGCAGAGAAGCAGGAGCAAG-3', $f-1 gRNA1 OT1 rev 5'-CCA-
TCCCAAACTCAGCTGTT-3', $f-1 gRNA1 OT2 fw 5'-CTTGACTGCTTCTG-
GGAAGG-3', $f-1 gRNA1 OT2 rev 5'-GCCCACCTGTGCCTTATCTA-3’, $f-1
gRNA1 OT3 fw 5'-GACCATTGGAGGGCAAACTA-3’, $f-1 gRNA1 OT3 rev 5'-
GGCCAGGCTATAAACACCAA-3', 8f-1 gRNA1 OT4 fw 5’ -AGTGTGAGG-
TCCCTGTTTGG-3', 8f-1 gRNAL OT4 rev 5'-AGGCTTAGGGATCTGGCATT-3’,
Sf-1 gRNA1 OT5 fw 5'-CTTGCCTTTTCTCTGCCATC-3', $f-1 gRNA1 OT5 rev 5~
GCAGCCTGAAGGAAATGAAG-3', $f-1 gRNA2 OT1 fw 5'-TGGGAGAGT-
TCCCTGATTTG-3', $f-1 gRNA2 OT1 rev 5'-GTCTCCAAACCCACCAGAAA-3',
Sf-1 gRNA2 OT2 fw 5'-ACTCCCTGGGACACTGTCTG-3’, $f-1 gRNA2 OT2 rev
5'-TGCAAGAGTCCACACTACGG-3’, $f-1 gRNA2 OT3 fw 5'-TTCCTAAGT-
TGGCTCGCAGT-3', Sf-1 gRNA2 OT3 rev 5'-CTTGGGTTTTTCATGGGCTA-3’,
Sf-1 gRNA2 OT4 fw 5'-GATTAAAGGCGTGTGCCACT-3', Sf-1 gRNA2 OT4 rev
5'-“-TCCCAGCCACATTCATGTTA-3', $f-1 gRNA3 OT1 fw 5'-GCACCGTCA-
AGGAGAAAGAG-3',5f-1 gRNA3 OT1 rev 5'-GTTCCCCAGTCCTTCAACAA-3/,
Sf-1 gRNA3 OT2 fw 5'-CACCAATTCAGCGACATCAG-3, Sf-1 gRNA3 OT2 rev
5'-AAAGATGCTTGCACCTTGCT-3’, $f-1 gRNA3 OT3 fw 5'-TGAGTCCAGC-
CTCATCACAG-3', 8f-1 gRNA3 OT3 rev 5'-CCCTGTCTCCAAACACCCTA-3’,
Sf-1 gRNA3 OT4 fw 5'-GCTTGTCATGCTCAGTTCCA-3', Sf-1 gRNA3 OT4 rev
5'-GACCTTTGGAAGAGCAGTCG-3, $f-1 gRNA3 OT5 fw 5'-TCCAGGAGACC-
TGTTGCTCT-3', Sf-1 gRNA3 OT5 rev 5'-AGGCTCCAAGACAGTGTGGT-3".

Statistical analysis. Statistical analysis to assess the differences of the frequency of
mutations and substitutions among experiments 1-4 (Table 1) was performed using
the y? test. We hypothesized that the expected frequency (calculated as total number
of mice with mutated (or substituted) allele/total number of genotyped mice) is same
among 4 experiments and esamined with ¥ test.
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