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Abstract: X-linked severe combined immunodeficiency (X-SCID) is an inherited genetic disorder. A majority of
X-SCID subjects carries point mutations in the Interleukin-2 receptor gamma chain (/L2RG) gene. In contrast,
l12rg-knockout mice recapitulating X-SCID phenotype lack a large part of //2rg instead of point mutations. In this
study, we generated novel X-SCID mouse strains with small insertion and deletion (InDel) mutations in //2rg by
using clustered regularly interspaced short palindromic repeats (CRISPR)/Cas9. To this end, we injected
Streptococcus pyogenes Cas9 (SpCas9) mRNA and single guide RNA targeting the exon 2, 3 or 4 of //2rg into
mouse zygotes. In the FO generation, we obtained 35 pups and 25 out of them were positive for Surveyor assay,
and most of mutants displayed dramatic reductions of T and B lymphocytes in the peripheral blood. By amplicon
sequencing, 15 out of 31 founder mice were determined as monoallelic mutants with possible minor mosaicisms
while 10 mice were mosaic. Finally, we established new strains with 7-nucleotide deletion and 1-nucleotide insertions
in the exon 2 and the exons 3 and 4, respectively. Although no IL2RG protein was detected on T cells of exons 3
and 4 mutants, IL2RG protein was unexpectedly detected in the exon 2 mutants. These data indicated that CRISPR/
Cas9 targeting //2rg causes InDel mutations effectively and generates genetically X-SCID mice. Genetic mutations,
however, did not necessarily grant phenotypical alteration, which requires an intensive analysis after establishing
a strain to confirm their phenotypes.
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Introduction of Janus kinase 3 [11, 20]. Mutations in /L2RG gene,

causing the truncation or altered amino sequence of the

The interleukin-2 receptor y chain (IL2RG), encoded  protein, impair the interaction of the receptor complex-
from chromosome X, is an essential common receptor  es to cytokines, and as a result, the differentiation of T
forIL-2,4,7,9,15and 21 [3,21] and plays an vital role ~ and natural killer (NK) cells is blocked [4]. Allogeneic
in lymphoid-lineage cell development through activation  transplantation of hematopoietic stem cells (HSCs) is
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the first-line treatment of X-SCID [4]. Gene therapy,
autologous transplantation of HSCs introduced with
IL2RG gene by retro- or lentiviral vectors, is another
therapy in clinical trials [13]. However, due to limited
availability of HLA-matched donors and leukemia
caused by the insertional mutagenesis of the viral vector
[14], another alternative therapy might be required. With
recent advances in targeted gene correction using de-
signed nucleases [2], autologous transplantation of gene-
corrected HSCs is one alternative and promising method
for X-SCID treatment.

To develop genome-editing therapy, a better murine
model of X-SCID is preferred. Nearly 200 types of mu-
tations causing X-SCID have been reported and they
occur in any of eight exons, mainly as point or frameshift
mutations [29]. In contrast, current murine models of
X-SCID are either deletion of exon 3 and entire exon
4-8 [3] or two-third of the exon 7, the intron 7 and the
half of exon 8 of //2rg [27]. The mice with the loss-of-
function mutations of //2rg are without functional T, B
and NK cells and are good models for gene therapies.
However, as the nature of the mutations, they are not
suitable for the disease model of genome-editing thera-
pies. Therefore, //2rg-knockout mice with small insertion
or deletion (InDel) mutations are awaited.

Genetically engineered mouse models with site-spe-
cific transgene insertion, gene replacement or condi-
tional knock-out alleles were mostly generated through
a homologous recombination in embryonic stem (ES)
cells. In contrast, clustered regularly interspaced short
palindromic repeats (CRISPR) and CRISPR-associated
protein 9 (Cas9) allows direct generation of targeted
genome-edited animals due to high efficiency of genome
editing [8, 10, 35]. More importantly, CRISPR/Cas9 en-
able to generate an animal model with small mutations
efficiently [18].

In this study, we developed novel //2rg-knockout
mouse strains that have short InDel mutations in exons
2, 3 or 4 by CRISPR/Cas9.

Materials and Methods

Animals

C57BL/6J and Multi Cross Hybrid ICR (MCH [ICRY])
mice were purchased from SLC Japan (Shizuoka, Japan)
and CLEA Japan (Tokyo, Japan), respectively. All mice
were housed at Center for Experimental Medicine, Jichi
Medical University. All animal experiments reported
here were approved by the Institutional Animal Care and
Concern Committee at Jichi Medical University. Animal
care and all experiments were performed in accordance
with the committee’s guidelines.
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Designing and preparing guide RNA

The guide sequences of guide RNAs (gRNAs) for
generating //2rg-knockout mice were designed in exon
2 (AGCGTGAGGTTGGTTGCCTG), exon 3 (ACAAAT-
AGTGACTGCACTCC) or exon 4 (TTAGATTTTCTG-
GAGCCCGT) of I12rg. All gRNA sequences were de-
signed using online software, Benchling (https://
benchling.com). Their specificities (off-target scores and
potential off-target sites) and potential on-target efficien-
cies (on-target scores) were also examined with Geneious
11.1.5 (GRCm38.p4 for mouse chromosome dataset)
(Biomatters Ltd., Auckland, New Zealand), CCTop, Cas-
OFFinder and CRISPRdirect [1, 25, 32]. We calculated
off-target scores using Geneious R11. For the calculation,
we used mouse genomic DNA sequences, GRCm38.p4,
with allowing maximum three mismatches and one indel
to the off-target sites[17]. To generate single guide RNAs
(sgRNAs) for //2rg exon 2, 3 and 4, GeneArt Precision
gRNA Synthesis kit (Thermo Fisher Scientific, Waltham,
MA, USA) was used, followed by in vitro transcription
(IVT) with CUGA3/CUGA7 (Nippon Gene Tech., Tokyo,
Japan) as following manufactures’ instructions. Briefly,
we assembled T7 promoter, the target-specific sequenc-
es and trans-activating CRISPR RNA (tracrRNA) frag-
ment to generate the DNA template for IVT. The oligo-
nucleotides for the T7 promoter and the target-specific
sequences were synthesized as follows; //2rg exon2: fwd;
TAATACGACTCACTATAG-AGCGTGAGGTTG-
GTTG, rev; TTCTAGCTCTAAAAC-CAGGCAACC-
AACCTCACGC; I12rg exon3: fwd; TAATACGAC-
TCACTATAG-ACAAATAGTGACTGCA, rev;
TTCTAGCTCTAAAAC GGAGTGCAGTCACTATTTG,
112rg exon4: fwd; TAATACGACTCACTATAG-TTA-
GATTTTCTGGAGC; rev; TTCTAGCTCTAAAAC-
ACGGGCTCCAGAAAATCTA. Then, IVT reactions
were performed using CUGA3/CUGA7. After IVT, the
template DNA were removed by 1U/ul DNase I diges-
tion. Finally, sgRNAs were purified with phenol/chloro-
form extraction, and the quality of the RNA was assessed
by gel electrophoresis using 2% agarose gel with 3-(N-
morpholino) propanesulfonic acid (MOPS) buffer and
37% formaldehyde.

Co-injection of Cas9 mRNA and gRNA into
pronucleus in zygotes

20 ng/ul Streptococcus pyogenesis Cas9 (SpCas9)
mRNA (Thermo Fisher Scientific) and 5 ng/ul sgRNAs
targeting exon 2, 3 or 4 of mouse //2rg were microin-
jected into pronucleus of zygotes. Microinjected zygotes
were transferred into pseudopregnant MCH (ICR) mice
at the one- or two-cell stage and founders were delivered
by Caesarian section.
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Surveyor assay and DNA sequencing for target
sites

The genomic DNA was extracted from the peripheral
blood or tail-cut tissues with the DNA extraction kit
(Qiagen, Venlo, Netherlands) and CRISPR/Cas9-medi-
ated genomic mutations were detected with the Sur-
veyor mutation detection kit (Integrated DNA Tech-
nologies, Skokie, IL, USA). The target site of //2rg exon
2 to 4 was amplified with ExTaq DNA polymerase
(Takara Bio, Otsu, Japan) and the primer set 5’-AGATCC-
TTCTTAGTCCTTCAGCTGCT-3’ and 3’-GCTTGG-
CCTTAGCCACTGC-5’. Heteroduplex was formed
under the denaturing and re-annealing protocol with a
thermal cycler as indicated in the manufacturer’s instruc-
tions. Then, the samples were treated with Surveyor
nuclease and the DNA fragments were analyzed by aga-
rose gel electrophoresis and by MultiNA, a microchip
electrophoresis system (Shimadzu, Tokyo, Japan) with
DNA-12000 Reagent Kit (Shimadzu, Tokyo, Japan).

To analyze the introduced mutations, Sanger DNA
sequencing was performed in all mutated F1 female
mice. The peripheral blood was obtained from all F1
mice, and DNA was extracted using the DNA extraction
kit. PCR fragments of the targeted sites were amplified
and then cloned to the pTAC-2 vector (Biodynamics,
Tokyo, Japan). After transformation to One Shot Stbl3
Chemically Competent E. coli(Thermo Fisher Scientific),
four clones were collected for each mouse. Plasmids
were extracted by the Qiaprep Spin Miniprep kit (Qia-
gen, Hilden, Germany) for DNA sequencing.

Amplicon sequence

To precisely examine the mosaicisms in the founder
lines, we performed amplicon sequencing. We first am-
plified exon 2—4 of //2rg using the primer set described
above, then performed nested PCR to amplify each exon
using primer pairs (//2rg Ex2: 5’>-TCTACAGCCCCT-
GAACACCT-3’,3’-CAGTCTCTCCCAGCTAACCTC-
CCT-5"; 112rg Ex3: 5°>-TGGCCCATCATTCTTTTG-
CCTTG-3’, 5’-CTGTACAGCTCGCCTCTGG-3’; I12rg
Ex4: 5’-CTCCAAGATCCTGACTTGTCTAGGC-3,
3’-GTCCAGCTTCGATCTCTGTTGCT-5"). Illumina
sequence adapters and indices (SeqCap Adapter Kit A,
Roche, Basel, Switzerland) were ligated using KAPA
LTP Library Preparation Kit (KAPA Biosystems, Wilm-
ington, MA, USA). Pooled library was sequenced with
MiSeq v2 Nano, 150-bp, paired-end (Illumina, San
Diego, CA, USA). As we pooled 33 samples with only
12 indices (ones from each exon line were assigned to
one index), we demultiplex based on the sequence results
using R package ShortRead [24]. Low coverage mutants
were excluded from the analysis (Ex3 #7 and 9). The

mutations in each founder line were examined and mo-
saicisms were calculated for each mutation using R pack-
age amplican[22] with the demultiplexed, full-length and
paired-end sequences. In some cases, amplican counted
reads separately if reads contain some PCR or sequence
errors. Therefore, we further examined the mosaicisms
only at the target site sequences (Figs. 3B and C) after
merging the paired-end sequences with Paired-End reAd
mergeR (PEAR) [34].

Flow cytometry

The peripheral blood was obtained through the jugu-
lar vein of mice and mononuclear cells were isolated
through erythrocyte lysis. The cells were stained with
anti-mCD45-FITC, anti-CD45.2-BV711 (BD Biosci-
ence, East Rutherford, NJ, USA), anti-CD3-PE, anti-
CD3-APC, anti-CD19-PE/Cy7, anti-CD11b-BV421 and
anti-Gr-1-BV510 (BioLegend, San Diego, CA, USA) to
identify lymphoid and myeloid lineages of cells. Anti-
CD132-PE (clone TUGm2, BioLegend) was used to
detect IL2RG protein. Flow cytometry was performed
with BD LSR Fortessa II, The BD FACS Aria Fusion
(BD Bioscience).

In this study, we selected gRNA for exons 2, 3 and 4
of I12rg with at least 90% off-target score and higher
on-target score (Fig. 1A). SpCas9 mRNA and gRNA
targeting exons 2, 3 or 4 of //2rg were injected into
mouse zygotes (Fig. 1B, Table 1). To identify mutated
founders, we performed genotyping and phenotyping for
all FO founders by Surveyor assay and flow cytometry,
respectively (Figs. 1C and 2A—G). In the FO generation,
we obtained 35 offspring (14, 12 and 9 mice for exons
2,3 and 4, respectively) (Table 1). Among them, 29 were
positive for the Surveyor assay (71-92%) (Figs. 2A, C
and E). We confirmed dramatic reductions of T and B
lymphocytes (CD3* and CD19*, respectively) and the
existence of granulocytes (Gr1*/CD11b") in the periph-
eral blood of most mutated founders (Figs. 2B, D and F)
and representative flow-cytometric results are shown in
Fig. 2G (112rg Ex2 #2, Ex3 #1, Ex4 #5). Of note, some
female mutants positive for Surveyor assay also dis-
played the reductions of T and B cells, indicating bi-
allelic mutations (e.g. //2rg Ex2 #4, #8, #11, #12 and
#14), while other mutated males and females retained
normal counts of T and B cells, suggesting in-frame
mutations, heterozygous mutants or mosaicism (e.g.
112rg EX3 #2, #4 and #6).

To further examine mosaicisms of founder lines, we
performed amplicon sequencing (Fig. 3A). Among 33
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Fig. 1. Experimental design for the generation of CRISPR/Cas9-mediated X-SCID mice. (A) A schematic diagram
showing the target sites of gRNAs in the //2rg gene exon 2, 3 and 4. (B) A schematic presentation for genera-
tion of //2rg-mutant mice by CRIPSR/Cas9. (C) Experimental design of //2rg-knockout mice. For FO and F1
generation, all of offspring were subjected to tail cut at 4 weeks after delivery for sampling and Surveyor assays
were performed for genotyping. Amplicon sequencing was also performed for founder mice to determine
mosaicisms. With F1 generation, Sanger DNA sequencing was performed to confirm mutations in the strains.

Table 1. Generation of founders

Numberts of Numbers of offspring with mutations (%)*
Target
¢ zygote transferred Total Male Female
112rg Ex2 42 10/14 (71.4%) 5/5 (100%) 5/9 (55.5%)
112rg Ex3 42 11/12 (91.6%) 6/7 (85.7%) 5/5 (100%)
112rg Ex4 16 8/9 (88.9%) 3/3 (100%) 5/6 (83.3%)

2Analyzed by Surveyor assay.

examined (Ex2 #6 and #7 were not examined), two were
not sequenced well (Ex3 #7 and #9, <1,000 reads/sam-
ple) and excluded from the analysis. Ex3 #5 had large
deletion and insertion (90% of the reads were the identi-
cal sequence, data not shown). In six mice, the wild-type
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sequences were identified at 96.4% in Ex2 (#10, 13),
94.5% in Ex3 (#10, 12) and 95.1% in Ex4 (#6, 8) of the
reads (Fig. 3B-D), confirming the Surveyor assays (Fig.
2). Fifteen mutants (9 males and 6 females) were mono-
allelic with mutated sequences with minor possible mo-
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Fig. 2.

Phenotypical and genotypical analysis of //2rg-targeted FO founders. Phenotyping with flow cytometry and genotyping with

Surveyor assays of founder mice. (A, C, E) Electrophoresis results of Surveyor assays. Expected mutated bands are indicated
with black asterisks. (B, D, F) Flow cytometry results: Black bars, the numbers of CD3" T cells; white bars, the numbers of
CD19" B cells in the peripheral blood of the mice. (G) Representative flow cytometry results showing the reductions of T and
B cells and the existence of granulocytes (Gr*/CD11b" cells) in the peripheral blood of 7/2rg Ex2 #2, Ex3 #1 and Ex4 #5 mice.

saicisms (at least 90% of the reads were identical at the
target sites) while 10 mutants (4 males and 6 females)
were more heterogeneous with two to four different se-
quences detected (Figs. 3B-D). Of note, 3-nucleotide
deletion in Ex3 (Ex3 #4, 6) did not alter T and B cell
counts, whereas 9-nucleotide deletion in Ex4 (Ex4 #4,
7) were enough to abolish T and B cell development.
Overall, mutations were in most part deletions between
2- to 14-nucleotide, 1-nucleotide substitution or 1-nu-
cleotide insertion except one mutant with larger insertion
and deletion (Figs. 3C and D, Supplementary Fig. 1).
Specifically, 14-nucleotide deletion in the Ex2 was the
most frequent mutation found in the Ex2 founder mice
(45.5%, Fig. 3C). The target site at the Ex3 was mainly
unedited (33.1%) while 1-nucleotide insertion was the

most frequent mutation (24.2%). At the Ex4, 9-nucleo-
tide deletion was the majority of editing (32.0%). We
also performed Surveyor assay for detecting possible
off-target mutations. Total 24 sites were selected using
CCTop and Cas-OFFinder for /I12rg Ex 2, 3 and 4 (Sup-
plementary Table 1). Based on Surveyor assay, we did
not observe any specific mutations in 8 potential off-
target sites for Ex2 ; 9 for Ex3; and 7 for Ex4 (Supple-
mentary Fig. 3). Taken together, the injection of Cas9
mRNA and gRNA caused mutations effectively.

To test germ-line transmission and to determine mo-
saicism in germ cells, we crossed one male founder from
cach target with the wild-type C57BL/6J female mice
(Fig. 4A). In the female offspring of F1 generation, we
found that total 13 out of 15 mice (87.7%) had mutated
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#14-2 ATAGCAGTTCTGAGCCTCA ~CCAACCTCACGCTGCA 38.0%
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#1  TGATAATAATACATTCCAGGATGTGCAGTCACTATTTGTTC 96.8%
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#4-3 TGATAATAATACATTCCAG-- -TGCAGTCACTATTTGTTC 28.4%

#6  TGATAATAATACATTCCAG-- -TGCAGTCACTATTTGTTC 95.4%
#8-1 TGATAATAATACATTCCAGGA GTGCAGTCACTATTTGTTC 50.3%
#8-2 TGATAATAATACATTCCAGGATGTGCAGTCACTATTTGTTC  45.3%

#10 TGATAATAATACATTCCAGGA GTGCAGTCACTATTTGTTC 96.4%
#11-1 TGATAATAATACATTCCAGGA GTGCAGTCACTATTTGTTC 37.9%
#11-2  TGATAATAAT-—————————— —— GCAGTCACTATTTGTTC 43.9%

#12  TGATAATAATACATTCCAGGA GTGCAGTCACTATTTGTTC 92.5%
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c l12rg Ex2 l12rg Ex3 li2rg Ex4 #2-1 ATATCTCCAGTGATC- ————CCAGAAAATCTAACAC  35.6%
#2-2  ATATCTCCAGTGATC-———— ——- TCCAGAAAATCTAACAC  18.4%
#2-3  ATATCTCCAGTGATCCCACGCGGCTCCAGAAAATCTAACAC  14.2%
#2-4 ATATCTCCAGTGATCCCACG GGCTCCAGAAAATCTAACAC 13.7%
1bpin #3-1 ATATCTCCAGTGATC-———- ——- TCCAGAAAATCTAACAC  54.4%
(24.2%) #3-2  ATATCTCCAGTGATCCCACGCGGCTCCAGAAAATCTAACAC  40.7%
#4  ATATCTCCAGTGATC--—== ==~ CCAGAAAATCTAACAC  98.1%

14bp del

(45.5%)

8bp del
(20.3%)

8bp del
(14.3%)

3bp del
(13.8%)

#5 ATATCTCCAGTGATCCCACGCGGCTCCAGAAAATCTAACAC 96.7%
#6 ATATCTCCAGTGATCCCACG GGCTCCAGAAAATCTAACAC  96.4%

#7  ATATCTCCAGTGATC----- ———— CCAGAAAATCTAACAC  98.2%
#8 ATATCTCCAGTGATCCCACG GGCTCCAGAAAATCTAACAC 93.7%
#9-1 ATATCTCCAGTGATC---—— ———— CCAGAAAATCTAACAC 56.5%
#9-2 ATATCTCCAGTGATCCCACGCGGCTCCAGAAAATCTAACAC  41.8%

Fig. 3. Mutation and mosaicism analysis of FO founder lines. (A) Schematic representation of amplicon sequencing for detection of
mutations and mosaicisms in the founder lines. (B) Allele frequencies in 30 founders. Blue to light blue indicate allele frequen-
cies of up to top three and the alleles correspond to at least 10% of reads; yellow indicates the wild-type allele; gray indicates
the rest of reads. (C) Detected mutation types at the each exon. Blue to light blue indicate mutation types; yellow indicates the
wild-type. (D) Sequences around the target sites. The wild-type alleles of the corresponding exons were shown on the top (blue,
PAM; green, gRNA; underline, potential microhomology). Sequences with at least 10% of allele frequencies in each mouse were
shown (red, mutations). Freq indicates the allele frequencies of the sequence in the corresponding mouse.

alleles in the corresponding exons; that is, Ex2, 4/4
(100%); Ex3, 5/6 (83.3%); and Ex4, 4/5 (80%) (Figs.
4A and B, Supplementary Fig. 2), suggesting germline
mosaicisms seems to be greater than somatic mosaicisms
in the founder mice. We also performed DNA sequencing
to confirm mutations in all mutated female offspring. We
detected the 7-nucleotide deletion in //2rg Ex2 strain and
the I-nucleotide insertion in the strains of //2rg Ex3 and
Ex4 (Fig. 4C), thus, we named each strain as follows:
112rg Ex2 Del (7), 112rg Ex3 Ins (1) and //2rg Ex4 Ins
(1). From F2 generation, we genotyped only male off-
spring. In the F2 generation, we also confirmed the dra-
matic reduction of T and B lymphocytes in the periph-
eral blood in male mice by flow cytometry (Fig. 4D).
Furthermore, we obtained mutant male and heterozygote
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female mice in generation F2 to F9. Overall, the muta-
tions were carried in approximately 45.3% of male off-
spring by following Mendelian law (Fig. 4A).

Finally, we examined IL2RG protein expression on
CD3" T cells by flow cytometry (between F5 to F7 gen-
eration). Among the three strains of mice, T cells in //2rg
Ex2 Del (7) were positive for IL2RG protein (Fig. 4D),
while T cells in two other strains (//2rg Ex3 Ins (1) and
112rg Ex4 Ins (1)) did not express IL2RG protein (Fig.
4D). The results show that even CRISPR/Cas9-mediat-
ed approach is highly efficient to induce targeted muta-
tions like small InDels, some of mutations may remain
inefficient to fully impair gene function.
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Fig. 4. Germline transmission and the expression of I12rg on T cells of the three strains. (A) A diagram of germ-line transmission. One
male founder from each target was crossed with wild-type C57BL/6J mice. For F2 to F9 generations, total numbers of //2rg-
mutated male mice were indicated. (B) Surveyor assays for detecting mutations in //2rg Exon 2, 3 or 4 in F1 female mice. The
expected mutated bands were indicated with white asterisks. (C) Sequencing results of the new strains: a 7-nucleotide deletion
in the //2rg Ex2 Del (7) strain; and 1-nucleotide insertions in the strains Ex3 Ins (1) and Ex4 Ins (1) (red dash and text indicate
mutations). (D) Flow cytometry of CD3, CD19 and IL2RG of the peripheral blood from C57BL/6J (wild-type), NOG and the
three strains of //2rg-mutated mice. Top panels show CD3 (T cells) and CD19 (B cells) of the peripheral blood. Bottom panels
show IL2RG in CD3" fractions from top panel. To note, almost all wild-type T cells express IL2RG, while 76.5% and less than
1% in Ex2 Del (7) and Ex 3 Ins (1) and Ex 4 (1), respectively. No T cells were detected in NOG mice.
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In this study, we generated novel strains of //2rg-
knockout mice by CRISPR/Cas9 mRNA injection. We
proved that targeted gene disruption with CRISPR/Cas9
works effectively and provides several advantages. First,
CRISPR/Cas9 can induce small mutations like small
frameshift insertions or deletions that are enough to dis-
rupt //2rg. Second, //2rg-knockout mice were generated
within three months with high efficiency (mutation ef-
ficiencies were more than 71%). Finally, the new 1/2rg-
knockout mice were C57BL/6J background, thus no
backcross was required to establish the strains.

We found CRISPR/Cas9-mediated mutations varied
from 14-nucleotide deletion to one-nucleotide insertion
except one with a larger InDel mutation and also found
mosaicisms (15 mutants with minor mosaicisms or po-
tentially due to PCR/sequencing error while 10 mutants
with major mosaicisms) confirmed by the amplicon se-
quencing. Mosaicism is one of the remaining issues with
CRISPR/Cas9-mediated mutagenesis. Injection and
electroporation of Cas9 mRNA and gRNA are com-
monly used as a delivery method of CRISPR/Cas9 to
zygotes [15, 28]. However, these methods induce mosa-
icism because the delivery is carried out at E0.5 or later
while mouse first genome replication starts around E0.4
[16]. The time lag of the translation from mRNA to pro-
tein is another factor to delay the genome editing in a
zygote. Recently, electroporation of Cas9 protein and
gRNA into zygotes becomes a more popular method as
higher quality Cas9 protein and gRNA became available.
More importantly, non-mosaic animals were established
by this method [7, 8, 16].

Interestingly, there were predominant types of muta-
tions in two targets (Ex2, 14-nucleotide del; Ex4, 8- or
9-nucleotide del and 1-nucleotide ins). CRISPR/Cas9-
mediated double strand breaks are mostly repaired by
non-homologous end joining (NHEJ). However, in some
cases, alternative NHEJ takes place called microhomol-
ogy-mediated end-joining (MMEJ) [26]. At the sites of
the targets, we identified potential microhomology se-
quences (shown as underbars in Fig. 3D). For example,
around the target site of Ex2, two CCTCA were spanned
by Cas9 cleavage site and the nine nucleotides in be-
tween the microhomology and one CCTCA seemed to
be excised to form 14-nucleotide deletion.

One-nucleotide insertion at the exon 3 or 4 of /I2rg
and even 9-nucleotide and in-frame deletion at the exon
4 were enough to abolish IL2RG protein expression on
T cells. In contrast, the mutant mice with 7-nucleotide
deletion in exon 2 carried T cells expressing IL2RG
protein, which highlights the importance of an extensive
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analysis for newly generated mutants. Similar results
were recently reported [31]. Among 193 frameshifts
generated by CRISPR-Cas9, one third of induced frame-
shift mutations resulted in complete loss of protein ex-
pression, however one third of them still remained ex-
pressed, mostly at very low level. Moreover, choosing
target exons is more important for generating pheno-
typically correct knockout animals. Triple-targeting
CRISPR would be an option for this purpose [33]. The
nature of IL2RG protein expression from the mutated
112rg allele remains to be characterized. The reduction
of T-cell number is obvious in the exon 2 mutants. There-
fore, the IL2RG function or activity is supposed to be
lower. To detect IL2RG protein, we used anti-CD132-PE
(TUGm2) monoclonal antibody. The exact epitope of
this antibody is unknown, but it is predicted around
Lys158 of IL2RG [12]. Because all of the gRNAs used
in this study are located in 5’ side of Lys158, all indels
equally disrupt the epitope sequence if splicing occurs
in the same manner as wild-type sequence. Therefore,
there might be exon skipping, alternative splicing or
alternative start codon as proposed in a previous study
[30]. As a signal peptide is coded in exon 1, exon skip-
ping or alternative splicing are more likely for the ex-
pression of the altered IL2RG protein. Several studies
reported that CRISPR/Cas9-mediated mutations can
cause exon skipping by boundary deletion of intron and
exon (3’ splice site), generating new splicing donor sites
or larger exon removal [30].

As noted in the introduction, the //2rg-knockout mice
established previously have large deletions of 7/2rg [11,
19, 27]. In contrast, our new //2rg-knockout strains have
short InDel mutations, which more faithfully reflect mu-
tations seen in X-SCID patients and thus should be pref-
erable for developing genome-editing therapies. With
the C57B1/6J background, our strains have CD45.2*
lymphocytes while NODShi.Cg-Prkdcsci[12rg™!Sug
(NOG) mice have CD45.1, which allows us to perform
congenic transplantation of HSCs from the new strains
to NOG, or vice versa. In addition, due to their contract
restrictions, it is not allowed to mate NOG and NOD.
Cg-Prkdcsc@112rg™!"i! (NSG) mice with other strain.
These features also give advantage to our new strains to
develop therapeutics. Patient-derived induced pluripo-
tent stem (iPS) cells or bone marrow samples from X-
SCID patient can also be used for the models of X-SCID
[5,23]. However, it is still challenging to generate HSCs
from iPS cells, and the bone marrow samples are insuf-
ficient for the demands. Needless to say, generation of
disease model animals with the exactly same mutations
as patients is helpful to develop clinical treatments and
mouse models with patient-specific mutations such as
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X-linked retinoschisis or Borjeson-Forssman-Lehmann
syndrome were reported [6, 9]. However, as there are
more than 200 mutations identified to cause X-SCID, it
would be more complicated to select and generate each
mutation to model a patient unless one specific mutation
is the focus of a research. To note, though the homolo-
gous recombination (HR)-mediated targeted knock-in
with single-stranded oligodeoxynucleotides (ssODNs)
became more efficient, it is still less efficient than NHEJ-
mediated knock-out [36]. Thus, NHEJ-mediated knock-
out might be the first choice to generate a new mouse
model to recapitulate disease phenotypes thus far.

In summary, we have generated three strains of //2rg-
knockout mice with small InDel mutations by using
CRISPR/Cas9 mRNA and gRNA. The novel strains
established by CRISPR/Cas9 should provide a valuable
model for evaluating genome-editing therapy. It was
highly effective to produce such mutations with minor
mosaicisms, although a frameshift InDel mutation may
not completely abolish the protein expression but just
alter the function. As genome-editing therapy has gained
more interest, more animal models with small mutations
mimic to patients are awaited.
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