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Abstract Hemophilia B (HB) is an X-linked disorder
caused by defects of F9 encoded coagulation factor IX,
which is an ideal model for gene therapy. Most existing
HB gene therapies are based on viral mediated gene sup-
plementation, which could increase immunoreaction. In
this study, CRISPR/Cas9 system was used for gene correc-
tion in an F9 mutant HB mouse model in both adult mice
(in vivo) and in germline cells (ex vivo). In vivo, naked
Cas9-sgRNA plasmid and donor DNA were delivered to
HB mice livers to recover the mutation via hydrodynamic
tail vein (HTV) injection. 62.5% of the HT V-treated mice
showed a detectable gene correction (>1%) in the F9 alleles
of hepatocytes, which was sufficient to remit the coagula-
tion deficiency. Ex vivo, three different forms of Cas9 were
microinjected into germline cells of HB mice to investigate
their efficiency and safety in gene correction. Cas9 protein
showed higher gene recovery rates, less embryo toxicity,
and lower mosaic repair percentage, making it more suit-
able for germline gene therapy. Our study strongly supports
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that CRISPR/Cas9-mediated genome editing is feasible in
gene therapy of genetic disorders.

Introduction

Hemophilia B (HB) is an X-linked inherited bleeding disor-
der caused by deficiency or dysfunction of coagulation fac-
tor IX (FIX). According to FIX plasma procoagulant levels
(FIX:C), HB is classified as mild (5-40% of normal level),
moderate (1-5% of normal level), or severe (less than 1%
of normal level) (White et al. 2001). Approximately 60% of
HB cases are severe sufferers, who may have life-threatening
spontaneous bleeding episodes. The first line of treatment for
HB is factor replacement therapy by concentrates or recom-
binant FIX. However, the half-life of FIX is approximately
24 h; therefore, the patients require lifelong blood transfu-
sions. As HB is a monogenic disease, patients will restore
their hemostasis as long as functional FIX increased to 1%
or above (Wang et al. 1999). Thus, gene therapy may be a
better approach to cure HB. Up to now, the main strategy for
HB gene therapy is gene supplementation treatment, which
genetically supplies normal F9 cDNA to increase the FIX
level in plasma. Traditional strategies use viral mediated
transduction to introduce F'9 cDNA into the liver, muscle, or
fibroblast cells of HB animals and patients (Chen et al. 2003;
Jiang et al. 2006; Kay et al. 1993; Lu et al. 1993; Manno
et al. 2003, 2006; Nathwani et al. 2014), and recent studies
employed the Sleeping Beauty transposon or gene editing
system (zinc finger nucleases, ZFN) to randomly or site-
specifically insert 9 cDNA into the genome (Anguela et al.
2013; Li et al. 2011; Sharma et al. 2015; Yant et al. 2000).
All these treatments have successfully remitted the coagula-
tion deficiency of patients, and the site-specific insertion to
Alb of the F9 promoter performed better in long-term FIX
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expression for more than 8 weeks (Sharma et al. 2015). How-
ever, the safety of viral vectors is still under consideration,
and random integration caused by AAV or PB is also a risk to
genome stability.

Gene correction is an ideal strategy of gene therapy for
genetic disorders. By presenting a donor DNA template, the
mutant DNA site can be corrected fundamentally by homol-
ogy-directed repair (HDR). As the spontaneous HDR rate
is as low as 1 x 107° (liizumi et al. 2008), a gene-editing
system is especially needed for site-specific DNA cleavage
to increase this rate. CRISPR/Cas9 (clustered regularly inter-
spaced short palindromic repeats and CRISPR associated)
is a kind of gene editing system derived from the bacterial
immune mechanism (Jinek et al. 2012). The endonuclease
Cas9 can specifically bind to and cleave its target DNA with
the guidance of sgRNA (single guide RNA). Due to its obvi-
ous advantages of high gene-editing efficiency, high oper-
ability and low cost, this technology is widely used in DNA
mutation homologous repair in mouse embryos (Wu et al.
2013; Zhou et al. 2014), cell lines (Cong et al. 2013; Jinek
et al. 2013) and induced pluripotent stem cells (iPS) from
patients (Dever et al. 2016; Schwank et al. 2013; Xu et al.
2015). The CRISPR/Cas9 system has shown broad pros-
pects for application to gene correction therapy. A few pio-
neer studies have also succeeded in in situ gene recovery in
the livers of adult mice at an HDR rate of 0.4-0.5% (Guan
et al. 2016; Yin et al. 2014), but more evidence is needed to
confirm its feasibility and to try to improve the DNA correc-
tion rate. In addition, different forms of Cas9, including DNA
vectors, mRNA and protein, have been used in these stud-
ies aiming at precise Cas9 expression (Cho et al. 2014; Kim
et al. 2014b; Sung et al. 2014; Wang et al. 2013), controlling
off-target rates, etc. Therefore, it is also necessary to compare
their efficiency and explore their usage in gene correction
therapy.

Here, we generated a severe HB mouse model to imitate
human disease and showed two CRISPR/Cas9-mediated
gene correction therapy approaches in vivo in adult mice
and ex vivo in germline cells. In vivo, Cas9 expression vec-
tors delivered by hydrodynamic tail vein (HTV) injection
led to a remission in hemostasis, at an ~1% repair rate on
cDNA-based detection. In germline cells, microinjection
of Cas9 protein was safer for gene therapy and had higher
repair efficiency. Our study provides strong evidence that
CRISPR/Cas9 is feasible in gene correction therapy.

Materials and methods
Animal model and study approval

Wild-type C57BL/6 mice were obtained from Shanghai
SLAC Laboratory Animal Co., Ltd. All mice were housed
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in a pathogen-free facility at 25 & 1 °C on a 12-h light/
dark cycle with free access to food and tap water. All ani-
mal operations conformed to the regulations drafted by the
Association for Assessment and Accreditation of Labora-
tory Animal Care in Shanghai, and the study protocol was
reviewed and approved by the Institutional Animal Care
and Use Committee, Fudan University, China.

Generation of the hemophilia B mouse model
and embryo microinjection

To generate the hemophilia B mouse model, 4-week-old
female wild-type C57BL/6J mice were superovulated with
pregnant mare serum gonadotropin (PMSG) and human
chorionic gonadotropin (HCG) 48 h before mating to
male mice. Embryos were collected from the oviducts of
female mice and injected with Cas9 mRNA (50 ng/pL) and
sgRNA (10 ng/pL) into the pronuclei at the one-cell stage.
The injected embryos were cultured in KSOM at 37 °C, 5%
CO, for 2 days and then transplanted into pseudopregnant
mice for breeding. Two weeks after birth, 0.5 cm tail tips
were obtained from the newborn mice for genomic DNA
extracting and sequencing to identify the gene mutation
mice. Homologous HB mice were selected for following
study.

Plasmid construction and hydrodynamics-based DNA
transfection

The pSK-Cas9-sgRNA-expressing plasmid was subcloned
from plasmids pSP6-2sNLS-spCas9 and p-T7-gRNA, gifts
from Prof. Jihua Yao (Fudan University); promoters were
modified for eukaryotic expression. Three sgRNAs target-
ing different sites around the mutation were chosen for
gene editing, and the protospacer sequences (synthesized
by Genery Co., Ltd.) for sgRNA targeting were inserted
into the pSK-Cas9-sgRNA expression plasmid through
Bbsl ligation. The HDR donor plasmid was constructed by
inserting the 1.4 kb F9 homologous amplicon into a pSK
vector and adding corresponding sgRNA binding sequences
at both ends of the homologous arm for self-linearization in
the liver. Synonymous mutations were introduced into the
donor by overlap PCR.

Plasmids were diluted into 8% (V/m) saline for hydro-
dynamics-based DNA transfection into HB mice (Liu et al.
1999). All plasmid solution was injected through the tail
vein within 5-7 s for maximum liver absorption. For the
Cas9 treatment group, 30 pg of pSK-Cas9-sgRNA expres-
sion plasmid and 30 pg of corresponding donor plasmid
were co-injected. For the control group, 30 g donor plas-
mid was injected alone.
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Cas9 preparation and embryo microinjection

To compare the treatment effect of different Cas9
forms in germline gene therapy, Cas9 mRNA and pro-
tein were expressed and purified. Cas9 mRNA and the
98-nt HR3 sgRNA were transcribed in vitro using a
MEGAshortscript™ T7 Transcription Kit (Thermo Fisher)
according to the manufacturer’s instructions. Wild-type
SpCas9 protein and high-fidelity SpCas9 (SpCas9-HF)
were gifts from Dr. Huaxing Zhu (Novoprotein Co., Ltd).
The 212 nt single-strand DNA donor was obtained through
the DNA separation procedure of M-280 Streptavidin
beads (Thermo Fisher). In Brief, double-strand DNA donor
were PCR amplified with a biotin-labeled forward primer
and a non-labeled reverse primer, and then incubated with
streptavidin beads. The non-labeled DNA strand was sepa-
rated from the other stand and the beads by 0.1 N NaOH
elution, and purified by DNA purification beads (Thermo
Fisher). The sequences of PCR primers for donor ampli-
fication were ssF: 5’-biotin-GGAGACAGGCTTCCAT
TCTTC-3' and ssR: 5'-TTCACCCCAGCTAATAATGC-3'.

The embryos for germline gene therapy were acquired
from HB mice in a similar manner to wild-type mice. For
Cas9 mRNA treatment, 10 ng/nL of Cas9 mRNA was co-
injected with 15 ng/wL sgRNA and 10 ng/wL ssDonor.
For protein treatment, 200 nM (~30 ng/pL) of Cas9-wt or
Cas9-HF protein was preincubated with 400 nM (~14 ng/
pL) F9 HR3 sgRNA in the injection buffer (0.25 mM
EDTA, 10 mM Tris at pH 7.4) at 37 °C for 10 min and
then injected with 10 ng/wL ssDonor. All components
were microinjected into pronuclei of one-cell embryos.
The injected embryos were cultured in KSOM at 37 °C,
5% CO, for 3 days. A portion of the embryos were placed
in 1 x PCR buffer (Takara) with 0.5 g proteinase K and
heated to 65 °C for 30 min, 95 °C for 10 min to release
their genomic DNA. Then, the DNA was PCR-amplified
by Taq HS (Takara) with primers FOLF, FOLR for Sanger
sequencing to measure the gene correction rate. Other
embryos were transplanted into pseudopregnant mice for
breeding and further detection. The sequences of the prim-
ers are listed in Supplementary Table 1.

cDNA-based unlabeled probe hybridization detection

For cDNA-based gene detection and real-time PCR, total
RNA was extracted from a fraction of mouse liver tissue
(100 mg) homogenized in Trizol (Invitrogen). cDNAs were
synthesized using HiScript Q RT SuperMix (Vazyme) from
0.5 ng RNA.

Asymmetric PCR with FISF/FOSR was utilized to
amplify these cDNAs for unlabeled probe detection (van
der Stoep et al. 2009) using HRM Master Mix (Roche)
on a Roche LightCycle96. The final concentrations of the

forward and reverse primers were 0.5 and 0.05 pmol/L,
respectively. The cycling conditions were 95 °C for 10 min
followed by 50 three-step cycles of 95 °C for 15 s, 60 °C
for 20 s, and 70 °C for 15 s. Unlabeled probe was added
into the PCR system (final concentration 0.5 wmol/L) for
hybridization; fluorescence values were recorded every
0.02 °C. The normalized melting peaks were used for high-
resolution melting analysis. The sequences of the primers
and unlabeled probe are listed in Supplementary Table 1.

Cas9-derived RNA-guided engineered nucleases
(RGEN) mediated in vitro gene enrichment

The cDNAs from HTV-treated mouse liver tissues were
PCR-amplified with the primer pair F9 LF/F9 LR and
purified by ethanol precipitation assay. Purified amplicons
(200 ng) were first incubated with Cas9 protein (2 pmol)
and HR3 sgRNA (2 pmol) in reaction buffer (Jinek et al.
2012) (20 mmol/L HEPES, 150 mmol/L KCl, 0.1 mmol/L
EDTA, 10 mmol/L MgCl,, 0.5 mmol/L DTT) for 1 h DNA
cleavage, and then amplified in the second round of ampli-
fication with a pair of inner primers FOSF/FOSR for Sanger
sequencing. As the HR3 sgRNA specifically binds to the
incorrect F9 allele with an 8-bp deletion, the corrected
gene can be enriched by this cleavage.

Off-target analysis

Off-target prediction was carried out using the BLAST/
BLAT tool of Ensembl (http://asia.ensembl.org/index.
html) and a CRISPR design website (http://crispr.mit.edu/).
High-resolution melting analysis was used for off-target
detection. The primers for PCR amplification are listed in
Supplementary Table 1 as indicated.

In suit RNA hybridization and real-time PCR

Mouse liver tissues were fixed in 4% paraformaldehyde,
dehydrated, embedded in OCT, and cryosectioned at
10 wm thickness. The sections were then incubated with
acetic acid blocking agent (Beijing Leagene Biotechnol-
ogy Co., Ltd.) to inactivate the activity of basal alkaline
phosphatase. A digoxin-labeled DNA probe was used for
in situ RNA hybridization to these sections at 55 °C over-
night. After washes and blocking, the hybridized probe was
finally developed by anti-dig/AP staining (Roche).

The expression of F9 was quantitated by real-time PCR
with ¢cDNAs from these liver tissues using SYBR Green
Real-time PCR Master Mix (Toyobo) performed on an ABI
7900 (Life Technology). Mouse beta-actin (mActb) was
used as the endogenous control to obtain normalized val-
ues. The sequences of the primers are listed in Supplemen-
tary Table 1.
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FIX concentration, FIX plasma procoagulant level test

Mouse plasma was obtained via tail-clip bleeding and anti-
coagulated with 1/10 (V/V) sodium citrate immediately.
Blood samples were spun at 1000 rpm for 20 min to sepa-
rate the upper layer (plasma). FIX activity tests were con-
ducted using the ACL Top 700 automatic blood coagulation
analyzer (Werfen); the FIX concentration in plasma was
detected using a mouse coagulation factor IX ELISA kit
(Shanghai Meilian Biotechnology).

Statistics

The statistical significance of comparisons between the two
groups was analyzed with Student’s ¢ test. Differences are
considered statistically significant when P values are less
than 0.05.

Results
Generation of F9 mutant mouse strain

We utilized the CRISPR/Cas9 system to modify the 8th
exon of the mouse F'9 gene as previously described (Qihan
et al. 2015), and obtained an 8-bp deletion C57BL/6 mouse
strain, 9 KO. The deletion, which is located at a region
highly conserved with human F9, forms a premature stop
codon, leading to the absence of a key residue (Ser421) for
FIX activation (Fig. la, b). Both mRNA and protein lev-
els of F9 in KO mice (n = 8) were significantly decreased
compared to wild-type (WT) controls (Fig. 1c, d). Consist-
ently, the procoagulant levels (FIX:C) of KO mice fell to
1% or less of the normal level, and the mice did not show
obvious blood clotting in the 5-min tail-clip test. All these
evidences indicated that the F9 KO mouse is a good model
of severe HB.

a CATALYTIC DOMAIN
exon6 e7 exon4 —
410 415 420 425
.Y R E K D S C E D S P H ..
WT ..TACCGTGAAGGAGGCAAAGATTCGTGTGAAGGAGATAGTGGGGGACCCCATG...
Y R E K D S * *
KO .. TACCGTGAAGGAGGCAAAGATTCGT-=------- GATAGTGGGGGACCCCATG...
b Mouse FIX 410 RE KDSCEGDS PHVTEVEGTSFLTGIIS 440
Human FIX 400 HE RDSCQGDS PHVTEVEGTSFLT I 1S 430
* ok ok 4 ok ok Kk 4 ok Kk k k Kk Kk k Kk Kk Kk k Kk k Kk Kk Kk Kk * % * %
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= 1.5 ~ 2500+ —
o | 1 —E'
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Fig. 1 Generation of F9 mutant mouse strain. a Schematic dia-
gram of sectional F9 locus, showing target DNA sites designed for
CRISPR/Cas9-mediated gene knockout (black underline) and the
mutant site of the KO mouse strain (dash lines). Corresponding
amino acids are shown in the upper row; the asterisk (*) indicates the
stop codon; €7, exon 7. b Amino acid alignment of a partial sequence
of FIX in human and mouse. An asterisk (*) indicates residues
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that are fully conserved, a plus sign (4) indicates residues that are
strongly conserved. ¢ Expression of F9 mRNA in the hepatic tissue
of WT and KO mouse strains. d Concentration of FIX protein in the
plasma of WT and KO mouse strains. Data in ¢ and d were acquired
from 8 mice per group, and are shown as the mean =+ the s.d. Two-
tailed unpaired Student’s 7 tests were used to determine the P value.
**P <0.01
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Gene correction of adult HB mice
through hydrodynamics-based DNA transfection
of Cas9 components and self-linearized HR donor

To correct the mutant F9 gene in adult HB mice and
restore their hemostasis, the CRISPR/Cas9 system was
employed to induce genome editing and homologous
recombination. As the liver is the only tissue expressing
FIX, we used hydrodynamic-based naked DNA transfec-
tion (Liu et al. 1999), a non-immunogenicity strategy, to
inject Cas9-sgRNA-expressing plasmids and donor plas-
mids to hepatocytes. Three sgRNAs (HR1/2/3) targeting
different sites around the mutation were chosen for gene
editing, which were all pretested and found effective in
DNA cleavage (Table 1; Supplementary Fig. 1). sgRNA
binding sequences were added to both ends of the homol-
ogous arm for donor plasmid linearization (Fig. 2a), and
synonymous mutations were induced into the donor to
protect it from Cas9/sgRNA cleavage (Table 1).

The effect of the therapy was first evaluated by
cDNA-based gene detection 6 weeks after HTV treat-
ment. An unlabeled probe with the detection sensitivity
of 1% was designed to distinguish the mutant and cor-
rected F9 alleles by melting temperature (Fig. 2b, Sup-
plementary Fig. 2a). By unlabeled probe hybridization
detection, 62.5% (15 out of 24) of the Cas9-treated mice
had a detectable rate of gene correction (Fig. 2c, Supple-
mentary Fig. 2b—d), which means that more than 1% of
hepatocytes were repaired in these mice. The correction
percentage was especially high in the Cas9-HR3 sgRNA-
treated group, with six out of eight mice carrying repaired
alleles, while no corrected gene was detected in the con-
trol group mice, which were only injected with donor
plasmids (Fig. 2d). The synonymous mutations intention-
ally introduced into the homologous arms were also dis-
covered in RGEN-enriched (Kim et al. 2014a) cDNA of
Cas9-treated mice. It further confirmed the occurrence of
homology-directed gene repair (Fig. 2e). In addition, the
expression of F9 was increased in both liver and plasma

(Fig. 2f, g). The FIX concentration rose to an average of
3.39 times the concentration in control mice (Fig. 2g).
However, we did not find any enrichment region of gene
correction in liver biopsies (Fig. 2h).

The treatment also led to a remission in coagula-
tion deficiency. The plasma procoagulant levels of FIX
in Cas9 HTV-treated groups increased to 4.21, 9.38 and
5.4% (Fig. 2i, j), which indicates that they converted to
the moderate or mild type of HB, reflecting a good thera-
peutic effect. Representative tail-clip results were shown
in Fig. 2j. No significant differences in blood aspartate
transaminase (AST) or alanine transaminase (ALT) levels
were observed 6 weeks after Cas9-treatment.

Cas9 protein is a better tool for HB mice germline gene
therapy

Hydrodynamics-based Cas9 DNA transfection can be used
for gene correction therapy in adult mice, which is con-
current with previous reports (Guan et al. 2016; Yin et al.
2014). However, the corrected gene cannot be inherited to
the next generation, so it is also necessary to explore and
optimize a more effective approach for CRISPR/Cas9-
mediated germline gene therapy. To compare the gene
recovery efficacy and safety of different forms of Cas9,
we microinjected a normalized dose of Cas9 mRNA, wild-
type SpCas9 protein (Cas9-wt), or high-fidelity SpCas9
protein (Cas9-HF) (Kleinstiver et al. 2016) into the male
pronucleus of one-cell-stage embryos of F9 KO mice.
HR3 sgRNA and a 212 nt single-strand DNA donor were
co-injected. After 2 days of in vitro culture, more embryos
developed to blastulas in protein injection groups (Table 2),
and the birth rate was also 1.56 times higher than that of the
mRNA injection group after transplantation into surrogate
mothers. This suggests that Cas9 protein-mediated treat-
ment is less deleterious to the embryos.

Meanwhile, protein injection also induced a higher
gene correction efficiency. Sanger sequencing performed
on in vitro cultured embryos demonstrated that 52.6% of

Table 1 Binding sequence

of sgRNA and corresponding Name

Sequence (5’ - 3°)

homologous arms

HRI1 sgRNA
donor HR1
HR2 sgRNA
Donor HR2
HR3 sgRNA
Donor HR3

TAGTGAATGTTGTGGACCTA AGG
... TAGTGAATGTTGTGGACCTAAGA)... CGTIGTGAAGGA|GAT....
TTCTGTGCAGGCTACCGTGA AGG

... TTCTGTGCCOGGTTATAIGAIGAAGG. ..CGTIGTGAAGGAIGAT. .

GGCAAAGATTCGTGATAGTG GGG

...GGCAAAGATTCGTIGTGAAGGA GATAGTGGG. ..

The PAM sequence for Cas9-sgRNA binding is underlined. The synonymous mutations induced
into homologous arms are highlighted by bold and boxed fonts
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Fig. 2 In vivo gene correction of adult HB mice through hydrody-
namics-based DNA transfection of Cas9 components. a Schematic
diagram of plasmids used for in vivo gene correction. The pSK-Cas9-
sgRNA plasmid containing Cas9 and sgRNA expression cassettes.
The HDR donor plasmid contains a 1.4-kb homologous arm and two
sgRNA-binding sequences (RBS) for self-linearization. L-arm/R-
arm, left and right homologous arm, 800 and 600 bp, respectively. b
Schematic diagram of unlabeled DNA probe hybridization assay to
defective (KO) and corrected (WT) F9 DNA. Cyan line indicates the
probe, blue bars represent the hydrogen bonds of paired bases, gray
box indicates the absent 8 bp of KO DNA. ¢, d High-resolution melt-
ing peak of unlabeled probe hybridization assay performed on hepatic
cDNA obtained from each HTV-treated group. ¢ cDNA from HR3

the mutant /9 DNA was corrected in the Cas9-wt injec-
tion group, 1.62-fold higher than the mRNA injection
group (Table 2). In addition, 70% of embryos in the Cas9-
wt injection groups were homozygously or heterozygously
repaired, which means they may generate gametes without
the defective gene. While the mosaic rate of mRNA injec-
tion was as high as 71.4%, it is also unfavorable in germline
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sgRNA treated mice. Pink line represents result of a mixture of KO
and WT DNA. d cDNA from the control group with only the donor
plasmid injected. e Sanger sequencing results of cDNA amplicon
from a representative Cas9-treated sample (RGEN-enriched before
sequencing); arrows indicate the synonymous nucleotides provided
by the donor template, box shows the corrected absent fragment.
f Expression of F9 mRNA in hepatic tissue of mice treated as indi-
cated. UNTR, untreated F9 KO mice. g, i FIX concentration and
activity in the plasma of mice treated as indicated. h mRNA in situ
hybridization of liver biopsies from mice treated as indicated. j Rep-
resentative results of a tail-clip assay. Datasets in f, g and i are shown
as the mean =+ the s.d. Two-tailed unpaired Student’s 7 tests were used
to determine the P value. *P < 0.05; ***P < (0.001

gene therapy (Fig. 3; Table 2, Supplementary Table 2).
Five potential off-target sites were detected by high-resolu-
tion melting analysis, but no off-targets were found in any
treatment group (Supplementary Fig. 3a, b). Cas9-HF also
performed better in embryo survival and gene correction
than mRNA injection, but the DNA correction efficiency
is slightly lower than that of Cas9-wt. The treatment effect
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Table 2 Treatment effect of Cas9 mediate germline gene therapy

Embryo survival DNA correction

Gene repaired samples

Born rate (%) Effective treatment

rate (%) efficiency (%) - rate (%)
Homozygote/ Heterozygote (%) Mosaic (%)
hemizygote (%)
mRNA 76 324 143 14.3 71.4 11.7 66.7
Cas9-wt 92 52.6 40.0 30.0 30.0 41.6 82.4
Cas9-HF 89 46.0 333 25.00 41.7 - -

Cas9-wt, wild type SpCas9 protein. Cas9-HF, high-fidelity SpCas9 protein. All embryos that can detected to carry corrected gene by sanger
sequencing is signed as “Gene Repaired Samples”. The treatment effective rate is determined by hemostasis of born mice

HR3 sgRNA binding site
G G

sATTCcoTEIGAAGG]AS

G G G C

homozygously|
correction A /\A{\ A J\
/\ ATA \/\ |

hetrozygously
correction

6G666GACCCCATG

F9 KO

GTGGCGG

v

mosatic
correction

Fig. 3 Representative sequencing results of germline gene-cor-
rected embryos. Representative sequencing results show different
DNA recovery rates in microinjected embryos. The sgRNA binding
sequence is underlined. Arrows highlight the synonymous nucleotides
provided by the donor template, box shows the corrected absent frag-
ment

was finally evaluated in the newborn mice. The mice in both
groups carrying the corrected F9 gene showed good hemo-
stasis in the tail-clip test and a higher FIX concentration
than 9 KO mice (Supplementary Fig. 3c), which indicates
that Cas9-mediated germline gene therapy is effective.

Discussion

Of all F9 mutations, more than 56% were found in the
serine protease (SP) domain, the catalytic domain of FIX
(Rallapalli et al. 2013). Thus, in this study, we introduced
a mutation into the homologous SP domain in mice and
generated a mouse strain presenting a severe HB phe-
notype. The absence of the key catalytic residue Serd21
in this mouse is similar to a common mutation in human

hemophilia, Ser411Gly; therefore, it is a good model to
imitate human disease.

In the gene therapy of adult mice, Cas9-sgRNA expres-
sion vectors and self-linearizable double-strand donor
DNA were HTV injected into mouse livers for in situ
gene correction. Most mice showed a >1% gene recovery
according to cDNA-based detection, which supports the
previous evidence of Cas9-mediated HB gene correction
to another F9 mutant site (Guan et al. 2016). We have also
made two improvements: first, to the best of our knowl-
edge, we used the lowest dose of DNA of Cas9 components
for in vivo therapy, while a high concentration of Cas9 and
donor DNA may reduce the possibility of off-targets and
random DNA insertion (Cho et al. 2014). Second, the self-
linearizable donor we used may have induced a higher rate
of homology repair than circular donors. However, as the
F9 mRNA level decreased significantly in KO mice due to
nonsense-mediated mRNA decay, the corrected F9 mRNA
would be more stable than the mutant one, so the actual
recovery rate in the genome may be slightly lower than we
detected in cDNA. We did not estimate the actual HDR rate
by next-generation sequencing, because the delayed degra-
dation of the dsDNA donor (Andrianaivo et al. 2004; Lin
et al. 2014; Liu et al. 1999) may mix with genomic DNA
and affect the accuracy of sequencing tested on interrupted
DNA fragments. We have indeed detected a higher correc-
tion rate on DNA-based HRMA analysis after 6 weeks of
HTYV treatment (data not shown), but sequencing on longer
fragments revealed it to be a false positive. Meanwhile,
HDR with an ssDNA donor may be suitable for correction
efficiency estimation. Considering previous gene correction
results by ssDNA donor together, a gene correction rate of
0.5% in hepatocytes may restore hemostasis in HB mice.

Naked DNA hydrodynamic tail vein injection was ini-
tially used as a replacement of the directly portal vein injec-
tion to animal models. By rapidly injecting a large volume
of DNA solution to mice, naked DNA can be intercepted by
hepatocytes under the high hydrostatic pressure (Yang et al.
2001), but the high-pressure may be harmful or even lethal
to large animals, so HTV was thought to be inoperable in
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human. Nowadays, modifications have been made to make
it possible to be applied to larger animals: Khorsandi et al.
put a balloon catheter into pig’s liver by invasive surgery
to introduce hydrostatic pressure and transfer DNA. This
method only caused a brief pressure increase in the liver
which was not harmful to heart. Moreover, modified HTV
has been demonstrated to be safe in a phase I clinical trial
(Khorsandi et al. 2008). Although it does not behave as
well as traditional HTV in gene transfer efficiency, the
low host immunogenicity makes it applicable for repetitive
treatments, which shows the prospect to be used as gene
transfer tool in human gene therapy.

Target selection is an important issue for CRISPR/Cas9-
mediated gene therapy. In this study, three sgRNAs (HR1,
HR2 and HR3) were used for Cas9 HTV-treated therapy.
Among them, HR2 sgRNA nears the F9 8 bp-deletion
mutation, while HR1 showed a higher cleave ability. As
the gene correction rate in the Cas9-HR2 sgRNA treatment
group is much higher than the Cas9-HR1 sgRNA group, it
indicated that the distance between the cleavage site and
the mutant site plays a more important role in gene homol-
ogous recombination than sgRNA cleavage efficiency, but
target distance no further than 70 bp may also be effective.
Thus, the target selection of sgRNAs in gene therapy may
not be limited to the exact mutation site but have alternative
options around the mutation.

It is also a problem that the relatively low gene correc-
tion rate may limit the broader usage of CRISPR/Cas9 in
other heritable diseases that need more gene recovery.
Trying to increase DNA HDR rate by other Cas9 deliv-
ery methods and repopulating the repaired cells may be
two practicable strategies, while germinal alteration of the
mutant gene is also a good choice.

Germline gene therapy has been controversial for a long
time; besides ethical considerations, the safety of germline
gene therapy is one of the most important issues (Anderson
1985; Lebo and Golbus 1991). There is an active demand
for an approach that can repair mutant genes but induce less
toxicity and fewer unwanted changes at the same time. In
this study, we used the longest ssDNA donor template as
far as we know and have achieved a higher gene correction
rate than previous studies (Kim et al. 2014b; Lin et al. 2014;
Sung et al. 2014). In addition, we discovered that micro-
injection of Cas9-wt protein performed better in gene cor-
rection, with higher HDR rates, less embryotoxicity, and
lower mosaic rates, indicating that it is a better method for
germline gene therapy. The higher mosaic rate induced by
Cas9 mRNA is due to its delayed expression (Sung et al.
2014) at 8-12 h after microinjection into cells, when the
zygotes have started to undergo mitosis. The divided cells
may receive different doses of Cas9 components, leading
to different gene-editing effects, which is not good for ger-
mline gene therapy. The longer expression duration of Cas9

@ Springer

mRNA will also lead to an accumulation of the protein in
the zygotes and significantly increase the risk of off-target
gene editing (Sung et al. 2014). However, we have not
detected any off-target gene editing in either of the groups
in our study, so the advantage of Cas9 protein, especially
Cas9-HF protein, is not obvious. Deep sequencing could be
better for off-target detection. To the best of our knowledge,
it is the first evidence to compare the safety of different
Cas9 forms (especially Cas9 HF) in germline gene therapy.
In conclusion, we provide evidence that CRISPR/Cas9
is a versatile tool for gene correction of genetic diseases
both in vivo and ex vivo in germline gene editing, support-
ing its broader use in gene therapy and precision medicine.
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