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Abstract Previous works using human tripronuclear
zygotes suggested that the clustered regularly interspaced
short palindromic repeat (CRISPR)/Cas9 system could be
a tool in correcting disease-causing mutations. However,
whether this system was applicable in normal human (dual
pronuclear, 2PN) zygotes was unclear. Here we demon-
strate that CRISPR/Cas9 is also effective as a gene-editing
tool in human 2PN zygotes. By injection of Cas9 protein
complexed with the appropriate sgRNAs and homology
donors into one-cell human embryos, we demonstrated effi-
cient homologous recombination-mediated correction of
point mutations in HBB and G6PD. However, our results
also reveal limitations of this correction procedure and
highlight the need for further research.
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Introduction

There are many hundreds of disease-causing single-gene
mutations and often there are no cures for these diseases.
Correcting disease-causing genetic defects in human
zygotes was previously unthinkable because the efficiency
would be too low to be of any practical value. CRISPR/
Cas9 offers, for the first time, a tangible potential to allow
the correction of genetic defects (Cong et al. 2013; Mali
et al. 2013; Niu et al. 2014). Separately from the debate
of the merit and ethics of germline editing in humans, the
feasibility of correcting genetic defects via CRISPR tech-
nology in human zygotes has not been really tested. Two
recent reports used 3PN (3 or more pronuclei) human
zygotes to test gene editing efficiency and the reported
HDR efficiencies were only around 10% (Liang et al. 2015;
Kang et al. 2016).
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Gene editing has been demonstrated in many cells
including cultured human cells and fertilized rodent and
non-human zygotes and is easily achieved using a specific
single guide RNA (sgRNA) to guide and target the Cas9
protein to the sequence position to be modified (Li et al.
2013; Shen et al. 2013; Niu et al. 2014). The Cas9/sgRNA
complex creates a DNA double-strand break (DSB) at the
targeted site, which triggers the endogenous DNA repair
system, resulting in targeted genome modifications. DSB
can be repaired in the cell by two major pathways, homol-
ogy-directed repair (HDR) or non-homologous end join-
ing (NHEJ) depending on the cell state and the presence
of a repair template (Lieber 2010; Chapman et al. 2012).
Precise genome editing is required to repair genetic defects
and largely depends on the HDR repair pathway, which
functions in the late S—G2 phase (Heyer et al. 2010). The
efficiency of HDR is determined by the time of generation
of the DSB site, the concentration of donor DNA, and the
length of the homology arms of the donor DNA (Hasty
et al. 1991; Lin et al. 2014a). The Cas9 protein can be pro-
vided from a Cas9 expression plasmid or Cas9 mRNA to
bypass the transcription or translation steps to generate pro-
tein, and can generate DSB site quickly at designed sites.
By controlling the time of injection, we can easily control
the time of generation of DSB site (Lin et al. 2014a). Cas9
protein is degraded rapidly in cells, which may reduce oft-
target effects (Kim et al. 2014). A number of investigators
have used Cas9 protein (instead of its mRNA) to edit genes
in other models (Cho et al. 2013; Lee et al. 2014; Chen
et al. 2016; Hashimoto et al. 2016). Here we show that
Cas9-mediated gene editing is highly efficient in human
2PN zygotes. Homology-directed repair occurred in both
the embryos carrying the G6PD G1376T mutation. Our
work shows the feasibility of the correction of disease-
causing genetic defects in human zygotes.

Materials and methods
Cas9/sgRNA production and injection

In vitro transcription and production of sgRNAs were per-
formed as described (Zhou et al. 2014). Briefly, sgRNA
oligos were annealed and ligated into the pUC57-sgRNA
expression vector (Niu et al. 2014; Zhou et al. 2014), tran-
scribed in vitro using the MEGAshortscript Kit (Ambion),
and purified with the MEGAclear Kit (Ambion). The sgR-
NAs were concentrated by ethanol precipitation. Recombi-
nant Cas9 protein was purchased from PNA Bio (Thousand
Oaks, CA). Cas9 mRNA was purchased from ViewSolid
Biotech (Beijing, China).

The Cas9 protein and sgRNAs were diluted into injec-
tion buffer (0.25 mM EDTA/10 mM TrisHCI, pH7.4) and
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incubated for 10 min at 37 °C before injection. The final
concentration of Cas9 was 50 ng/ul, and that of sgRNA
was 30 ng/ul. The donor oligos were present at 100 ng/pl
for the injection. The oligo sequences are listed in the sup-
plemental material. Microinjection was performed under an
inverted microscope equipped with micromanipulators and
a microinjector (FemtoJet, Eppendorf).

Source of embryos

Patients undergoing IVF treatment at the Center for Repro-
ductive Medicine, at the Third Affiliated Hospital of
Guangzhou Medical University, gave signed informed con-
sent for the use of their 3PN embryos for research. They
also gave signed informed consent for use of their imma-
ture oocytes and leftover sperm to produce normal (2PN)
zygotes for research. The collection of oocytes and the cul-
ture of early embryos were performed routinely in the clinic
using standard procedures. The zygotes were observed
under an inverted microscopy 16-18 h after the insemina-
tion and the 3PN embryos were selected for experiments.

To obtain 2PN zygotes, the immature oocytes were
transferred to maturation medium (Cooper Surgical/SAGE,
Trumbull, CT) supplemented with 75 mIU/ml FSH and
LH. After in vitro maturation, the oocyctes were fertilized
by intracytoplasmic sperm injection (ICSI). The fertiliza-
tion was confirmed by formation of two pronuclei 16-18 h
later.

Molecular analyses

Genomic DNA from cultured embryos was amplified with
the REPLI-g Single Cell Kit (QIAGEN) according to the
manufacturer’s instructions. Genomic regions of inter-
est were further amplified from the WGA (whole genome
amplified) DNA with KOD FX DNA polymerase (Toyobo)
under the following PCR conditions: 95°C for 5 min fol-
lowed by 40 cycles of (98°C for 10 s, 60°C for 30 s, and
68 °C for 1 min), and then 68 °C for 5 min. The amplified
fragments were gel-purified, cloned into the pGEMT-easy
vector (Promega) for sequencing, or subjected to the T7E1
assay (Niu et al. 2014). PCR primers are listed in Table S1
(see supplemental material).

Whole genome sequencing (WGS) and WGS data analy-
sis were performed by Beijing Genomics Institute (BGI).
In brief, the amplified DNA was sequenced as paired-end
90-nucleotide reads to a target of 30X haploid coverage
on an [llumina HisSeq2000 sequencer. The pair-end reads
were aligned onto the hgl9 (GRCh37v.71) human refer-
ence genome after removing reads containing sequencing
adapters and low-quality reads with more than five ambigu-
ous bases using BWA (v0.5.9) with default parameters.
The variants identified were then further filtered through
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dbSNP132  (http://www.ncbi.nlm.nih.gov/SNP/), 1000
Genomes (http://www.1000genomes.org), or ESP6500
(http://evs.gs.washington.edu/EVS/) databases.

Results
Gene editing in human 3PN using Cas9 protein

We tested the efficiency of Cas9 protein-mediated gene edit-
ing in human fertilized oocytes. We collected the would-be-
discarded one-cell embryos because of their triploid (3PN,
3 pronuclei) nature for experiments. The embryos were col-
lected in our reproductive clinic in Guangzhou, China, and

the patients consented for the use of their 3PN embryos in
research. In our routine practice, 16-18 h after insemina-
tion (when the pronucleus becomes prominent and visible),
the embryos are observed under a microscope and the 3PN
embryos are separated. We produced an sgRNA that tar-
geted RAG1 (Fig. 1a) in vitro and mixed it with the purified
Cas9 protein and injected the mixture into the cytoplasm
of the 3PN one-cell embryos. We found concentrations of
50 ng/pl Cas9 with 30 ng/pl sgRNA were effective and did
not interfere with the development of the injected embryos
(Fig. 1b). The embryos were cultured for 48 h in vitro after
injection. By then, most of them, as expected, had reached
the early morula stage (8—13 cells) (Fig. 1b). The embryos
were harvested and their genomic DNA was extracted,

a
5’ -AAAGAGGTTCCGCTATGATTCAGCTTTGGTGTCTGCTTTGATGGACATGGAAGAAGACATCTTGGAAGGC-3"  (WT)
#1 57 -AAAGAGGTTCCGCTATGATTCAGCTT------ CTC--———————- CATGGAAGAAGACATCTTGGAAGGC-3’ (-19, +3; 3/20)
#2 5’ -AAAGAGGTTCCGCTATGATTCAGCTTTG-———========—=—==— ATGGAAGAAGACATCTTGGAAGGC-3’ (-18; 3/20)
B o AAGAAGACATCTTGGAAGGC-3’ (-153; 5/20)
#3 5’ -AAAGAGGTTCCGCTATGATTCAGCTTTG-——=====—==== SAAGAAGACATCTTGGAAGGC-3' (-18; 3/20)
57 -ARAGAGGTTCCGCTATGATTCAGCTTTGGTGTCTGCTTTG TGGAAGAAGACATCTTGGAAGGC-3’ (-6; 3/20)
57 -AAAGAGGTTCCGCTATGATTCA-————======—————————————— GAAGAAGACATCTTGGAAGGC-3’ (-27; 3/20)
No injection Bufter Cas9/gRNA
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Day 3 after injection
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NUMBER OF INDEPENDENTLY EDITED ALLELES
LOCUS
E1 E2 E3 E4 E5 E6
T7E1
RAGT 1 2 3 2 1 2
WTI—>
NEK1 2 1 1 1 2 1
G6PD
e 2 1 2 1 1 1
G6PD
e 2 1 1 2 1 3

Fig. 1 Gene editing in human 3PN zygotes using Cas9 protein. a
Diagram of RAGI! locus. The red-colored sequence is the sgRNA,
and the green-colored sequence is the PAM motif. Sequencing results
of three embryos are also shown. Numbers in the parentheses indicate
the type of editing (“—19” means deletion of 19 bp and “+3” is the
insertion of 3 bp) and its apparent frequency (“3/20” means 3 times in

20 clones sequenced). b Images of the embryos 3 days after the injec-
tions. Scale bar 100 pm. ¢ A typical result of the T7E1 assay used to
detect editing in targeted loci. d The number of independent edited
alleles observed by sequencing. For each gene we randomly selected
6 T7E1 assay-positive embryos (E1-E6), cloned, and sequenced the
PCR products. (Color figure online)
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amplified with a whole genome amplification (WGA) kit,
and subjected to molecular analyses. A pair of primers
flanking the target site in RAG/ was used to amplify the tar-
geted region. The PCR-amplified products were denatured,
re-annealed, and digested with T7 endonuclease I (T7E1),
which cuts at mismatched sites (Fig. 1c). Of a total of 21
injected 3PN embryos, 12 (60%) showed cleavage products,
indicating RAG] targeted editing. This RAG/ targeting effi-
ciency is comparable with the reported efficiency of 9/15
(60%) observed for Cas9 mRNA/sgRNA injection into cyn-
omolgus monkey one-cell embryos (Niu et al. 2014). We
also cloned the PCR products and sequenced 20 clones for
6 of the 12 samples that were positive in the T7E1 assay.
Typical indels were observed (Fig. 1a). Some embryos con-
tained up to 3 different indels, indicating independent edit-
ing of different alleles (Fig. 1d).

Having demonstrated efficient indel creation in RAGI
(60%) by NHEJ editing, we next tested editing two addi-
tional loci, G6PD and NEKI, to assess the general appli-
cability of this method. 2 sgRNAs targeting G6PD (1 bp
overlap on different strands, Fig. 2a) and 1 targeting NEK1
(Table S1)were tested. Again, up to three independent edit-
ing events were observed at the two loci (Fig. 1d). The
G6PD sgRNA1 showed about 80% efficiency and G6PD

Fig. 2 Homologous recom- a
bination at G6PD. a Diagram
of the G6PD locus, G6PD

sgRNA2 and NEKI sgRNA were close to 70% (Table 1).
This overall efficiency was comparable with the efficien-
cies reported previously in rodents of between 50 and 90%
(Wang et al. 2013; Ma et al. 2014).

Homologous recombination in human 3PN embryos

Encouraged by the high observed efficiencies of generat-
ing an indel mutation (NHEJ editing) at the selected loci
using Cas9 protein, we next attempted to determine the
HDR efficiency in human 3PN embryos using Cas9 pro-
tein. As shown previously, when Cas9 protein is intro-
duced to human cells via electroporation, DSB generated
by Cas9 can be achieved within 3 h (Kim et al. 2014). The
3PN embryos were collected about 16—18 h after insemi-
nation, at which time the S phase had commenced or
even completed (Capmany et al. 1996) and, therefore, the
embryos were in a cell cycle phase that was permissive
for HDR. We chose two loci to determine Cas9-medi-
ated HDR efficiency, G6PD and HBB (f-globin). It was
reported previously that the use of a single-strand oligo
donor (ssODN) as a source of homologous sequence for
HDR required 20-50 bases of homology on each side of
the DSB site (Chen et al. 2011). Therefore, for G6PD,

sgRNAT and G6PD sgRNA2
sequences (red), PAM motif
(green), and the sequence of
the single-strand donor oligo
(ssODN1). The black arrows
between nucleotides indicate
the position of the Cas9 cut site
and the extra bases introduced
at the site. b Analyses of the b
G6PD locus targeted by G6PD

sgRNAL in ten embryos. M,

DNA molecular weight marker,

1000, 750, 500, and 250 bp

(top to bottom). *TTE1 assay-

positive samples, and **HDR. ¢
Sequencing results of embryos

#3 and #8. (Color figure online)

#3 5’-TCCC.
5’ -TCCC.

#8 5’-TCCC.
5’ -TCCC.

@ Springer

5’ -GTGG. .CCTCCCAAGCCATACTATGTCCCCTCAGCGACGAGCTCCGTGAGGCCTGG. .CGTA-3"

G6PD sgRNA1
3’ -CACC. .GGAGGGITCGGTATGATACAGGGGAGTCGCTGCTCGAGGCACTCCGGACC. .GCAT-5"

.CACCGGCCTCCCAAGC--CATACTATGTCCCCT.

.CACCGGCCTCCCAAGC T TCATACTATGTCCCCT.

.CACCGGCCTCCCAAGC--CATACTATGTCCCCT.
.CACCGGCCTCCCAAGCTTCATACTATGTCCCCT.

G6PD sgRNA2

2bp|
ssODN1 3’ CACC..AGGGTTCGAAGTATGATACAGGGGAGTCGCTGCTCGAGGCACTCCGGACC. .GCAT 5’
Hind 111

PCR

T7E1

Hind 111

.TA-3’ (WT, 1315 )
.TA-3’ (HDR, 2./15)
Hind 111

.TA-3’ (WT, 10.15)
.TA-3’ (HDR, 5.15)
Hind 111
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Table 1 CRISPR/Cas9-

. T Group Injected zygotes NHEIJ editing (% HDR editing
mediated gene editing in human embryos) (% embryos)
embryo samples

Cas9+RAGI sgRNA 21 12 (60) -
Cas9+NEK]I sgRNA 13 9 (69) -
Cas9+G6PD sgRNAI 15 12 (80) -
Cas9+G6PD sgRNA2 12 9 (75) -
Cas9+G6PD sgRNA1+ssODNI 10 9 (90) 2 (20)
Cas9 mRNA+G6PD sgRNAI+ssODNI 20 16 (80) 0(0)
Cas9+HBB sgRNA1+ssODN2 10 7 (70) 1(10)
Cas9+HBB sgRNA2+ssODN3 42 2 (50) 1(25)
Cas9+G6PD sgRNA3+ssODN4 2b 1 (50) 2 (100)

2bThe number of embryos carrying sgRNA target mutation allele

we designed a ssODN of 90 nt (ssODN1) in length con-
taining two additional bases relative to the wildtype (to
create a HindlIll site for easy identification). This was
injected into 3PN embryos with the Cas9 protein and
G6PD sgRNA1 (Fig. 2a) at about 20 h post-insemination
and the injected embryos were harvested for analyses
after 2 days of culture when they had reached the early
morula stage. Of the ten 3PN embryos injected, nine of
them showed editing at the G6PD locus, and two of those
contained the designed HindlIII site, indicating a HDR
efficiency of 20% (Fig. 2b). Sequencing of the region did
not detect any additional sequence changes besides HDR
(Fig. 2c). The two extra bases in the donor were within
the region targeted by the G6PD sgRNA1, which likely
prevented re-editing of the site after HDR. We also per-
formed injection using Cas9 mRNA (100 ng/pl) instead
of Cas9 protein and analyzed the HDR efficiency at the
same locus. Of a total of 20 3PN embryos injected, 16
(80%) showed cleavage in the T7E1 assay, but none of
them were sensitive to digestion with HindIIl, indicating
no HDR occurred. These data suggest that using Cas9
protein instead of mRNA promotes precise HDR genome
modifications in our conditions.

For the second locus, HBB, we tested if HDR could
occur at a site positioned some distance from the DSB gen-
erated by Cas9. We designed an sgRNA (HBB sgRNAL)
and a 200 nt oligo donor (ssODN2) so that the intended
genetic alteration (a Hindlll site) was positioned 39 bases
3" of the predicted Cas9 cutting site (Fig. 3a). Of the 10
3PN embryos that were injected, 7 showed editing and one
of them resulted from HDR (Fig. 3b). Thus, at this locus,
the HDR efficiency was 10%, which is lower than the 20%
observed for injection with G6PD sgRNA1 and ssODNI1.
This result demonstrates that genetic modifications can
be successfully introduced via HDR some distance away
from the DSB in human embryos, but with decreased HDR
efficiencies (Ran et al. 2013). However, sequencing of the
targeted region showed the presence of both NHEJ repair

(within the HBB sgRNAT1 sequence) and HDR on the same
chromosome (Fig. 3c), indicating that re-editing occurred
after HDR. In addition, this embryo also contained another
independent edited allele (Fig. 3c). Thus, sgRNAs must be
designed carefully to avoid the introduction of unintended
alterations in the attempt to correct genetic defects.

Correcting disease-causing mutations in human 2PN
embryos

Having established that CRISPR/Cas9-mediated gene
editing (NHEJ and HDR) could be achieved efficiently in
human 3PN embryos, we decided to determine the edit-
ing efficiencies directly in human 2PN to assess the pos-
sibility of using CRISPR/Cas9 in correcting disease-caus-
ing mutations. To obtain human 2PN zygotes, wildtype
immature oocytes were collected and subjected to in vitro
maturation and ICSI procedures. We examined the disease-
causing mutation $41-42 (-TCTT) in HBB. This is a com-
mon f-thalassemia mutation that results in a frameshift
and generates a stop codon (TGA) at the position of the
new 59th codon (Kimura et al. 1983). We collected sperm
from a male patient who suffers from f-thalassemia and
is heterozygous for the f41-42 mutation, as determined
with a HBB genotyping kit. We designed an sgRNA (HBB
sgRNA?2) that specifically targets the mutant allele and a
single-strand oligo donor (ssODN3) 90 nt in length as the
template for HDR (Fig. 4a). We generated ten zygotes.
Theoretically, half of the zygotes should be heterozygous
for the corresponding mutation. However, at this stage
it was not possible to determine which zygote carried the
mutation. Thus, all fertilized embryos were injected with
the Cas9/sgRNA/donor oligo mixture at the concentrations
previously demonstrated to be safe for 3PN embryos. The
injection was performed 18 h after ICSI. At this time point,
the pronuclei were visible. The embryos were cultured for
2 days and then harvested for analyses. To assess the cor-
rection efficiency of the mutation in HBB, the genomic
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I

HBB

39bp
5’ -GAAGA. .CCTTAGGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGG.

3’ -CTTCT.
ssODN2 3’ CTTCT.

b c

1 234 56 728910

]Ifl \‘||

.TGGCC-3"

HBB ngNAl
. GGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTCAGGAAACC. .ACCGG-5"
. GGAATCCGACGACCACCAGATGGGAACCTGGGTCTCCAAGAAACTT

CGAAACC. .ACCGG 57
Hind 11T

ACCCTTAGGCTCVTCFTG\TCTACCCTTGGACCCAGAGGTTCTTTGAGTC
!

f”l' R i

L
I/{1
YUY

\u' ""‘
|L “ IM\M(AI‘Ml ”O Jk{fﬁ

U' ‘J i \“\ WT (13/20)
L'l\‘i_i ‘

b
IHH\

-

3

S5
Embryo #3

= \ I |'.‘ “u I Unu‘ | i
'UN _LL,L.AA.JJ.IL‘A;\t

AGGCTG

Fig. 3 Homologous recombination at HBB. a Diagram of the HBB
locus, HBB sgRNA1 sequence (red), PAM motif (green), and the
sequence of the single-strand donor oligo (ssODN2). The black
arrows between nucleotides indicate the position of the Cas9 cut site

region containing the mutation was amplified and sub-
jected to T7El assay, HDR-diagnostic HindIIl digestion,
and sequencing. The expectation was that about half of the
embryos would be heterozygous for the mutation and posi-
tive in the T7E1 assay. Indeed, four embryos were positive
(#2, 4, 6, and 8) by the T7E1 assay but only one (#2) was
digestible by HindIIl (Fig. 4b). Sequencing analysis indi-
cated that embryo #2 contained 3 HBB alleles: wildtype,
corrected, and the (-TCTT, -C) mutant, at a ratio of 2:1:1
(Fig. 4c). Embryo #6 also contained three HBB alleles, but
without HDR: wildtype, a —8 bp mutant, and a —174 bp
mutant, at roughly 2:1:1 (Fig. 4c). Further sequencing of
embryos #4 and #8 revealed that all the mutant alleles con-
tained an additional C deletion within HBB sgRNA2 tar-
geting site, which cannot be generated by DSB repair by
the embryos. We then PCR amplified and sequenced the
HBB sgRNA?2 targeting site from the patient’s genomic
sample and confirmed that the HBB mutant allele genotype
is (-TCTT, -C). Thus, the editing efficiency was 50% (two
out of four embryos), slightly lower than that found for
other loci (Table 1), and the HDR efficiency was 50% (one
out of two edited embryos). These data indicated that the
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Lt 11 LV 1|ii !‘.‘.II‘.LL

ACCCTTAGCTGCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAGTCC
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’ |i| i f‘m“J,. 1" Hﬁ “ |ﬂ\ , “, 1 G20)
\ A Y

AL I |

ACCCTTCTGGTGGTCTACCCTTGGACCCAGAGGTTCTTTGAAAGCTTTGG

Hind III
h | H [l

_JJ\ JJII

f
|
I‘ f HDR, -6 (4/20)

i IH“' I‘
\L’h I\ L

el

and the extra bases introduced at the site. b Analyses of the targeted
HBB locus in ten embryos. M, DNA molecular weight marker, 1000,
750, 500, and 250 bp (top to bottom). *TTE1 assay-positive samples,
and **HDR. ¢ Sequencing results of embryo #3. (Color figure online)

CRISPR/Cas9 system may also tolerate a one base indel at
the sgRNA targeting site in human zygotes using Cas9 pro-
tein (Lin et al. 2014b). The one base deletion in the HBB
B41-42 mutation HBB sgRNA?2 targeting site could be an
explanation of the observed lower targeting efficiency.

We next decided to test correction of the GI376T
mutation at the X-linked G6PD locus in human 2PN
zygotes, one of the two most common point mutations
affecting the Chinese Han population (Du et al. 1999).
First, we injected eight 3PN embryos to test the abil-
ity of the G6PD sgRNA3 to target the wildtype allele.
None of the embryos was positive for T7E1 digestion,
suggesting that the G6PD sgRNA3 specifically targeted
the G1376T mutant allele. Next, we generated ten human
2PN zygotes using wildtype oocytes and sperm carrying
the G6PD G1376T mutation. After injection, culturing,
and testing, only two embryos were positive for T7E1
and HindllI digestion (Fig. 4e). Sequencing of the region
indicated that embryo #2 contained one wildtype and
one corrected G6PD allele at a roughly 1:1 ratio, and
embryo #7 contained three different alleles, wildtype,
corrected, and edited, at a ratio of 2:1:1 (Fig. 4f).



Mol Genet Genomics

a
HBB
Jfﬁbp
Wildtype 5’ -CCTT. .ACCCTTGGACCCAGAGGT TCTTTGAGTCCTTTGGGGATCT. .ACCC-3"
HBB sgRNA2
p4al-42(- ) 5’-CCTT..ACCCTTGGACCCAGAGGT----TGAGTCCTTTGGGGATCT. .ACCC-3"’
ssODN3 5’ CCTT..ACCCTTGGACCCAGAGGT TGA. CTTTGGGGATCT. .ACCC 3’
Hind 11
1 2 3 4 5 6 7 8 9 10
Hind Il
C
#2 -TACCCTTGGACCCAGAGGT 'TTGAGTCCTTTGGGGATCTG- (WT,19/40)
-TACCCTTGGACCCAGAGGT TGALACCTTTGGGGATCTG- (HDR,11/40)
Hind 11T
~TACCCTTGGACCCAGAGGT----TGAGT-CTTTGGGGATCTG- (-TCTT,-C,10/40)
#6 -TACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTG- (WT, 13/20)
—TACCCTTGGACCCAGAG-———————————— TT GATCTG- (-8, 4/20)
———————————————————————————————————————————— (-174, 3/20)

#4 -TACCCTTGGACCCAGAGGTTCTTTGAGTCCTTTGGGGATCTG- (WT, 11/20)

~TACCCTTGGACCCAGAGGT----TGAGT-CTTTGGGGATCTG- (-TCTT,-C, 9/20)
#8 -TACCCTTGGACCCAGAGGT TGAGTCCTTTGGGGATCTG- (WT, 14/20)
-TACCCTTGGACCCAGAGGT----TGAGT-CTTTGGGGATCTG- (-TCTT,-C, 6/20)

Fig. 4 CRISPR/Cas9-mediated genome editing in one-cell human
2PN zygotes. a Diagram of the HBB locus, HBB sgRNA?2 sequence
(red), PAM motif (green), and the sequence of the single-strand donor
oligo (ssODN3, silent mutations are in brown color). b Analyses of
the targeted HBB p41-42 (-TCTT) mutant locus in ten embryos. M,
DNA molecular weight marker, 1000, 750, 500, and 250 bp (top to
bottom). *TTE1 assay-positive samples, and **HDR. ¢ Sequenc-
ing results of T7El assay-positive embryo samples. These data

Further determination of the sex of the ten embryos
showed that all embryos but #2 and #7 contained a Y
chromosome (Fig. 4g). Thus, only these two embryos
were XX, receiving one X chromosome from the sperm
that contained the G1376T mutation. Thus, the sequenc-
ing of embryos #2 and #7 indicated HDR occurred, so
the HDR efficiency was 100% (two out of two edited
embryos). We further analyzed off-targeting in embryo
#2. None of the 13 potential off-target sites identified
with the CRISPR design tool (http://tools.genome-engi-
neering.org) showed off-target effect. Sequencing data
of the T7E1 assay-positive samples revealed no edit-
ing but polymorphisms at these sites (Fig. S1). Next,
we sequenced the whole genome of embryo #2 to x30
coverage via next-generation sequencing. There were no
large-scale alterations such as translocations and dele-
tions. By allowing for ungapped alignments with up
to four mismatches in the 20 bp G6PD sgRNA3 target
sequence, and by scanning locus sequences that included
40 nt upstream and downstream of the on- and off-target

—

G6PD
G1376

Wildtype 57’ -CCTC. .TATGTCCCCTCAGCGACGAGCTCCGTGAGGCCTGG. . GAGA-3"
G6PD obp?t
Mutant (G1376T) 5’ -CCTC..TATGTCCCCTCAS \GCTCC ;CCTGG. .GAGA-3"
ssODN4 5’ CCTC..TATGTCCCCTCAGCGACGAACTACGCGAAGCTTGG. .GAGA 37
Hind 111
(Y

1 2 3 4 5 6 7 8 9 10
S T S S WS SN ———  ———
o o T7E1
* *

ek *k

f G1376
v
#2 -GCCATACTATGTCCCCTCAGCGACGAGCTCCGTGAGGCCTGG- (WT, 18/40)

~GCCATACTATGTCCCCTCAGCGACGAACTACGCGAAGCTTGG- (HDR,22/40)
Hind TIT

G1376
#7 -GCCATACTATGTCCCCTCAGCGACGAGCTCCGTGAGGCCTGG- (WT,22/40)
-GCCATACTATGTCCCCTCAGCGACGAACTAC FAAGCTTGG- (HDR, 8/40)

Hind IIT
~GCCATACTATGTCCCCTCAGCGACGAGCT----GAGGCCTGG- (-4,10/40)

1 2 3 4 5 6 7 8 9 10

indicate that the HBB mutant type is p (-TCTT,-C). d Diagram of
G6PD locus, G6PD sgRNA3 sequence (red), PAM motif (green),
and the sequence of the single-strand donor oligo (ssODN4, silent
mutations are in blue color). e Analyses of targeted G6PD G1376T
mutant locus. M, DNA molecular weight marker, 1000, 750, 500, and
250 bp (top to bottom). *TTE1 assay-positive samples, and **HDR.
f Sequencing results of embryos #2 and #7. g PCR detection of SRY.
***The absence of SRY. (Color figure online)

Table 2 Whole genome sequencing analysis of embryo #2 in Fig. 4e

Candidate off-target sites SNP InDel
sgRNA CCTCAGCGACGAGCTCCT
TG AGG
Chrl TCTCAGCGACCCGCTCCT rs435080
TG AAA
Chr2  CCTCAGAGCCAAGCTCCTTG rs5833781
CAC
Chr2  CCTCAGAGAAGAGCTCATTG rs77248969
CAA
Chr6 CCACAGCAGCGAGCTCCTTG 159392482
AAA
Chr7  ACTCAGCGACCAGCTCCTAG 157806456
TGT
Chr9  CCTCAGCCACTAGCTACTTG rs4879518
CCA rs2502170
Chr12 GCCCGGCGACGAGCTCGTTG rs11062218
AGG rs12578775
rs11062219
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site (a total of 100 bp), we obtained seven candidate
off-target sites. However, these are all known SNPs and
InDels (Table 2).

Discussion

We demonstrate here that the CRISPR/Cas9 system is quite
effective in correcting point mutations in human zygotes.
For G6PD, only two mutation-carrying embryos were cre-
ated and both underwent HDR on the mutant allele, so
HDR occurred at 100%. One embryo was completely cor-
rected and another became mosaic, with half of its cells
corrected and another half suffered a 4-bp deletion around
the mutation (Fig. 4f). For HBB, HDR occurred at 50%
(one out of two edited embryos) (Fig. 4c; Table 1). How-
ever, HDR efficiency was much lower in 3PN embryos
(20% for the G6PD sgRNA1-ssODNT1 pair and 10% for the
HBB sgRNA1-ssODN2 pair) (Fig. 2; Table 1). The expla-
nation for these differences is currently unclear, but experi-
mental data from a higher numbers of embryos are required
to be meaningful.

Through whole genome sequencing, we did not find
clear evidence of off-targeting in one of the two embryos
with the G1376T-mutation corrected. However, the use of
CRISPR/Cas9-mediated gene editing in reproductive clin-
ics is not a current option due to both ethical and technical
issues (safety, mosaicism, and other factors).

A potential application of CRISPR/Cas9 system in
human zygotes is to study gene function in preimplantation
development, an area of research with very limited num-
bers of molecular tools for humans, unlike the situation in
other species. For example, one could introduce inactivat-
ing mutations and even point mutations to probe gene func-
tion in early human embryos.
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