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Abstract
Purpose As a powerful technology for genome engineering,
the CRISPR/Cas system has been successfully applied to
modify the genomes of various species. The purpose of this
study was to evaluate the technology and establish principles
for the introduction of precise genetic modifications in early
human embryos.
Methods 3PN zygoteswere injectedwith Cas9messenger RNA
(mRNA) (100 ng/μl) and guide RNA (gRNA) (50 ng/μl). For
oligo-injections, donor oligo-1 (99 bp) or oligo-2 (99 bp)
(100 ng/μl) or dsDonor (1 kb) was mixed with Cas9 mRNA
(100 ng/μl) and gRNA (50 ng/μl) and injected into the embryos.
Results By co-injectingCas9mRNA, gRNAs, and donorDNA,
we successfully introduced the naturally occurring CCR5Δ32
allele into early human 3PN embryos. In the embryos containing
the engineeredCCR5Δ32 allele, however, the other alleles at the
same locus could not be fully controlled because they either
remained wild type or contained indel mutations.

Conclusions This work has implications for the development
of therapeutic treatments of genetic disorders, and it demon-
strates that significant technical issues remain to be addressed.
We advocate preventing any application of genome editing on
the human germline until after a rigorous and thorough eval-
uation and discussion are undertaken by the global research
and ethics communities.
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Introduction

Sequencing the genomes of numerous species, including
humans, has uncovered the genetic blueprints encoded in
DNA that direct the development and progression of organ-
isms on Earth, which are constantly challenged by natural
selection [1, 2]. The ability to make random or targeted
modifications to genomic sequences allows us to study
the functions of genetic components and engineer organ-
isms for research and practical applications. The recent
development of site-specific DNA endonuclease technolo-
gies, such as zinc finger nuclease (ZFN) [3], transcription
activator-like effector nuclease (TALEN) [4], and the clus-
tered regularly interspaced short palindromic repeat
(CRISPR)/CRISPR-associated (Cas) nuclease system
(CRISPR/Cas) [5], has greatly accelerated genome engineer-
ing applications and broadened the spectrum of species that is
applicable to such methods. When these systems bind to a
target DNA sequence in the genome, they create a DNA dou-
ble strand break (DSB), the repair of which leads to specific
DNA sequence modifications.

By introducing the CRISPR/Cas system into a zygote,
methods have been established for the one-step generation

Capsule As a powerful technology for genome engineering, the
CRISPR/Cas system has been successfully applied to modify the
genomes of various species.

Xiangjin Kang, Wenyin He and Yuling Huang contributed equally to this
work.

Electronic supplementary material The online version of this article
(doi:10.1007/s10815-016-0710-8) contains supplementary material,
which is available to authorized users.

* Yong Fan
fanyong0413@sina.com

1 Key Laboratory for Major Obstetric Diseases of Guangdong
Province, Key Laboratory of Reproduction and Genetics of
Guangdong Higher Education Institutes, The Third Affiliated
Hospital of Guangzhou Medical University, Guangzhou 510150,
China

J Assist Reprod Genet
DOI 10.1007/s10815-016-0710-8

http://dx.doi.org/
http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-016-0710-8&domain=pdf


of mice carryingmutations in single and multiple genes and of
mice carrying reporter and conditional alleles [6, 7].
Using a similar approach, two groups have demon-
strated that precise genetic modifications could be
achieved in early mouse embryos to correct disease-
causing mutations, leading to the production of
healthy adult animals [8, 9]. These studies highlighted
that the correction of genetic mutations in germline
cells or early embryos could serve as a permanent
solution for genetic diseases. Moreover, Niu et al.
and Liu et al. recently showed that the injection of
zygotes with CRISPR/Cas and TALEN systems could
generate targeted genetic mutations in non-human
primates [10, 11]. More recently, Liang et al. reported
that the CRISPR/Cas9 system can mediate genetic
modifications in human tripronuclear zygotes [12]. In
the present study, we successfully introduced the
naturally occurring CCR5Δ32 allele into early human
tripronuclear (3PN) embryos by CRISPR/Cas-mediated
genome editing. However, the efficiency of homology
directed repair (HDR) of the CCR5Δ32 allele was
low, and the edited embryos were mosaic. Our study
serves two purposes: first, to evaluate technologies
and establish principles for the introduction of precise
genetic modifications in early human embryos and
to identify any significant technical hurdles; and,
second, to raise awareness of the potential legal and
ethical challenges that our society will face from
the increasing accessibility of genome engineering
technologies.

Materials and methods

Source of tripronuclear human zygotes

From April 2014 to September 2014, a total of 213 3PN
human zygotes from 87 patients with a visible second polar
body were obtained 18–20 h post-insemination from the
Third Affil iated Hospital of Guangzhou Medical
University.

Tripronuclear human zygote injection

The 3PN zygotes were transferred into HTF medium
(Quinn’s Advantage™ Medium with HEPES). They
were injected with Cas9 messenger RNA (mRNA)
(100 ng/μl) and guide RNA (gRNA) (50 ng/μl). For
oligo injections, donor oligo-1 (90 bp) or oligo-2
(90 bp) (100 ng/μl) or dsDonor (1 kb) (100 ng/μl)
was mixed with Cas9 mRNA (100 ng/μl) and gRNA
(50 ng/μl) and injected into the embryos. The injected
embryos were cultured in G1.5 media until day three.

All embryos were maintained in a humidified incubator
at 37 °C, 5 % CO2, and 20 % oxygen.

Production of Cas9 mRNA, gRNAs, and DNA donors

In vitro transcription (IVT) of Cas9 mRNA was
performed as previously described [13]. Briefly, T7
promoter was added to Cas9 coding region by PCR
amplification, using px330 vector [14] as template. The
PCR product was gel-purified and used as a template for
IVT using mMESSAGE mMACHINE T7 ULTRA kit
(Life Technologies). For gRNA synthesis, the IVT
templates were generated by PCR amplification using
primers listed in Table S1. The T7-gRNA PCR product
was purified and used as the template for IVT using a
MEGAshortscript T7 kit (Life Technologies). Both the
Cas9 mRNA and the gRNAs were purified using a
MEGAclear kit (Life Technologies). All single-stranded
oligos were ordered from Invitrogen. The 1 kb dsDNA
donor was ordered as gBlock from Integrated DNA
Technologies.

Whole-genome amplification

Whole-genome amplification (WGA) was performed using
the REPLI-g Single Cell Kit (no. 150345, Qiagen) based
on MDA technologies according to the manufacturers’ rec-
ommended protocols. Following completion of the WGA
reaction, the products were purified using the HP PCR
Product Purification Kit (no. 11732668001, Roche).
Purified DNA (1 μl) was run on agarose gels to confirm
successful amplification, and the remaining material was
kept at −20 °C until processing for PCR.

DNA sequencing analysis

For embryos injected with Cas9 mRNA and gRNAs, with or
without single-stranded oligodeoxynucleotides (ssODNs), the
324 bp region flanking the CCR5 target site was amplified by
PCR with specific primers (CCR5 geno F and R) from the
WGA product of each embryo. For embryos injected with
Cas9 mRNA, gRNAs, and 1 kb dsDNA donor, the target
region was amplified using primer outside the 1 kb donor
sequence. First, the PCR products were sequenced to identify
the presence of mutation peaks in the sequencing chromatog-
raphy. Subsequently, the PCR products from each embryo
were cloned into a pMD18T TA cloning vector (Takara) and
transformed into competent Escherichia coli cells. The DNA
plasmids from 10 to 50 randomly picked colonies were
sequenced using M13 universal primers. The sequences
of all the primers used are listed in Table S2.
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Off-target analysis

Potential off-targets were predicted by searching the human
genome (hg19) for matches to the 20 bp CCR5 gRNA1 and
gRNA2 sequences, allowing for up to four mismatches
followed by NGG PAM sequence. Matches were ranked first
by the ascending number of mismatches and then by the as-
cending distance from the PAM sequence. According to the
output of the scan, potential off-targets with less than four
mismatches in the seed sequence were selected for PCR am-
plification using diluted WGA DNA as templates. The PCR
products of the candidates were sequenced, and the primers
for amplifying the candidate sites are listed in Table S1.

Results

Study design

To address the ethical and public concerns regarding how the
CRISPR/Cas9 system could be used to engineer viable human
embryos with the intention to produce a living human, we
limited our study to using 3PN embryos. The 3PN embryos
used in this experiment do not live beyond 3 days and are
incapable of in vivo development. As one major type of
polyspermy, 3PN zygotes with three pronuclei (often two
sperm nuclei and one oocyte nucleus) are commonly found
during the in vitro fertilization process. Although polyspermy
is considered invariably pathological and the early embryo ei-
ther fails to develop or develops abnormally [15, 16], 3PN
zygotes are capable of substantial in vitro development [17]
and therefore serve as a good system for investigating the gen-
eral principles of genome engineering in early human embryos.

We chose the C–C chemokine receptor type 5 (CCR5)
gene, which encodes the major co-receptor used by HIV-1 to
infect human cells, as an exemplary target for our studies. The
null CCR5Δ32 allele is present at high frequencies in
Scandinavian and Northern European populations and is ab-
sent in non-European populations [18]. Individuals who are
heterozygous or homozygous for this allele are healthy and
have a slower progression or resistance to HIV infections [19,
20]. Multiple studies have demonstrated that site-specific nu-
clease-mediated disruption of CCR5 function occurred in
CD34+ hematopoietic stem/progenitor cells (HSPCs) and
CD4+ T cells [21–23] and in both human embryonic stem
cells and iPS cells [24–26]. We wanted to test whether we
could introduce this naturally occurring beneficial
CCR5Δ32 allele into early human 3PN embryos.

Generation of CCR5 mutant alleles with high efficiency

We designed two gRNAs, each targeting at one end of the
boundary of the desired 32 bp deletion within CCR5 exon 4

(Fig. 1a). When the CRISPR/Cas-mediated DSBs are repaired
through the non-homologous end-joining (NHEJ) pathway,
small insertions or deletions (indels) can occur and lead to
CCR5 mutant alleles.

First, we sought to evaluate the in vitro developmental
potential of 3PN zygotes injected with the CRISPR/Cas sys-
tem. Cas9 mRNA and gRNA1 or gRNA2 were delivered into
3PN zygotes by cytoplasmic injection. Injected zygotes were
cultured in G1.5 media (Vitrolife Sweden AB) for 3 days to
reach an 8–16-cell stage (Fig. 1b). Approximately 72 % of the
3PN embryos injected with water (control group) developed
into an 8–16-cell stage. In comparison, 64 and 62 % of the
zygotes injected with Cas9 mRNA, in combination with
gRNA1 and gRNA2, respectively, developed to an 8–16-cell
stage, suggesting a minimally detrimental effect.

Each injected embryo that developed to 8-cell stage and
beyond was collected independently, and the genomic DNA
was amplified using a REPLI-g Single Cell Kit (Qiagen). The
targeted region was amplified by PCR and characterized by
Sanger sequencing. The PCR products from identified mutant
samples were subcloned into plasmids, and each allele was
identified by sequencing (Fig. 1c). The efficiency of genetic
modification was above 50% using either gRNA1 or gRNA2,
indicating that potentially beneficial genetic modifications
could be introduced into early human embryos with high
efficiency (Table 1). Because all of the 3PN embryo donors
were from non-European populations, we observed a com-
plete absence of the naturally occurring CCR5Δ32 allele in
both the control embryos and the injected embryos, as
expected.

Introduction of CCR5Δ32 allele

Next, we tested whether we could introduce the Δ32 allele
precisely at the CCR5 locus through the HDR pathway by
using ssODNs as donors. Two 90-nt-long ssODNs were de-
signed from the sense strand (ssODN1) and the anti-sense
strand (ssODN2) of the CCR5 locus, each containing 45 nt
sequences homologous to the sequence from each side of the
32 nt intended deletion (Table S2). We delivered the Cas9
mRNA, gRNA1, and ssODN1 using both cytoplasmic and
pronuclear injection methods. Cytoplasmic injection per-
formed better both for embryo development and targeted mu-
tation efficiency (Table 1), although the difference was not
statistically significant due to the small sample size. We were
able to produce the CCR5Δ32 allele in one of the 20 total
embryos by cytoplasmic injection (Fig. 1d, Table 1). We
sought to improve this efficiency by providing a double
stranded donor with 1 kb total homology but did not see sig-
nificant improvement (Table 1).

Because NHEJ repair is usually more efficient and because
two DSBs can be precisely joined through the NHEJ
pathway, we co-injected Cas9 mRNA along with both
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gRNAs targeting the boundaries of the 32 bp region without
providing any donor DNA template. Using this strategy, we
were able to generate embryos containing the CCR5Δ32 al-
lele in four of the 26 total samples (Tables 1 and 2). All of the
alleles identified from the embryos containing the CCR5Δ32
allele are shown in Fig. 2, and the PCR subcloning results are
summarized in Tables 2 and Fig. S1. In the embryos contain-
ing the CCR5Δ32 allele, the other alleles at the same locus
either remained wild type or contained different indel muta-
tions that were not predefined.

Because the majority of 3PN embryos have triploid chromo-
some complements or mosaic arrangements [16], it is very
difficult to assess the mosaicism arising from genome editing.
However, the presence of three to four unique alleles in embry-
os suggests that the mosaicism of genetic modification could
occur (Fig. 2) because mosaicism is well documented in similar
studies in animal models [7, 27]. In addition, the number of
alleles identified from each embryo might be an underestima-
tion due to limitations in the PCR genotyping approach.

To address the potential off-target effects, we predicted the
top 11 and 17 potential off-targets for gRNA1 and gRNA2,
respectively, based on published findings [7, 28], and we ge-
notyped all 28 loci in three embryos containing CCR5Δ32
allele (Table 2). None of these loci contained indel mutations
at the predicted off-targeted regions (Table S2).

Discussion

In this study, we demonstrated that a naturally occurring bene-
ficial allele could be introduced into early human 3PN embryos
through zygote injection of the CRISPR/Cas system. By testing
different strategies, we successfully introduced the naturally
occurring CCR5Δ32 allele into early human 3PN embryos.
Similar to the results obtained in other species, NHEJ-
mediated indel mutations could be obtained with high efficien-
cy, whereas the HDR-mediated precise modifications had a
lower efficiency. Because of the scarcity of human embryos,
we had a relatively small number of samples for each group.
Therefore, the differences in development and mutation rates
among groups are not statistically significant, and we cannot
make any absolute conclusions. We would like to highlight the
fact that even in the embryos in which we successfully intro-
duced the CCR5Δ32 allele, the other alleles at the same locus
either were wild type or contained indel mutations. Liang et al.
showed that the efficiency of HDR of the β-globin gene was
4.7 % (per injected zygote) and that the modified embryos
displayed mosaicism in which wild-type cells and genetically
modified cells coexisted [12]. Our result is consistent with the
study by Liang et al. Although mosaicism may be avoided by a
more careful consideration of the timing and method of micro-
injection, Long et al. demonstrated that the degree of muscle
phenotypic rescue in mosaic mice exceeded the efficiency of
gene correction [9]. Therefore, significant technical hurdles will
need to be overcome to gain control of the genotype of both
alleles in a viable embryo.

Off-target effects are a major concern for the CRISPR/Cas
system. Several studies have reported that the CRISPR/Cas
system induced heritable off-target mutations in both mice
and humans [13, 29]. In this study, we did not detect off-site
targeting as predicted for a total of 28 potential off-target sites.
Recent studies used various strategies to experimentally map

Fig. 1 Gene editing atCCR5 locus in human 3PN embryos. a Schematic
of the targeted CCR5 locus. The 32 bp sequence deleted in natural
occurring CCR5Δ32 allele is capitalized and marked by black box. The
two gRNAs are bold and underlined, and their PAM regions are labeled in
green. b Pictures showing the injection of a human 3PN zygote (left
panel) and the development to 8–16-cell stage in vitro (right panel).
Scale bar = 100 μm. c Schematic of all the alleles identified in each
mutant embryos. The gRNAs injected in each embryo are labeled at the
left side, and the mutations are labeled in red. d Sequence
chromatography of the CCR5Δ32 allele from the targeted human 3PN
embryo. The black line indicates the position of 32 bp deletion

Table 1 CRISPR/Cas9-mediated
gene editing in human 3PN
embryos

Groupsa Injected 3PN
zygotes

Development (%) Genetic modification

Cleavage 8–16 cell NHEJ mutations
(percent)

Δ32
allele (%)

Control water 18 15 (83) 13 (72) 0 0

Cas9 + gRNA1 11 9 (82) 7 (64) 4 (57) 0

Cas9 + gRNA2 13 10 (77) 8 (62) 5 (63) 0

Cas9 + gRNA1+ ssODN1
(PN injection)

23 14 (61) 11 (48) 4 (36) 0

Cas9 + gRNA1+ ssODN1 32 28 (88) 20 (63) 10 (50) 1 (5)

Cas9 + gRNA2+ ssODN2 46 39 (85) 27 (59) 13 (48) 0

Cas9 + gRNA1+1 kb
dsDonor

25 21 (84) 15 (60) 7 (47) 1 (7)

Cas9 + gRNA1+gRNA2 45 37 (82) 26 (58) 13 (50) 4 (15)

a CRISPR/Cas system was delivered to 3PN zygotes by cytoplasmic injection in all groups, except the group
labeled with PN (pronuclear) injection

R
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off-target mutations of the CRISPR/Cas system and found that
computational prediction based on sequence similarity to tar-
get sites failed to predict many off-target mutations [30–32].
Therefore, the embryos likely carried off-target mutations un-
detected by our genotyping, and the off-target effects thus
merit further inquiry.

Liang et al. reported that off-target mutations were de-
tected in modified 3PN embryos by the T7E1 assay and
whole-exome sequencing [12]. However, considering that
the off-target effect is site dependent and that more specific
strategies using more sophisticated enzymes and meticu-
lous design of the guiding molecule have already been
established [33–35], off-target mutagenesis may be mini-
mized by optimizing the procedure [36]. Furthermore,
small molecules that enhance CRISPR-mediated HDR
have also been reported [37], suggesting that the
CRISPR/Cas system could be a reliable genome editing
tool for humans. We intend to investigate the effects of
these molecules on CRISPR-mediated HDR in human
3PN embryos in our future studies.

Because we used 3PN embryos from donors with no
known genetic disorders, we chose to introduce this naturally
occurring allele as a test case for generating a precise genetic
modification. Compared with 2PN embryos, 3PN embryos
only have one more sperm nucleus and are capable of sub-
stantial in vitro development. Thus, our results suggest that
similar techniques could be applied to correct disease-causing
mutations in human early embryos. It is likely that other pro-
grammable endonucleases can also be applied in a similar
manner, although with potentially different efficiencies and
specificities.

These results call for immediate attention being paid to the
regulation of the application of genome engineering technol-
ogies in humans for genetic modification in early embryos and
related work, such as the genetic modification of human
germline cells. Because human in vitro fertilization
methods are well established and site-specific nuclease
technologies are readily available, it is foreseeable that a
genetically modified human could be generated. We be-
lieve that any attempt to generate genetically modified

Table 2 Subcloning of the PCR
products from human 3PN
zygotes containing CCR5Δ32
allele

Experiment WT allele/total (%) Other mutation/total (%) Δ32 allele/total (%)

gRNA1+ ssODN1 E5 8/21 (38) 8/21 (38) 5/21 (24)

gRNA1+ 1 kb dsDonor E7 11/18 (61) 4/18 (22) 3/18 (17)

gRNA1+ gRNA2 E2 8/19 (42) 0 11/19 (58)

gRNA1+ gRNA2 E6 0 6/25 (24) 19/25 (76)

gRNA1+ gRNA2 E13 23/39 (59) 1/39 (3) 15/39 (38)

gRNA1+ gRNA2 E17 30/41 (73) 0 11/41 (27)

PCR products of the target region were amplified from injected embryos and subcloned into pMD18T TA cloning
vector. Plasmid DNA from 18 to 41 E. coli colonies was prepared and sequenced

Fig. 2 All alleles identified in
human 3PN embryos containing
CCR5Δ32 allele. Schematic of all
the alleles identified in each
mutant embryo. The 32 bp
sequence deleted in natural
occurring CCR5Δ32 allele is
capitalized. The gRNAs and donor
DNA injected in each embryo are
labeled at the left side, and the
mutations are labeled in red
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humans through the modification of early embryos needs to be
strictly prohibited until we can resolve both ethical and scien-
tific issues. Several major scientific issues remain. First, for
any germline genetic modification in humans, we believe that
the resulting allele needs to be precisely predefined. This re-
quires the further improvement of precise modification effi-
ciency as well as assays to select the embryos containing the
desired allele. Second, genetic mosaicism, likely due to nucle-
ase action after the one-cell stage, needs to be resolved.
Genome engineering of germline stem cells might be one
potential solution [38]. Third, the specificity of the technolo-
gies needs to be further investigated and improved to ensure
that no off-target mutations will be introduced. Fourth, for any
introduced allele, even a naturally occurring allele in the hu-
man population, the effect of its introduction into a different
genetic background needs to be carefully evaluated.Without a
much better understanding of the genetic network at a system-
atic level, we cannot predict the genome-wide effects of
changing even a single allele.

Genome engineering technologies for germline editing
need to be significantly improved to solve scientific issues
that include, but are not limited to, the ones presented above
before they may be considered for application in humans.
Preimplantation genetic diagnosis (PGD) has already been
used clinically in some countries to screen out human embry-
os with mutations responsible for genetic conditions such as
thalassemia and spinal muscular atrophy. The clinical use of
PGD appears to justify germline genome editing research be-
cause only embryos that contain no suspected mutations, but
have undergone the physical intervention of embryonic cell
biopsy for genetic testing, are used for embryo transfer. Even
with a perfected technology, we believe that genome engineer-
ing in the human germline should only be considered if no less
invasive alternative approach is available.

A thorough discussion regarding the related ethical is-
sues is beyond the scope of our study, and the topic needs
to be addressed comprehensively by the broad internation-
al community. However, to start the discussion, we would
like to raise several important questions. One of the most
important questions is, Bhow do we define the norm of
human and human genome?^ With the rapid development
of human genomics, a large number of human alleles as-
sociated with diseases and human physiology are being
discovered. Once we understand the underlying biology,
would it be acceptable to introduce alleles that improve
human health and life span or to eliminate those imposing
serious disease risks (e.g., Huntington’s disease)?

Despite the significant scientific and ethical issues involved,
however, we believe that it is necessary to keep developing and
improving the technologies for precise genetic modifications in
humans by using animal models and in vitro systems such as
human 3PN embryos and germline stem cells. The availability
and improvement of genome engineering technologies in

human early embryos, the proof-of-concept that we and Liang
et al. [12] provide, may provide solutions for genetic diseases,
improve human health, or play an essential role in surviving
future disruptive selection pressures. Recently, a prominent ad
hoc group of scientists called for a moratorium on clinical ap-
plications of germline gene editing [39]. We also advocate for
preventing any application of genome editing in the human
germline until after a rigorous and thorough evaluation and
discussion are undertaken by the global research and ethics
communities.
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