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Abstract 

CRISPR/Cas9, a highly versatile genome‑editing tool, has garnered significant attention in recent years. Despite 
the unique characteristics of oocytes and early embryos compared to other cell types, this technology has been 
increasing used in mammalian reproduction. In this comprehensive review, we elucidate the fundamental principles 
of CRISPR/Cas9‑related methodologies and explore their wide‑ranging applications in deciphering molecular intrica‑
cies during oocyte and early embryo development as well as in addressing associated diseases. However, it is impera‑
tive to acknowledge the limitations inherent to these technologies, including the potential for off‑target effects, 
as well as the ethical concerns surrounding the manipulation of human embryos. Thus, a judicious and thoughtful 
approach is warranted. Regardless of these challenges, CRISPR/Cas9 technology undeniably represents a formidable 
tool for genome and epigenome manipulation within oocytes and early embryos. Continuous refinements in this 
field are poised to fortify its future prospects and applications.

Keywords CRISPR, Oocyte, Embryo, Development, Human germline genome editing

Introduction
The precise editing of mammalian genome lays the foun-
dation for genetic studies and investigations on germ 
cells [1]. Clustered regularly interspaced short palin-
dromic repeats (CRISPR), uncovered from the immune 
system of bacterial and archaea in response to foreign 
phage invasion [2], is a highly efficient DNA editing tool 
(Fig. 1a) [3–5]. This mechanism relies on the help of the 
small guide RNA (sgRNA), which combines crRNA and 
tracrRNA for targeting genes, as well as the Cas protein 
for cleavage [6–8]. The dsDNA of 3 bp upstream of the 

protospacer adjacent motif (PAM) is cleaved by HNH 
and RuvC nuclease domains [3, 6, 7], generating a site-
specific blunt-ended double-strand break (DSB) [6, 9, 10]. 
Moreover, both HNH and RuvC nuclease domains can be 
inactivated through mutagenesis [3], causing the devel-
opment of nuclease dead Cas9 (dCas9) that can be fused 
to transcriptional activators or repressors for regulation 
of the target gene expression [11]. DSBs can be repaired 
via homology-directed repair (HDR), non-homologous 
end joining (NHEJ), or microhomology-mediated end 
joining (MMEJ) processes, but the repaired DSB may 
harbor random insertions and/or deletions at the cleav-
age site [12–14]. Notably, this technology performs well 
in the manipulation of the mammalian germline genome 
despite the challenges and ethical considerations it has 
faced [1].

Several critical biological events accompany the early 
embryonic development process (Fig.  1b) [15–17]. 
Fertilization of oocyte by sperm causes the maternal-
to-zygotic transition (MZT), encompassing maternal 
mRNA elimination and zygotic genome activation (ZGA) 
[15, 17–19]. Multiple epigenetic modifications take place 
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in early embryos and are critical in pre-implantation 
development [20–23]. DNA methylation and dynamic 
histone modifications such as trimethylation of histone 3 

lysine 4 (H3K4me3) and histone 3 lysine 27 acetylation 
(H3K27ac) often arise across diverse genomic regions 
and are essential for specific developmental processes 

Fig. 1 Schematic of CRISPR system and early embryo development. a Schematic of the CRISPR system structure and gene repair mechanism. 
The crRNA (blue) and tracrRNA (orange) direct the Cas9 protein to target the gene of interest, and two nuclease domains (HNH and RuvC) 
cut the corresponding gene sites to generate DSB. HDR and NHEJ mechanisms repair DNA sequences, and the different outcome is shown 
in the diagram. b Schematic of early embryo development and a series of epigenetic events, including maternal RNA/protein elimination (red 
curve), zygotic genome activation (ZGA, green curve), and the changes of DNA methylation and chromatin structures, are also shown
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through transcriptional regulation [24–28]. Notably, the 
chromatin structure of embryos during cleavage stages 
is in a uniquely relaxed state featuring totipotency, and 
the single-cell chromatin overall omic-scale landscape 
sequencing (scCOOL-seq) technique demonstrated that 
the most dramatic chromosome reprogramming events 
in mammals took place in cleavage-stage embryos [18, 
29–33]. However, many of the linked studies are descrip-
tive, and regulatory networks, as well as related mecha-
nisms remain largely undefined.

As an efficient and inexpensive genome editing tool, 
the CRISPR/Cas9 system has received increased atten-
tion in recent years. In this review, we primarily focus 
on the current use of CRISPR/Cas9 in oocytes or early 
embryos, as well as the limitation of this technology. 
With the assistance of this technology, it is possible to 
fix gene mutations, modify gene expression levels by 
epigenetic manipulation, and visualize proteins directly, 
to answer important scientific questions and treat dis-
eases in human and other species [34–40]. However, it is 
a considerable challenge to overcome the limitations of 
the CRISPR/Cas9 technique, including on-target effects, 
off-target effects, and HDR rate [41–44] (Additional 
file  1: Table  S1). While CRISPR systems are gradually 
improved, previously unrecognized errors in gene edit-
ing are continuously revealed [45, 46], and genome edit-
ing oversights may introduce uncertainty into the health 
of offspring. These limitations and linked ethical issues 
should be addressed before this technology is applied 
further in mammalian oocytes and embryos.

Application of CRISPR in mammalian cells
Gene editing
CRISPR/Cas9 has been used to generate DNA mutations 
to produce homozygous loss-of-function animals. For 
example, the specific domain within the Astl gene encod-
ing Ovastacin was removed using CRISPR to identify the 
role of Ovastacin in preventing sperm binding at zona 
pellucida following fertilization [47, 48]. In general, the 
CRISPR system, including sgRNA and HDR oligonucleo-
tide, was introduced into mouse zygotes to remove the 
seven amino acids of the Ovastacin gene using microin-
jection (Fig.  2a) [48, 49]. Loss of Crygc gene resulted in 
cataracts in mice, and it has been reported that Crygc 
gene deletion could be fixed using the CRISPR system 
in mice (Fig. 2b) [50]. The founders were able to encode 
the Crygc gene and transmit it to offspring successfully 
[50]. Moreover, genetic correction of Duchenne muscu-
lar dystrophy (DMD) mutations by using CRISPR/Cas9-
mediated techniques was recently reported [51–54]. For 
instance, CRISPR in mouse zygotes was validated to cor-
rect DMD mutations in a mouse model [52].

Moreover, CRISPR has also been introduced to modify 
porcine genes and has been instrumental in developing 
xenotransplantation. Encouragingly, it has been used to 
inactivate porcine endogenous retroviruses (PERVs) by 
repressing PERV reverse transcriptase (pol) gene and 
to enhance compatibility with the human immune sys-
tem by editing immune-related genes in pigs (Fig.  2c). 

Fig. 2 Diagram of genome editing in mammals. a Diagram 
summarizing the processes for gene editing of Astl in mice using 
the CRISPR/Cas9 system, including microinjection, embryo transfer, 
identification of founders, obtaining homozygous mutants 
through breeding, and performing phenotype examination 
and mechanism investigation. b Diagram summarizing the correction 
progression of a genetic defect in a cataract mouse model. The 
zygotes from wild‑type mice crossed with  Crygc−/− mice were 
used. Some offspring embryos showed normal phenotypes 
following microinjection of Cas9 mRNA, sgRNA and exogenous DNA 
oligos into heterogeneous zygotes. c The processes to generate 
PERVKO·3KO·9TG pigs. In the first round of engineering, 3KO·9TG pigs 
were obtained by SCNT using CRISPR/Cas9‑edited porcine fibroblasts. 
In the next round of engineering, the candidate fibroblasts 
from 3KO·9TG pigs were isolated and further edited by the CRISPR/
Cas9 system, and PERVKO·3KO·9TG pigs were obtained using SCNT.
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Somatic genes were successfully manipulated using 
CRISPR/Cas9 to generate heritable pigs via somatic cell 
nuclear transfer (SCNT) [55]. Notably, the researchers 
combined CRISPR and transposon technologies to mod-
ify 13 genes in the large animal model, demonstrating the 
engineering power of CRISPR/Cas9 in the mammalian 
germline [55].

Recently, maternal mutant embryos were acquired 
rapidly through microinjection of multiple sgRNAs and 
other CRISPR components to eliminate corresponding 
maternal products in zebrafish [56]. Crispants, a new 
technology derived from CRISPR/Cas9, is helpful for 
investigating maternal-effect genes [57]. To date, crispant 
has been shown to be successful in identifying maternal-
effect genes such as kpna7 in zebrafish by inducing high-
frequency biallelic editing of the germ line [57].

Mitochondria, as the energy-producing organelles of 
eukaryotic cells, contain unique mitochondrial DNA 
(mtDNA), which contributes to maternally inherited 
genetic disorders. The mitochondrially targeted engi-
neered nucleases such as mitochondrially targeted 
TALENs (mitoTALENs) and mitochondrially targeted 
zinc finger nucleases (mtZFNs) have been reported to 
limit pathogenic mtDNA mutations in mouse oocytes 
and improve the quality of aged eggs [58, 59]. Using the 
CRISPR/Cas9 system, it is gradually applied in treating 
mitochondrial diseases. Jo et al. reported the manipula-
tion of mtDNA using the CRISPR/Cas9 system through 
the creation of a mitochondria-targeted Cas9 (mitoCas9) 
localized to mitochondria together with the specific 
gRNA to cleave mtDNA without affecting genomic DNA 
[60].

Collectively, the CRISPR/Cas9 system has been suc-
cessfully applied in mammalian oocytes and embryos 
across various animal models including mice and pigs, 
and previously confronted difficulties in the treatment of 
some diseases may be addressed by directly altering the 
genomic sequences. Moreover, the application of genome 
editing techniques in mammalian oocytes and embryos 
will significantly enable the mechanistic study of devel-
opmental events at these stages, and a complete under-
standing of molecular mechanisms will provide valuable 
information for technical advancement.

Transcriptional regulation
CRISPR is a flexible tool, particularly catalytically inac-
tivated dCas9, which has been developed as a DNA-
targeting module for epigenome engineering [9, 36, 61, 
62]. With the successful application of novel gene edit-
ing tools such as dCas9-v64 in the early stage, the fusion 
of dCas9 to various transcription regulators or modify-
ing enzymes has gradually been shown to be effective in 
regulating gene expression, including P300, VPR, KRAB, 

MECP2, TET, and DNMT [37, 62–66]. For example, stud-
ies have shown that the fusion of dCas9 with DNMT3a or 
TET1 allows for the silencing or activating of endogenous 
reporters respectively, by targeting promoter sequences 
[61] (Fig. 3a). The application of dCas9-DNMT genome 
editing has been demonstrated to reduce PLPP3 expres-
sion by increasing 5-methylcytosine (5mC) [67]. There is 
also ample literature demonstrating the effectiveness of 
this type of editing [39, 67–69]. Individual mammalian 
oocytes and embryos can be used to edit the methyla-
tion status of target genomic regions through microinjec-
tion of specific methylation editing systems, such as the 
dCas9-TET/DNMT complex, which can correct familial 
Angelman syndrome in a mouse model [70]. Addition-
ally, an improved CRISPR system, which includes sgRNA 
and dCas9-Dnmt3a, was applied to edit seven genomic 
imprinting regions simultaneously in single unfertilized 
oocytes, and these oocytes produced offspring suc-
cessfully following fertilization [38]. The investigation 
of oocyte methylation has been promoted, bringing a 
unique strategy to inhibit or correct maternally transmit-
ted nongenetic diseases or disorders.

Moreover, alterations in chromatin looping can also 
modulate gene expression [61]. Topologically associating 
domains and gene loops governed by architecture pro-
teins like CTCF (CCCTC-binding factor) and cohesion 
complex are important chromatin elements [71]. When 
DNA methylation of CpGs was introduced via the target-
ing of dCas9-DNMT3a to two CTCF binding sites, the 
interaction between enhancers and nearby gene loops 
was identified to be increased, facilitating gene activation 
[61].

Collectively, the CRISPR/Cas9 system can tune gene 
expression at the transcriptional level through epige-
netic editing of chromatin modifications without altering 
genomic sequences.

Protein‑targeted regulation and visualization
Endogenous target proteins may be degraded through 
the CRISPR/Cas9-introduced auxin-inducible degrada-
tion (AID) system. For instance, degradation of maternal 
proteins may be efficiently induced using the AID system 
in the ovary and early embryo of Drosophila [72].

CRISPR/Cas9 technology enables systematic studies 
of protein localization and protein-protein interactions 
with the assistance of tag-based proteomics [73–75]. The 
Pax6-IRES-EGFP knock-in mouse lines have been estab-
lished to express endogenous EGFP in the Pax6 locus, 
and the visualization of endogenous PAX6 dynamics was 
obtained using an optimized CRISPR/Cas9-mediated 
technique (Fig.  3b) [76, 77]. Additionally, the complex 
system containing EGFP-tagged dCas9 and site-spe-
cific sgRNAs allows for the visualization of repetitive 
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element-containing chromatin regions such as telomeres, 
centromeres, and satellite DNAs in the genome [40]. In 
this way, CRISPR imaging was successfully employed to 
assess the dynamics of telomeres during telomere elonga-
tion and the dynamic behaviors of the MUC4 loci during 
mitosis [40].

Overall, the CRIPSR/Cas9 system can label endogenous 
proteins to tailor their stabilities and demonstrate their 
characteristics, including localization and dynamics.

Application of CRISPR in human cells
Outside of mice and pigs, CRISPR/Cas9 technology is 
also widely employed in human cells. To conduct large-
scale, loss-of-function screens, CRISPR/Cas-based 
knockout libraries were generated by delivering diverse 
sgRNAs into HeLaoc-SC cells, and the essential host 
genes for cell intoxication were identified through 
anthrax and diphtheria toxin selection (Fig. 4a) [78, 79].

Due to the particularity of human samples, sev-
eral studies on CRISPR/Cas9 in human stem cells are 
also meaningful, laying the foundation for subsequent 
research on oocytes and embryos [80, 81]. Previous 
investigations have demonstrated that the dCas9-
VP64 editing tools targeted by sgRNA can increase 

the expression of certain genes in human cells [62]. 
For DNA methylation regulation, DNMT3A could be 
knocked out by CRISPR/Cas9 in human induced pluri-
potent stem cells (iPSCs) to determine the impact of 
DNA methylation in cardiomyocytes [39]. Notably, the 
methylation of the FMR1 promoter was altered by the 
dCas9-Tet1/sgRNA editing tool to restore the expres-
sion of FMR1 in human iPSCs [68]. In addition, endog-
enous proteins in human iPSCs were systematically 
tagged using fluorescent markers through the CRISPR/
Cas9 system using a genome-editing strategy (Fig.  4b) 
[82]. With the development of CRISPR/Cas9, it can be 
applied to study various diseases. It was reported that 
iPSCs from DMD patients could be corrected to exhibit 
them as an adequate model for studying disease-related 
mechanisms [52]. The application in hematopoietic 
stem and progenitor cells (HSPCs) has been widely 
demonstrated, indicating precise induction and repair 
mechanisms for genome editing in human cell lines [83, 
84]. Human iPSCs derived from Wolfram syndrome 1 
(WFS1) patients were collected, and disease-causing 
mutations were successfully corrected using CRISPR/
Cas9 technology [85]. Several other diseases, includ-
ing amyotrophic lateral sclerosis (ALS), sickle cell 

Fig. 3 Diagram of transcriptional regulation and protein labeling by CRISPR/Cas9 system. a Diagram showing that the inactive Cas9 protein can 
be fused to epigenetic modifiers like DNMT3A and TET1 to alter gene expression by modifying the methylation state of cytosine in the specific 
promoter. b Diagram of pronuclear injection process to generate reporter mice. The RNP complex which contained Cas9 protein, crRNA 
and tracrRNA, and Pax6‑IR4ES‑EGFP targeting vector was injected into mouse fertilized eggs to obtain knock‑in mice
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Fig. 4 Schematic diagram showing application of CRIPSR/Cas9 system in human cells. a Schematic diagram showing the construction of sgRNA 
library and functional screening steps. These sgRNAs were created to target 291 human genes, and the sgRNA library was designed by the assembly 
to the backbone of the virus. Through the lentiviral infection, the sgRNAs were delivered into HeLaoc‑SC cells and those cells stably expressing 
sgRNAs were selected by FACS for green fluorescence. After toxin treatment, the resistant cells were selected for PCR and high‑throughput 
sequencing analysis. b Schematic depicting the genome‑editing process. Human iPSCs were edited using Cas9 complex and donor plasmid 
by electroporation. Details for genome‑editing experiments are shown and the GFP+ cells were collected and used for imaging. c Diagram 
of the injection of Cas9 mRNA and sgRNA into human 3PN embryos to edit target genes, and 8–16 cell stage embryos were further collected 
to examine genome editing efficiency
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disease (SCD), and brain tumors, can be treated by the 
CRISPR/Cas9 system [83, 84, 86–90].

The use of CRISPR/Cas9 to human germline genome 
editing (HGGE) has been tested in recent years. At first, 
human tripronuclear (3PN) zygotes which refers to an 
embryo with three pro-nuclei, were employed for gene 
editing (Fig. 4c) [91, 92], and later zygotes were used for 
CRISPR genetic correction of mutations of endogenous 
β-globin gene (HBB) and glucose-6-phosphate dehydro-
genase (G6PD) [93]. With the advancement of microin-
jection technology, MYBPC3 mutation has been fixed 
through co-injection of sperm and CRISPR/Cas9 com-
ponents into human metaphase II (MII) oocytes [35]. 
By utilizing a zygote microinjection technique, authors 
designed an efficient sgRNA and targeted the POU5F1 
(OCT4) gene with high efficiency (Fig. 5) [34, 35]. They 
found that loss of OCT4 led to the failure of blastocyst 
development in humans, suggesting regulatory roles 
of human OCT4 in cleavage stages [34]. We note that 
the editing of human mtDNA has also made progress 
recently [36, 94]. A CRISPR-free editing method called 
DddA-derived cytosine base editors (DdCBEs), which 
catalyze C•G-to-T•A conversion through modified 
DddA deaminase, was reported in 2020 and provided 

the potential to manipulate mtDNA in human cells 
[95]. Chen et al. then used the DdCBE technique to edit 
mtDNA in human 3PN embryos [96]. mtDNA editing 
has attracted increased attention, especially in oocytes 
and early embryos, and may become an active research 
field in the coming years.

Though applying the CRISPR/Cas9 technique in 
human cells is achievable, the genetic editing results are 
still unpredictable. In particular, germline gene editing 
raises a series of social and ethical issues or even laws 
due to the uncertainty of heritable changes in humans 
[45]. Dr. Jiankui He, who claimed that he had edited the 
genome of a human embryo and produced babies suc-
cessfully, has been strongly condemned and arrested 
[97]. So far, human genome editing for reproduction has 
been banned in most countries [46]. The application of 
CRISPR/Cas9 in HGGE is far from clinical application 
due to the technical, safety and ethical issues. Improve-
ment of the technique is still ongoing, but its value in 
evaluating and exploring human early embryogenesis and 
related pathogenesis should not be underestimated [45].

CRISPR/Cas9 technology has been validated to be fea-
sible in human cells, including early embryos. This tech-
nique can be used to explore critical regulatory factors in 

Fig. 5 Diagram summarizing the experimental steps of editing POU5F1 (OCT4) locus in mouse zygote (green) and human zygote (blue) using 
the CRISPR‑Cas9 strategy. Different effects on human embryo development were compared in the presence and absence of the OCT4 gene. The 
role of OCT4 was also compared between mouse and human embryo development
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embryonic development and to facilitate the treatment 
of human diseases by editing genomic sequences and 
epigenetic modifications. We note that ethical problems 
inevitably exist in the operation of human embryos. Sub-
sequent research should further explore current knowl-
edge that troubles the public within the scope of ethics to 
promote the development of science and the treatment of 
diseases.

Challenges and improvements of the CRISPR/CAS9 
system
On‑target mutagenesis
With the development of the CRISPR/Cas9 technique, it 
is gradually found that this gene editing tool might lead 
to significant mutagenesis [41, 98, 99]. Many articles have 
shown that applying the CRISPR/Cas9 system caused 
severe DNA repair errors, which induced genomic dam-
age, including deletion and rearrangement [41, 98, 99]. 
Both PCR pairing and terminal whole genome sequenc-
ing (WGS) revealed large gene deletions in the edited 
products, and it has been reported that injection of 
CRISPR/Cas9 components into mouse zygotes even pro-
duced a 293 kb gene deletion [41, 99]. Intriguingly, it has 
been shown that using a single nickase is more effective 
than the nuclease method in this genome editing system 
[100]. However, due to the limitations of current detec-
tion methods, it may not be possible to assess this large 
amount of genetic damage accurately [99].

Off‑target effects
Off-target effect is another foremost challenge, and it 
generates uncertainties including unexpected muta-
tions, deletions, rearrangements, and even cell death 
during genome editing, which affect the general use 
of the CRISPR/Cas9 system [101]. To limit the off-tar-
get efficiency, engineered Cas9 variants have attracted 
increasing interest, including mutants of type II Strep-
tococcus pyogenes Cas9 (spCas9) with enhanced speci-
ficity (eSpCas9) and high-fidelity (SpCas9-HF1) [42, 
102–108]. There is also a new hyper-accurate Cas9 vari-
ant (HypaCas9) which showed high genome-wide spec-
ificity in human cells, and a novel cytosine base editors 
(CBEs) with rAPOBEC1, which reduced the off-target 
effects by changing the structure of Cas9 [42, 102–105].

Additionally, it was determined that the activity of the 
HNH nuclease domain influenced the cleavage of DNA 
strands. The correct on-target DNA ensures proper 
cleavage of the double strand by a signal that causes 
the conformational change of the HNH domain, which 
is not present when off-target [109]. Subsequently, 
methods like CHANGE-seq and DISCOVER-seq 

were reported to be used to inquire about the activity 
of CRISPR/Cas9 nucleases and the off-target activity 
[110, 111]. Typically, high-fidelity Cas9 variants reduce 
the off-target efficiency but the on-target efficiency is 
also significantly reduced [43]. Unexpectedly, a recent 
study suggested an intriguing research direction. The 
Cas9-activated intermediates were investigated and 
the role of the formation of the guide RNA–DNA tar-
get strand duplex and recombination loop in the RuvC 
domain was found in the mismatch situation. And this 
mismatch-stabilization mechanism was employed to 
design SuperFi-Cas9 to reduce the off-target efficiency 
while maintaining the on-target efficiency [43].

The effect of PAM sequences on the CRISPR/Cas9 
system cannot be ignored. A particular Cas9 variant 
known as xCas9 was identified to be more compatible 
with different PAM sequences and could reduce off-tar-
get effects to improve editing efficiency [108, 112].

Other effects
After CRISPR/Cas9 takes action, DSB is produced and 
repaired by HDR, NHEJ or MMEJ [14]. Usually, the effi-
ciency of desired gene repair by HDR is low, and NHEJ 
which mediated small indels can occur faster and more 
efficiently, while it usually causes uncontrollable genetic 
damages [14, 113]. Hence, many methods have been 
presented to increase the rate of HDR by adjusting the 
size of the insert/donor, modifying DNA donors with 
phosphorothioation and inhibiting NHEJ activity [114]. 
For instance, it was reported that a longer homologous 
arm and single-stranded oligonucleotide DNA tem-
plate increased the HDR rate [115]. Inhibiting specific 
DSB repair pathway regulators like 53BP1 or fusion of 
Cas9-guide RNA ribonucleoprotein (RNP) complex 
and a single-stranded oligodeoxynucleotide (ssODN) 
have been proven to be helpful in improving HDR rate 
[114, 116]. Moreover, the HDR rate could be increased 
if CRIPSR/Cas9 is used during HDR-preferred phases 
(S/G2) in human hematopoietic stem cells [117].

Another challenge using the CRISPR/Cas9 system to 
edit is high mosaicism, which results in various muta-
tions at the target locus and induces uncontrollable 
effects on subsequent development [118]. Changing the 
timing of gene editing has been proven to reduce mosa-
icism, such as when sperm and CRISPR components 
are co-injected into MII human oocytes for editing 
[35]. In addition, the authors indicated that except for 
the CRISPR/Cas9’s innate separate or enzymatic modi-
fication mechanism, the frequent retroelement inser-
tions exacerbate the diversity of alleles and mosaicism 
in early mouse embryos [44].
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Conclusion and discussion
CRISPR/Cas9 system with simple components has 
recently been widely applied to mammalian oocytes 
and embryos, providing great convenience for sci-
entific research and the exploration of disease treat-
ment [34–40]. As an editing technology, the CRISPR 
system can act on mammalian genomes in cell lines, 
oocytes, and embryos to correct gene mutations and 
produce offspring with normal gene expression, which 
is beneficial for treating related diseases [34–40]. The 
improved CRISPR technology contains a dCas9 with 
transcriptional regulators or modifying enzymes, mak-
ing it possible to regulate the expression of endogenous 
genes [37, 61–66]. In addition, this technique has been 
applied in protein visualization, protein-protein inter-
action and performing large-scale loss/gain of func-
tion screening [73, 75, 78]. Even though the CRISPR/
Cas9 technology is convenient, there are many limita-
tions and challenges, including on-target mutagenesis, 
off-target effects and other effects like high mosaicism 
rate [41–44]. To improve this technology, research-
ers attempted to design a more efficient editing system 
by modifying the Cas9 enzyme, studying the nuclease 
working domain, changing the PAM sequence, improv-
ing the HDR rate, and reducing the mosaicism rate [42, 
43, 108].

In recent years, CRISPR/Cas9 has been widely used 
in animal models such as mice, and its application in 
humans has attracted more attention. Some studies 
have successfully used this technology to answer sci-
entific questions and tackle disease treatment difficul-
ties [91, 92], but potentially subsequent adverse effects 
seriously limit its application [41–44]. Editing human 
embryos involves ethical concerns that make it diffi-
cult to advance further, and it may take years to refine 
the technology and successfully apply it to the editing 
of the human genome [45, 46]. Particularly, maternal 
mtDNA is essential for embryonic development. With 
its excellent targeting performance, CRISPR/Cas9 has 
successfully edited mtDNA in mice and humans, pro-
viding new ideas for studying mitochondrial functions 
and mitochondria-related diseases [60, 95, 96].

Related mechanisms remain largely unexplored 
because of the lack of cell models and paucity of study-
ing materials. Subsequent studies of this technique 
should focus more on limitations and ethical issues, 
and with the improvement of detection technology, 
the application will be broader and deeper in mam-
mals. CRISPR/Cas9 system has been regarded excel-
lent genome editing tool and has proven to work well 
in oocytes and embryos. We believe further improve-
ments will expand its application and minimize its 
unexpected consequences.

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s12967‑ 023‑ 04610‑9.

Additional file 1: Table S1. Advantages and disadvantages of CRISPR 
systems.

Acknowledgements
Some of image templates referred to the website: ‘Vecteezy.com’.

Author contributions
LZ and TY conceived the ideas, and YZ wrote the manuscript.

Funding
This work was supported by the National Natural Science Foundation of China 
[NSFC 32170820, 31771661], and program for HUST Academic Frontier Youth 
Team.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 12 July 2023   Accepted: 9 October 2023

References
 1. Vassena R, et al. Genome engineering through CRISPR/Cas9 technol‑

ogy in the human germline and pluripotent stem cells. Hum Reprod 
Update. 2016;22(4):411–9.

 2. Barrangou R, et al. CRISPR provides acquired resistance against viruses 
in prokaryotes. Science. 2007;315(5819):1709–12.

 3. Jiang F, Doudna JA. CRISPR‑Cas9 structures and mechanisms. Annu Rev 
Biophys. 2017;46:505–29.

 4. Pabo CO, Peisach E, Grant RA. Design and selection of novel Cys2His2 
zinc finger proteins. Annu Rev Biochem. 2001;70:313–40.

 5. Bogdanove AJ, Voytas DF. TAL effectors: customizable proteins for DNA 
targeting. Science. 2011;333(6051):1843–6.

 6. Jinek M, et al. A programmable dual‑RNA‑guided DNA endonuclease in 
adaptive bacterial immunity. Science. 2012;337(6096):816–21.

 7. Gasiunas G, et al. Cas9‑crRNA ribonucleoprotein complex mediates 
specific DNA cleavage for adaptive immunity in bacteria. Proc Natl 
Acad Sci USA. 2012;109(39):E2579‑2586.

 8. Brouns SJJ, et al. Small CRISPR RNAs guide antiviral defense in prokary‑
otes. Science. 2008;321(5891):960–4.

 9. Cong L, et al. Multiplex genome engineering using CRISPR/Cas systems. 
Science. 2013;339(6121):819–23.

 10. Komor AC, Badran AH, Liu DR. CRISPR‑based technologies for the 
manipulation of eukaryotic genomes. Cell. 2017;168(1–2):20–36.

 11. Gilbert LA, et al. Genome‑scale CRISPR‑mediated control of gene 
repression and activation. Cell. 2014;159(3):647–61.

 12. Zhang C, Quan R, Wang J. Development and application of CRISPR/Cas9 
technologies in genomic editing. Hum Mol Genet. 2018;27(R2):R79–88.

https://doi.org/10.1186/s12967-023-04610-9
https://doi.org/10.1186/s12967-023-04610-9


Page 10 of 11Zhang et al. Journal of Translational Medicine          (2023) 21:746 

 13. Miyaoka Y, et al. Systematic quantification of HDR and NHEJ reveals 
effects of locus, nuclease, and cell type on genome‑editing. Sci Rep. 
2016;6: 23549.

 14. Fu Y‑W, et al. Dynamics and competition of CRISPR‑Cas9 ribonucleo‑
proteins and AAV donor‑mediated NHEJ, MMEJ and HDR editing. 
Nucleic Acids Res. 2021;49(2):969–85.

 15. Roeder RG. 50+ years of eukaryotic transcription: an expand‑
ing universe of factors and mechanisms. Nat Struct Mol Biol. 
2019;26(9):783–91.

 16. Sasaki H, Matsui Y. Epigenetic events in mammalian germ‑cell 
development: reprogramming and beyond. Nat Rev Genet. 
2008;9(2):129–40.

 17. Xu Q, Xie W. Epigenome in early mammalian development: 
inheritance, reprogramming and establishment. Trends Cell Biol. 
2018;28(3):237–53.

 18. Eckersley‑Maslin MA, Alda‑Catalinas C, Reik W. Dynamics of the epige‑
netic landscape during the maternal‑to‑zygotic transition. Nat Rev Mol 
Cell Biol. 2018;19(7):436–50.

 19. Aoki F, Worrad DM, Schultz RM. Regulation of transcriptional activity 
during the first and second cell cycles in the preimplantation mouse 
embryo. Dev Biol. 1997;181(2):296–307.

 20. Waddington CH. The epigenotype. 1942. Int J Epidemiol. 
2012;41(1):10–3.

 21. Bird A. Perceptions of epigenetics. Nature. 2007;447(7143):396–8.
 22. Yao C, Zhang W, Shuai L. The first cell fate decision in pre‑implantation 

mouse embryos. Cell Regen. 2019;8(2):51–7.
 23. Xia W, et al. Resetting histone modifications during human parental‑to‑

zygotic transition. Science. 2019;365(6451):353–60.
 24. Fu X, Zhang C, Zhang Y. Epigenetic regulation of mouse preimplanta‑

tion embryo development. Curr Opin Genet Dev. 2020;64:13–20.
 25. Dahl JA, et al. Broad histone H3K4me3 domains in mouse oocytes mod‑

ulate maternal‑to‑zygotic transition. Nature. 2016;537(7621):548–52.
 26. Yamazaki T, et al. Editing DNA methylation in mammalian embryos. Int J 

Mol Sci. 2020;21(2):637.
 27. Wang L, et al. Programming and inheritance of parental DNA methyl‑

omes in mammals. Cell. 2014;157(4):979–91.
 28. Guo H, et al. The DNA methylation landscape of human early embryos. 

Nature. 2014;511(7511):606–10.
 29. Berr A, et al. Chromatin modification and remodelling: a regulatory 

landscape for the control of Arabidopsis defence responses upon 
pathogen attack. Cell Microbiol. 2012;14(6):829–39.

 30. Burton A, Torres‑Padilla M‑E. Chromatin dynamics in the regulation of 
cell fate allocation during early embryogenesis. Nat Rev Mol Cell Biol. 
2014;15(11):723–34.

 31. Ke Y, et al. 3D chromatin structures of mature gametes and struc‑
tural reprogramming during mammalian embryogenesis. Cell. 
2017;170(2):367–81.

 32. Xu R, et al. Insights into epigenetic patterns in mammalian early 
embryos. Protein Cell. 2021;12(1):7–28.

 33. Li L, et al. Single‑cell multi‑omics sequencing of human early embryos. 
Nat Cell Biol. 2018;20(7):847–58.

 34. Fogarty NME, et al. Genome editing reveals a role for OCT4 in human 
embryogenesis. Nature. 2017;550(7674):67–73.

 35. Ma H, et al. Correction of a pathogenic gene mutation in human 
embryos. Nature. 2017;548(7668):413–9.

 36. Mali P, et al. RNA‑guided human genome engineering via Cas9. Science. 
2013;339(6121):823–6.

 37. Gemberling MP, et al. Transgenic mice for in vivo epigenome editing 
with CRISPR‑based systems. Nat Methods. 2021;18(8):965–74.

 38. Wei Y, Yang C‑R, Zhao Z‑A. Viable offspring derived from single 
unfertilized mammalian oocytes. Proc Natl Acad Sci USA. 2022;119(12): 
e2115248119.

 39. Madsen A, et al. An important role for DNMT3A‑mediated DNA meth‑
ylation in cardiomyocyte metabolism and contractility. Circulation. 
2020;142(16):1562–78.

 40. Chen B, et al. Dynamic imaging of genomic loci in living human cells by 
an optimized CRISPR/Cas system. Cell. 2013;155(7):1479–91.

 41. Adikusuma F, et al. Large deletions induced by Cas9 cleavage. Nature. 
2018;560(7717):E8–9.

 42. Yu Y, et al. Cytosine base editors with minimized unguided DNA and 
RNA off‑target events and high on‑target activity. Nat Commun. 
2020;11(1):2052.

 43. Bravo JPK, et al. Structural basis for mismatch surveillance by CRISPR‑
Cas9. Nature. 2022;603(7900):343–7.

 44. Jeon J, et al. Retroelement insertion in a CRISPR/Cas9 editing site in the 
early embryo intensifies genetic mosaicism. Front Cell Dev Biol. 2019;7: 
273.

 45. Rossant J. Gene editing in human development: ethical concerns and 
practical applications. Development. 2018;145(16):dev150888.

 46. Baylis F, et al. Human germ line and heritable genome editing: the 
global policy landscape. CRISPR J. 2020;3(5):365–77.

 47. Dietzel E, et al. Fetuin‑B, a liver‑derived plasma protein is essential for 
fertilization. Dev Cell. 2013;25(1):106–12.

 48. Xiong B, et al. A unique egg cortical granule localization motif is 
required for ovastacin sequestration to prevent premature ZP2 
cleavage and ensure female fertility in mice. PLoS Genet. 2017;13(1): 
e1006580.

 49. Quesada V, et al. Identification and characterization of human and 
mouse ovastacin: a novel metalloproteinase similar to hatching 
enzymes from arthropods, birds, amphibians, and fish. J Biol Chem. 
2004;279(25):26627–34.

 50. Wu Y, et al. Correction of a genetic disease in mouse via use of CRISPR‑
Cas9. Cell Stem Cell. 2013;13(6):659–62.

 51. Long C, et al. Prevention of muscular dystrophy in mice by 
CRISPR/Cas9‑mediated editing of germline DNA. Science. 
2014;345(6201):1184–8.

 52. Min Y‑L, Bassel‑Duby R, Olson EN. CRISPR correction of Duchenne 
muscular dystrophy. Annu Rev Med. 2019;70:239–55.

 53. Chemello F, Bassel‑Duby R, Olson EN. Correction of muscular dystro‑
phies by CRISPR gene editing. J Clin Investig. 2020;130(6):2766–76.

 54. Zhang Y, et al. A humanized knockin mouse model of Duchenne mus‑
cular dystrophy and its correction by CRISPR‑Cas9 therapeutic gene 
editing. Mol Ther Nucleic Acids. 2022;29:525–37.

 55. Yue Y, et al. Extensive germline genome engineering in pigs. Nat 
Biomed Eng. 2021;5(2):134–43.

 56. Zhang C, et al. Rapid generation of maternal mutants via oocyte 
transgenic expression of CRISPR‑Cas9 and sgRNAs in zebrafish. Sci Adv. 
2021;7(32):eabg4243.

 57. Moravec CE, et al. Identification of maternal‑effect genes in zebrafish 
using maternal crispants. Development. 2021;148(19):dev199536.

 58. Jiang Z, Shen H. Mitochondria: emerging therapeutic strategies for 
oocyte rescue. Reprod Sci. 2022;29(3):711–22.

 59. Reddy P, et al. Selective elimination of mitochondrial mutations in the 
germline by genome editing. Cell. 2015;161(3):459–69.

 60. Jo A, et al. Efficient mitochondrial genome editing by CRISPR/Cas9. 
BioMed Res Int. 2015;2015: 305716.

 61. Liu XS, et al. Editing DNA methylation in the mammalian genome. Cell. 
2016. https:// doi. org/ 10. 1016/j. cell. 2016. 08. 056.

 62. Hilton IB, et al. Epigenome editing by a CRISPR‑Cas9‑based acetyltrans‑
ferase activates genes from promoters and enhancers. Nat Biotechnol. 
2015;33(5):510–7.

 63. Chavez A, et al. Highly efficient Cas9‑mediated transcriptional program‑
ming. Nat Methods. 2015;12(4):326–8.

 64. Yeo NC, et al. An enhanced CRISPR repressor for targeted mammalian 
gene regulation. Nat Methods. 2018;15(8):611–6.

 65. Hogg SJ, et al. Targeting histone acetylation dynamics and onco‑
genic transcription by catalytic P300/CBP inhibition. Mol Cell. 
2021;81(10):2183–200.

 66. Klann TS, et al. CRISPR‑Cas9 epigenome editing enables high‑
throughput screening for functional regulatory elements in the human 
genome. Nat Biotechnol. 2017;35(6):561–8.

 67. Mkannez G, et al. DNA methylation of a PLPP3 MIR transposon‑based 
enhancer promotes an osteogenic programme in calcific aortic valve 
disease. Cardiovasc Res. 2018;114(11):1525–35.

 68. Liu XS, et al. Rescue of fragile X syndrome neurons by DNA methylation 
editing of the FMR1 gene. Cell. 2018;172(5):979–92.

 69. Ansari I, et al. CRISPR/Cas mediated epigenome editing for cancer 
therapy. Semin Cancer Biol. 2022;83:570–83.

 70. Wei Y, et al. DNA methylation analysis and editing in single mammalian 
oocytes. Proc Natl Acad Sci USA. 2019;116(20):9883–92.

https://doi.org/10.1016/j.cell.2016.08.056


Page 11 of 11Zhang et al. Journal of Translational Medicine          (2023) 21:746  

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 71. Dekker J, Mirny L. The 3D genome as moderator of chromosomal com‑
munication. Cell. 2016;164(6):1110–21.

 72. Bence M, et al. Combining the auxin‑inducible degradation sys‑
tem with CRISPR/Cas9‑based genome editing for the conditional 
depletion of endogenous Drosophila melanogaster proteins. FEBS J. 
2017;284(7):1056–69.

 73. Thöne FMB, et al. CRISPR/Cas9‑mediated generic protein tagging in 
mammalian cells. Methods. 2019;164–5:59–66.

 74. Schnütgen F, et al. High throughput gene trapping and postinsertional 
modifications of gene trap alleles. Methods. 2011;53(4):347–55.

 75. Hubner NC, et al. Quantitative proteomics combined with BAC 
TransgeneOmics reveals in vivo protein interactions. J Cell Biol. 
2010;189(4):739–54.

 76. Inoue YU, et al. Generation of Pax6‑IRES‑EGFP knock‑in mouse via the 
cloning‑free CRISPR/Cas9 system to reliably visualize neurodevelop‑
mental dynamics. Neurosci Res. 2018;132:1–7.

 77. Shaham O, et al. Pax6: a multi‑level regulator of ocular development. 
Prog Retin Eye Res. 2012;31(5):351–76.

 78. Wang T, et al. Genetic screens in human cells using the CRISPR‑Cas9 
system. Science. 2014;343(6166):80–4.

 79. Zhou Y, et al. High‑throughput screening of a CRISPR/Cas9 library for 
functional genomics in human cells. Nature. 2014;509(7501):487–91.

 80. Seeger T, Porteus M, Wu JC. Genome editing in cardiovascular biology. 
Circul Res. 2017;120(5):778–80.

 81. Balboa D, et al. Insulin mutations impair beta‑cell development in a 
patient‑derived iPSC model of neonatal diabetes. Elife. 2018;7:7.

 82. Roberts B, et al. Systematic gene tagging using CRISPR/Cas9 in 
human stem cells to illuminate cell organization. Mol Biol Cell. 
2017;28(21):2854–74.

 83. Lattanzi A, et al. Development of β‑globin gene correction in human 
hematopoietic stem cells as a potential durable treatment for sickle cell 
disease. Sci Transl Med. 2021;13(598):eabf2444.

 84. Ferrari G, Thrasher AJ, Aiuti A. Gene therapy using haematopoietic stem 
and progenitor cells. Nat Rev Genet. 2021;22(4):216–34.

 85. Maxwell KG, et al. Gene‑edited human stem cell‑derived β cells from a 
patient with monogenic diabetes reverse preexisting diabetes in mice. 
Sci Transl Med. 2020. https:// doi. org/ 10. 1126/ scitr anslm ed. aax91 06.

 86. Yun Y, Ha Y. CRISPR/Cas9‑mediated gene correction to understand ALS. 
Int J Mol Sci. 2020;21(11):3801.

 87. Knupp A, et al. Depletion of the AD risk gene SORL1 selectively impairs 
neuronal endosomal traffic independent of amyloidogenic APP pro‑
cessing. Cell Rep. 2020;31(9): 107719.

 88. Ogawa J, et al. Glioblastoma model using human cerebral organoids. 
Cell Rep. 2018;23(4):1220–9.

 89. VanderWall KB, et al. Retinal ganglion cells with a glaucoma OPTN(E50K) 
mutation exhibit neurodegenerative phenotypes when derived from 
three‑dimensional retinal organoids. Stem Cell Rep. 2020;15(1):52–66.

 90. Bian S, et al. Genetically engineered cerebral organoids model brain 
tumor formation. Nat Methods. 2018;15(8):631–9.

 91. Liang P, et al. CRISPR/Cas9‑mediated gene editing in human tripronu‑
clear zygotes. Protein Cell. 2015;6(5):363–72.

 92. Kang X, et al. Introducing precise genetic modifications into human 
3PN embryos by CRISPR/Cas‑mediated genome editing. J Assist Reprod 
Genet. 2016;33(5):581–8.

 93. Tang L, et al. CRISPR/Cas9‑mediated gene editing in human zygotes 
using Cas9 protein. Mol Genet Genom. 2017;292(3):525–33.

 94. Gammage PA, Moraes CT, Minczuk M. Mitochondrial genome 
engineering: the revolution may not be CRISPR‑Ized. Trends Genet. 
2018;34(2):101–10.

 95. Mok BY, et al. A bacterial cytidine deaminase toxin enables CRISPR‑free 
mitochondrial base editing. Nature. 2020;583(7817):631–7.

 96. Chen X, et al. DdCBE‑mediated mitochondrial base editing in human 
3PN embryos. Cell Discov. 2022;8(1):8.

 97. Greely HT. CRISPR’d babies: human germline genome editing in the ‘He 
Jiankui affair’. J Law Biosci. 2019;6(1):111–83.

 98. Kosicki M, Tomberg K, Bradley A. Repair of double‑strand breaks 
induced by CRISPR‑Cas9 leads to large deletions and complex rear‑
rangements. Nat Biotechnol. 2018;36(8):765–71.

 99. Korablev A, et al. On‑target CRISPR/Cas9 activity can cause undesigned 
large deletion in mouse zygotes. Int J Mol Sci. 2020;21(10):3604.

 100. Cullot G, et al. CRISPR‑Cas9 genome editing induces megabase‑scale 
chromosomal truncations. Nat Commun. 2019;10(1):1136.

 101. Chen S, et al. CRISPR system: discovery, development and off‑target 
detection. Cell Signal. 2020;70: 109577.

 102. Slaymaker IM, et al. Rationally engineered Cas9 nucleases with 
improved specificity. Science. 2016;351(6268):84–8.

 103. Kleinstiver BP, et al. High‑fidelity CRISPR‑Cas9 nucleases with no detect‑
able genome‑wide off‑target effects. Nature. 2016;529(7587):490–5.

 104. Chen JS, et al. Enhanced proofreading governs CRISPR‑Cas9 targeting 
accuracy. Nature. 2017;550(7676):407–10.

 105. Slaymaker IM, Gaudelli NM. Engineering Cas9 for human genome edit‑
ing. Curr Opin Struct Biol. 2021;69:86–98.

 106. Kim N, et al. Prediction of the sequence‑specific cleavage activity of 
Cas9 variants. Nat Biotechnol. 2020;38(11):1328–36.

 107. Singh D, et al. Mechanisms of improved specificity of engineered 
Cas9s revealed by single‑molecule FRET analysis. Nat Struct Mol Biol. 
2018;25(4):347–54.

 108. Guo M, et al. Structural insights into a high fidelity variant of SpCas9. 
Cell Res. 2019;29(3):183–92.

 109. Sternberg SH, et al. Conformational control of DNA target cleavage by 
CRISPR‑Cas9. Nature. 2015;527(7576):110–3.

 110. Lazzarotto CR, et al. CHANGE‑seq reveals genetic and epigenetic 
effects on CRISPR‑Cas9 genome‑wide activity. Nat Biotechnol. 
2020;38(11):1317–27.

 111. Wienert B, et al. Unbiased detection of CRISPR off‑targets in vivo using 
DISCOVER‑Seq. Science. 2019;364(6437):286–9.

 112. Chen W, et al. Molecular basis for the PAM expansion and fidelity 
enhancement of an evolved Cas9 nuclease. PLoS Biol. 2019;17(10): 
e3000496.

 113. Xiao‑Jie L, et al. CRISPR‑Cas9: a new and promising player in gene 
therapy. J Med Genet. 2015;52(5):289–96.

 114. Yoshimi K, et al. ssODN‑mediated knock‑in with CRISPR‑Cas for large 
genomic regions in zygotes. Nat Commun. 2016;7: 10431.

 115. Lin S, et al. Enhanced homology‑directed human genome engineering 
by controlled timing of CRISPR/Cas9 delivery. Elife. 2014;3: e04766.

 116. Mirman Z, et al. 53BP1‑RIF1‑shieldin counteracts DSB resection through 
CST‑ and Polα‑dependent fill‑in. Nature. 2018;560(7716):112–6.

 117. Lomova A, et al. Improving gene editing outcomes in human hemat‑
opoietic stem and progenitor cells by temporal control of DNA repair. 
Stem Cells. 2019;37(2):284–94.

 118. Yen S‑T, et al. Somatic mosaicism and allele complexity induced 
by CRISPR/Cas9 RNA injections in mouse zygotes. Dev Biol. 
2014;393(1):3–9.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1126/scitranslmed.aax9106

	CRISPRCas9 technology: applications in oocytes and early embryos
	Abstract 
	Introduction
	Application of CRISPR in mammalian cells
	Gene editing
	Transcriptional regulation
	Protein-targeted regulation and visualization

	Application of CRISPR in human cells
	Challenges and improvements of the CRISPRCAS9 system
	On-target mutagenesis
	Off-target effects
	Other effects

	Conclusion and discussion
	Anchor 14
	Acknowledgements
	References


