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CRISPR-Cas9-mediated genome editing in one blastomere 
of two-cell embryos reveals a novel Tet3 function in 
regulating neocortical development
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Studying the early function of essential genes is an important and challenging problem in developmental biology. 
Here, we established a method for rapidly inducing CRISPR-Cas9-mediated mutations in one blastomere of two-
cell stage embryos, termed 2-cell embryo-CRISPR-Cas9 injection (2CC), to study the in vivo function of essential (or 
unknown) genes in founder chimeric mice. By injecting both Cre mRNA and CRISPR-Cas9 targeting the gene of in-
terest into fluorescent reporter mice, the 2CC method can trace both wild-type and mutant cells at different develop-
mental stages, offering internal control for phenotypic analyses of mutant cells. Using this method, we identified nov-
el functions of the essential gene Tet3 in regulating excitatory and inhibitory synaptic transmission in the developing 
mouse cerebral cortex. By generating chimeric mutant mice, the 2CC method allows for the rapid screening of gene 
function in multiple tissues and cell types in founder chimeric mice, significantly expanding the current armamentar-
ium of genetic tools.
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Introduction

Forward and reverse genetics in animal models have 

been pivotal for identifying the functions of genes and 
proteins [1]. Deleting the genomic sequence encoding 
a gene of interest using standard “knockout” methods 
is routinely used for determining in vivo gene function 
[1-3]. However, for the substantial number of essen-
tial genes [4], this approach has significant limitations. 
Furthermore, compensatory mechanisms are sometimes 
activated in complete gene knockouts, obscuring the true 
function of the gene [5]. In rodent studies, these prob-
lems have been circumvented by generating conditional 
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knockouts, where a mouse line carrying the floxed allele 
(sandwiched by LoxP sites) is crossed with a mouse line 
carrying Cre recombinase under the control of a specific 
promoter (termed Cre/LoxP system) [6], to generate mice 
carrying homozygous floxed alleles and Cre transgene. 
This technology allows for precise spatial and temporal 
control of gene expression [7] and has significantly ad-
vanced the power of mammalian genetics [8]. However, 
generating homozygous mutants with different Cre driv-
ers is very time-consuming even when both floxed al-
leles and Cre drivers are available, as it takes at least two 
generations to obtain the progenies of interest. Moreover, 
for genes with pleotropic functions and/or relatively 
unknown functions, screening through more than 500 
available Cre drivers [8] can be a daunting task. Thus, 
although the Cre/LoxP system can provide cell type and 
spatial-temporal specificity for studying gene function, 
there is an unmet need for a method that can rapidly 
screen through multiple tissues and cell types.

 Recently, the CRISPR-Cas9 system from bacteria, 
consisting of Cas9 nuclease and a single guide RNA 
(sgRNA) targeting a gene of interest, has been applied 
to rapid genome editing in different species [9-16]. This 
method has the significant advantage that direct injection 
of CRISPR-Cas9 into zygotes can generate animals car-
rying mutations in multiple endogenous genes in a single 
step [10, 13, 14, 17]. We reasoned that this one-step ap-
proach can be adapted from injecting CRISPR-Cas9 at 
the one-cell stage to injecting one blastomere of a two-
cell stage embryo to generate chimeric embryos. At the 
two-cell stage, both blastomeres are totipotent, and thus 
can differentiate into all cell types and integrate into all 
tissues of the future embryo [18]. For essential genes, 
this approach can potentially generate surviving indi-
viduals for studying their postnatal function in different 
tissues and cell types. A gene of particular interest is 
the ten-eleven translocation (Tet) family member Tet3, 
an enzyme that initiates the active DNA demethylation 
process by oxidizing 5-methycytosine (5mC) into 5-hy-
droxymethycytosine (5hmC), and has been shown to 
play critical roles during multiple steps of development 
[18-20]. As Tet3-knockout mice are neonatally lethal 
[21], we surmised that the blastomere injection approach 
we propose may generate some surviving individuals 
to study Tet3 function in tissues postnatally. Following 
various optimizations, we established a method of inject-
ing multiple sgRNAs into one blastomere of 2-cell stage 
embryos, termed 2CC, that effectively generated large 
deletions or insertions in Tet3. Viable chimeric mice 
were generated and novel functions of Tet3 in regulating 
excitatory and inhibitory synaptic transmission in the de-
veloping mouse neocortex were revealed. 

Results

A two-step injection protocol (termed 2CC method) for 
mutating genes of interest in blastomeres

To test the feasibility of injection into one blastomere 
of a two-cell stage embryos, we used a double-fluo-
rescent Cre reporter mouse line that expressed mem-
brane-targeted tdTomato (mT) prior to Cre-mediated ex-
cision and membrane-targeted green fluorescent protein 
(mG) post excision (termed mT/mG) [22] to respectively 
label the descendent cells of the untreated and manipu-
lated blastomeres [23]. We first tested whether injection 
of Cre mRNA randomly into one blastomere of two-cell 
stage embryos generated chimeric embryos contain-
ing red and green cells in all tissues (Figure 1A). Two-
cell stage embryos were collected from superovulated 
females (mated with heterozygous mT/mG male mice) 
46-48 h after human chorionic gonadotrophin (hCG) 
injection, as previously reported, to ensure that the cyto-
plasms of the two blastomeres were completely separat-
ed [24]. To determine the optimal concentration of Cre 
mRNA required for in vivo excision, we microinjected 
mRNA encoding Cre recombinase at different concen-
trations into the cytoplasm of one blastomere of two-cell 
stage embryos and assessed the developmental potential 
of injected embryos. Almost all embryos injected with 
low concentrations of Cre mRNA (0.5 or 2.5 ng/µl) de-
veloped to the blastocyst stage in vitro, indicating that 
these mRNA concentrations did not affect early embry-
onic development (Supplementary information, Table S1 
and Figure S1A). The blastocysts showed significant mG 
expression, demonstrating successful excision caused by 
Cre mRNA injection. 

Embryos injected with 2.5 ng/µl Cre mRNA were 
transferred into pseudopregnant females, and examined 
at different time points after transplantation (Supple-
mentary information, Table S1 and Figure S1B). Whole-
mount fluorescence analysis showed that a significant 
number of mT-positive (mT+) and mG-positive (mG+) 
cells were observed in all tissues of the embryos (Sup-
plementary information, Figure S1B). Assessment of the 
ratios of mT+ and mG+ cells in dissociated single cells 
from 13.5-day embryos by fluorescence-activated cell 
sorting (FACS) showed that the average proportion of 
mG+ cells was ~39.41% ± 6.62% (mean ± SEM; Figure 
1B). We further analyzed the distribution of mG+ cells 
in newborn and adult mice by analyzing whole mount 
and cryosection of different organs, and found strong red 
and green fluorescence in all tissues examined (Figure 
1C and 1D; Supplementary information, Figure S1C). 
Moreover, the ratios of mT+ and mG+ cells in dissociated 
single cells from tissues of 1-week-old pups were similar 
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to those of 13.5-day embryos (Supplementary informa-
tion, Figure S1D). The chimerism also extended to the 
germline, as when a female chimeric mouse was crossed 
with a wild-type (WT) male mouse, both mT+ and mG+ 
offspring were generated (Supplementary information, 
Figure S1E). Taken together, these results demonstrate 
that injection of Cre mRNA into one blastomere of two-
cell stage embryos of mT/mG mice can generate chimeric 
mice with mosaic distribution of labeled cells in all tis-
sues (hereafter termed mT+/mG+ mice).

We next asked whether coinjection of Cre mRNA and 
CRISPR-Cas9 targeting a gene of interest could gener-
ate chimeric mice, with mT+ cells carrying the WT gene 
and mG+ cells from the targeted blastomere carrying the 
mutated gene. To ensure high level and homogenous 
Cas9 protein expression at the time of sgRNA injection, 
we employed a two-step injection protocol (termed 2CC 
method), first injecting Cas9 mRNA (50 ng/µl, as pre-
viously reported [9]) into the zygotic cytoplasm (23-26 
h after hCG injection) prior to the first cell division [25] 
(Figure 1E). In the second step, Cre mRNA and sgRNAs 
corresponding to Tet family members Tet1 [10] or Tet3 
[26] (Supplementary information, Figure S2A) were 
coinjected into the cytoplasm of one blastomere of late 
two-cell stage embryos. The dually injected embryos 
developed efficiently into blastocysts, indicating low tox-
icity of the injected RNAs. To determine the mutagenesis 
rate, we derived embryonic stem cell (ESC) lines from 
Tet1-targeted or Tet3-targeted blastocysts, sorted mT+ 
and mG+ cells by FACS, and independently sequenced 
them. The Sanger sequencing results showed that mT+ 
cells carried WT Tet1 or Tet3, whereas mG+ cells carried 
non-homologous end joining (NHEJ)-mediated muta-
tions of Tet1 or Tet3 (6 of 21 Tet1-targeted and 8 of 21 
Tet3-targeted ESC lines carrying one or two mutant se-
quence peaks). To further confirm the mutant genotypes, 

we performed TA cloning and sequencing analysis of 
PCR products from two cell lines. The results showed 
that all tested clones exhibited the same mutant sequence 
as that of direct PCR product sequencing (Figure 1F and 
Supplementary information, Figure S2B), demonstrating 
successful genome editing in Tet1 or Tet3 through 2CC. 

We next transplanted injected embryos into oviducts 
of pseudopregnant females to obtain chimeric mice. 
From 563 transferred embryos, a total of 192 mice were 
obtained (34.1% survival rate). As heterozygous mT/mG 
male mice were used, only 50% of mice were expected 
to be transgenic. Of these, 42 mice showing both red 
and green fluorescence (mT+/mG+ mice), indicative of 
chimeras containing both genotypes, were obtained 
(Supplementary information, Table S2). Sequencing of 
FACS-enriched tail mT+ and mG+ cells from newborn 
pups showed that 24 mice carried clear one or two mu-
tant sequences (Figure 1G, Supplementary information, 
Figure S2C and Table S2). To examine the whole-body 
chimeric rate in mT+/mG+ mice, cells from brain, thy-
mus, liver and testis of seven mT+/mG+ mice were FACS 
sorted, and all found to contain both mT+ and mG+ cells 
(Figure 1H and Supplementary information, Figure S2D). 
Importantly, TA cloning and sequencing showed that all 
tested organs in four mice exhibited the same genotype 
as the tail, demonstrating successful induction of muta-
genesis by CRISPR-Cas9 at an early developmental stage 
(Figure 1H, Supplementary information, Figure S2D and 
S2E). In an adult mT+/mG+ mouse (5 months) carrying 
Tet3 mutation, mT+ and mG+ cells were still present in 
multiple organs, and mG+ cells carried the same mutation 
in all organs examined (Figure 1H and Supplementary 
information, Figure S2F). To test germline transmission 
of the mutated genes, sperm from a Tet1-mutant chimeric 
mouse was used for intracytoplasmic injection, leading 
to generation of blastocysts carrying mutant allele with 

Figure 1 A two-step injection method (termed 2CC) for rapid mutation of genes of interest in mouse chimeras. (A) Experimen-
tal procedure for Cre mRNA injection into one blastomere of mouse two-cell stage embryos to generate tdTomato+/EGFP+ 
(mT+/mG+) chimeras. (B) FACS analysis and quantification of mT+ and mG+ cells in dissociated whole-embryo suspensions 
of E13.5 embryos (left); in the quantitation, each red or green bar pair represents one mouse embryo (right). (C) Cryosection 
of tissues from a newborn mT+/mG+ chimera (P17). All tested tissues showed mT+ and mG+ fluorescence. Scale bar, 100 µm. 
(D) Cryosection of cortex and hippocampus of an adult chimera (2 months old) showing chimeric distribution of mT+ and mG+ 
cells. Scale bar, 100 µm. (E) Experimental procedure for the two-step injection method: Cas9 mRNA was injected into the 
zygotes first, followed by coinjection of Cre mRNA and sgRNA into one blastomere of two-cell stage embryos on the following 
day. Injected two-cell embryos were cultured in vitro to blastocysts to derive ESC lines. To generate chimeric mice, injected 
two-cell embryos were transplanted into oviducts of pseudopregnant females. (F) A representative Tet3-targeted ESC line 
derived from a Tet3-targeted mT+/mG+ blastocyst, and its corresponding FACS and sequencing results. mT+ cells carried WT 
alleles (11 in 11 sequenced alleles), whereas mG+ cells carried mutant alleles (18 in 18 sequenced alleles). Scale bar, 100 
µm. (G) Sequencing results of FACS-sorted mT+ and mG+ cells from Tet3-targeted chimeric mouse tails. Tet3-targeted mG+ 
cells exhibited only one mutant peak, whereas the mT+ cells from the same mouse showed only WT peak. (H) Whole-mount 
fluorescence analysis of organs from one Tet3-targeted chimeric mouse (#AA10) and the corresponding sequencing results 
of mT+ and mG+ cells from these organs. All tested organs exhibited the same genotype as the corresponding tail shown in G.
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the same sequence or WT allele (Supplementary infor-
mation, Figure S2G). Moreover, when a Tet1-mutant 
mouse was crossed with a WT mouse to obtain heterozy-
gous F1 offspring, the intercrossing of F1 offspring gen-
erated viable F2 Tet1 whole-body mutant mice (Supple-
mentary information, Figure S2H). In contrast, F2 or F3 
Tet3 homozygous mutant offspring from one mT+/mG+ 
mouse carrying Tet3 mutations were neonatally lethal 
(Supplementary information, Figure S2I). This result is 
consistent with the previously reported phenotype of the 
Tet3-knockout mice [21]. Together, our results demon-
strate that blastomere injection of CRISPR-Cas9 and Cre 
mRNA into two-cell stage embryos, together with the use 
of reporter lines such as mT/mG, can be used to generate 
chimeric mice, in which mT+ cells are WT and mG+ cells 
are mutant. Moreover, genotyping results from tail can 
reflect the mutant state of the chimeric mice, allowing us 
to choose the mice carrying one or two mutant peaks in 
mG+ cells for further analysis.

Multiple sgRNAs efficiently generate chimeras carrying 
large deletions or insertions through 2CC method

Recent studies have shown that zygotic injection of 
multiple sgRNAs targeting the same gene can efficient-
ly induce large deletion in the gene of interest [27]. 
This strategy can not only improve the deletion rate in 
founder animals, but also simplify genotype analysis to 
PCR-based approaches. We thus tested whether it can be 
employed in our system to produce large deletion in the 
targeted gene. We first designed four sgRNAs targeting 
exon 6 and 4 sgRNAs targeting exon 9 of Tet3 (termed 
IJKL and MNOP, respectively; Figure 2A). Using our 
two-step injection method, mT+/mG+ blastocysts were 
efficiently derived (Figure 2B). PCR analyses showed 
that the IJKL and MNP sgRNAs induced large deletions 
more efficiently than other sgRNA combinations (Figure 
2C). Embryos injected with these sgRNAs were then 
transplanted into recipients’ oviducts, and the resulting 
mT+/mG+ mice were genotyped. Analysis showed that 
most mT+/mG+ mice (9 of 10 from IJKL and 6 of 8 from 
MNP) carried large deletions or insertions in mG+ cells, 
indicating that 2CC using multiple sgRNAs could effi-
ciently generate Tet3-mutant chimeric mice (Figure 2D 
and 2E; Supplementary information, Table S3A). We 
further validated multiple sgRNAs-mediated gene tar-
geting by successful mutagenesis of the coat color gene 
Tyr, encoding tyrosinase, to generate mT+/mG+ mice 
with chimeric agouti-white coat color (Supplementary 
information, Figure S3A-S3D, Table S3A). Similarly, 
mutagenesis of the transcription factor Gata4, which is 
essential for embryonic development [28, 29], resulted 
in mT+/mG+ mice, in which mG+ cells carried mutated 

Gata4 gene with large deletions (Supplementary infor-
mation, Figure S3E-S3L, Table S3A). 

Tet3 deficiency does not affect the differentiation of ma-
jor cell types in the cerebral cortex

Having demonstrated that our 2CC method efficiently 
generated mT+/mG+ mice, in which mT+ cells are WT 
and mG+ cells are mutant, we attempted to address our 
question of interest, what is the function of Tet3 in the 
postnatal brain. Multiple lines of evidence suggest that 
Tet3 plays important roles in neuronal differentiation 
and function, including maintenance of neural progen-
itor cells, development of dendritic arbors in cerebellar 
granule cells and regulation of homeostatic plasticity in 
cultured hippocampal neurons [26, 30-32]. However, as 
Tet3-knockout mice are neonatally lethal [10, 21], pre-
vious studies were mostly carried out in culture or using 
shRNA-mediated knockdown, leaving its in vivo post-
natal function relatively unexplored. Here, we switched 
to the Ai9 reporter mouse line [8], which expresses 
cytoplasmic tdTomato upon Cre induction, and thus is 
more suitable for visualizing the cell bodies of different 
cell types, especially neurons [33]. Embryos sequential-
ly injected with Cas9 mRNA, followed by Cre mRNA 
and IJKL sgRNA cocktail (Supplementary information, 
Figure S4A), efficiently developed into blastocysts con-
taining both non-fluorescent cells and tdTomato+ (Ai9+) 
cells (Supplementary information, Figure S4B). Deep 
sequencing of six late-stage blastocysts showed that the 
IJKL sgRNA cocktail led to large deletions (> 120 bp) 
in all tested embryos. Four embryos carried one or two 
main mutation sequences, whereas the remaining se-
quences were the mixture of various mutations, each of 
which accounted for < 5% of the total sequence, likely 
due to PCR and/or sequencing error (Supplementary in-
formation, Figure S4C) [34]. Importantly, over 99% of 
mutations in three embryos were frameshift deletions (3n 
+ 1 or 2; Supplementary information, Figure S4C). These 
results indicate that 2CC method with multiple sgRNAs 
can efficiently induce gene mutation at early stage of Ai9 
embryos. We next transferred the injected embryos into 
pseudopregnant females to obtain chimeric mice contain-
ing tdTomato+ cells (Supplementary information, Table 
S3B). Sanger sequencing analysis of multiple organs 
from five chimeric mice showed that tdTomato+ cells all 
exhibited the same genotype as that of the tail (Figure 
3A), suggesting homogeneity of Tet3 genomic editing 
in tdTomato+ cells. We then performed deep sequencing 
of three of them and found that over 96% of the target 
sequences in all tested organs carried the deletions/inser-
tions that were detected in tails (Figure 3B). To further 
analyze the gene mutation at the single-cell resolution, 
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Figure 2 Gene editing using multiple sgRNAs efficiently produced chimeras carrying large deletions or insertions. (A) Sche-
matic of the Cas9/sgRNA-targeting sites in exons 6 and 9 of Tet3. (B) Representative mT+/mG+ blastocysts generated by 
combinatorial MNP sgRNAs targeting Tet3 in one blastomere of two-cell stage embryos through 2CC. Scale bar, 100 µm. (C) 
Single blastocyst PCR genotyping of blastocysts derived from different combinations of sgRNAs via 2CC method. (D) Repre-
sentative PCR results of mT+/mG+ chimeric mice generated using the IJKL or MNP sgRNA combinations. Most mT+/mG+ mice 
carried large deletions or insertions in mG+ cells. “Complex” denotes multiple mutations (three or more). “Biallelic” here de-
notes one apparent PCR band from mouse #26, which upon sequencing showed two distinct mutations. (E) Representative 
sequencing results of mT+/mG+ chimeric mice generated using the IJKL or MNP sgRNA combinations. The sgRNA-targeting 
sequence is labeled in red, and the protospacer-adjacent motif (PAM) sequence is labeled in green. Sequences of exons 6 
and 9 are highlighted in gray. 

we isolated single tdTomato− and tdTomato+ cells from 
different tissues of another two mice and performed 
single-cell PCR, followed by sequencing analysis. The 
results showed that one mouse had the same Tet3 muta-
tion in all tdTomato+ cells and the other had two types 
of tdTomato+ cells carrying different mutations in all 

tested tissues (Figure 3C). As expected, all tdTomato− 
cells were WT (Figure 3C). Off-target analysis of two 
chimeric mice showed no obvious mutations at a total of 
40 potential “off-target” sites of IJKL sgRNAs (Supple-
mentary information, Table S4). Taken together, these 
data indicate that successful induction of mutagenesis 
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by multiple sgRNAs occurs at an early developmental 
stage, resulting in chimeric mice with tdTomato+ cells 
carrying homozygous mutant Tet3 gene. Moreover, these 
data demonstrate that genotype analysis of tail genome 
by PCR-based sequencing can reflect the genotype of the 
mutant cells from other organs in the 2CC system.

We next tested the function of Tet3 in mutant cells. 
First, qPCR analysis of Tet3 in FACS-sorted tdTomato+ 

cells of the cerebral cortex showed that Tet3 mRNA 
level, but not that of related Tet1 or Tet2 was significant-
ly lowered in mutant cells (Figure 4A). Second, mass 
spectrometry analysis indicated that 5hmC levels were 
significantly decreased in chimeric mutant mice, as com-
pared to WT controls (Figure 4B). Taken together, our 
results indicate that the function of Tet3 protein has been 
attenuated in Tet3 loss-of-function cells.

Cells from the early embryos can differentiate into 
all cell types with similar likelihoods. We first examined 
whether loss of Tet3 function affected the proportion 
of tdTomato+ cells corresponding to different cell types 
in the brain. Brain slices from 4 control mice and 5 
Tet3-mutant mice with homozygous genomic deletions 
were immunostained against NeuN, GFAP, Iba1 and Lec-
tin to label neurons, astrocytes, microglia and endothelial 
cells, respectively (Figure 4C). No significant differences 
in the proportion of tdTomato+ cells corresponding to 
neurons, astrocytes, microglia and endothelial cells were 
observed between control and Tet3-mutant mice (Figure 
4D and 4E; P > 0.05 between WT and Tet3-mutant mice 
for all markers), suggesting that loss of Tet3 function 
very early in development did not significantly affect the 
differentiation and/or survival of major cell types in the 
cerebral cortex.

 
Changes in excitatory and inhibitory synaptic transmis-
sion in Tet3-mutant chimeric mice

We next used whole-cell patch clamp recordings to 
assay the effect of loss of Tet3 function on neural circuit 
formation during the period of rapid synapse formation 
in the cerebral cortex (Figure 5A) [35]. For this purpose, 
we chose chimeric mice with tdTomato+ cells that carried 

only one type of mutant Tet3 gene identified by sequenc-
ing analysis. Recording AMPAR-mediated miniature 
excitatory post-synaptic currents (mEPSCs) from layer 
2/3 pyramidal neurons of the primary somatosensory 
cortex of P14 chimeric mice, we found that tdTomato+ 
Tet3-mutant neurons had a significantly higher mEPSC 
frequency and a similar mEPSC amplitude, as compared 
to neighboring non-fluorescent WT neurons (Figure 5B-
5D), suggesting an important role of endogenous Tet3 in 
negatively regulating excitatory synaptic transmission 
in young mice. As control, tdTomato+ cells from mice 
injected with Cre mRNA had similar mEPSC frequency 
and amplitude to neighboring non-fluorescent cells (Sup-
plementary information, Figure S5A-S5C). Loss of Tet3 
function (tdTomato+ cells) in layer 2/3 pyramidal neurons 
also significantly reduced GABAAR-mediated inhibitory 
synaptic transmission, as measured by miniature inhibi-
tory post-synaptic currents (mIPSCs). Both the frequen-
cy and amplitude of Tet3-mutant cells were significantly 
reduced as compared to neighboring WT cells (Figure 
5E-5G), suggesting a promoting role of endogenous 
Tet3 in regulating inhibitory synaptic transmission. No 
significant differences in mIPSC amplitude or frequency 
were detected between tdTomato+ cells injected with Cre 
mRNA and neighboring WT cells (Supplementary in-
formation, Figure S5D-S5F). To investigate whether the 
above effects applied more generally to the developing 
neural circuits, we recorded from hippocampal CA1 neu-
rons, and found that mEPSC frequency and amplitude 
were significantly increased, whereas those of mIPSCs 
were significantly reduced (Figure 5H-5N). These results 
are similar to those of the primary somatosensory cortex 
and are consistent with a previous report recording from 
cultured hippocampal neurons with Tet3 knockdown by 
RNAi [30]. We also performed qPCR analysis of candi-
date target genes of Tet3 described in previous reports 
[30, 31]. As shown in Supplementary information, Figure 
S6A, some genes changed in the same direction as previ-
ously reported, for example, the mRNA level of Mapk6 
in chimeric Tet3-mutant samples was significantly in-
creased, supporting previous observations in hippocam-

Figure 3 Detailed genotype analysis of Tet3-mutant chimeras. (A) Representative sequencing results of organs/tissues from 
mouse #8D31 and the summary of genotyping results of five Tet3-targeted chimeric mice using the Ai9 reporter line. Five 
mice with one mutant peak of Tet3 in tail tdTomato+ cells were used for genotyping analysis. (B) Deep sequencing of tdTo-
mato+ cells from three independent Tet3-mutant mice from A. Numbers beside the organs/tissues indicate deep sequencing 
reads. “Others” denotes the undefined reads that may be caused by PCR and/or sequence error. (C) Single-cell genotyping 
of the isolated tdTomato− and tdTomato+ cells from brain, testis, thymus, liver and tail of two Tet3-mutant chimeras, respec-
tively. Single cell from each tissue was PCR amplified and sequenced. The number indicated inside bar graphs represents 
the number of successfully genotyped cells. In total, 122 and 140 cells from the two Tet3-mutant chimeras were successfully 
genotyped. A Tet3-mutant chimera with homozygous tail (#10D11) showed 170-bp deletions in all the tdTomato+ cells, where-
as another Tet3-mutant chimera (#8R5) carrying two types of mutations showed 126- and 124-bp deletions, respectively.
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Figure 4 Loss of Tet3 function does not affect the development of major cell types in the cerebral cortex. (A) qPCR analysis 
of Tet3 in the cerebral cortex of chimeras. Top, representative genotyping results of two Tet3-mutant mice. Sequencing result 
of the PCR bands showed that tdTomato− cells were WT, whereas tdTomato+ cells in mouse #1 and #2 carried 321- and 88-
bp deletions, respectively. Bottom, relative mRNA levels (normalized to GAPDH) of Tet1, Tet2 and Tet3 in tdTomato− and 
tdTomato+ cells from the cerebral cortex of Tet3-mutant mice shown in Top. Tet3 mRNA expression was hardly detectable 
in tdTomato+ cells sorted from the cerebral cortex of Tet3-mutant mouse #1 and #2, whereas Tet1 and Tet2 mRNA levels in 
tdTomato+ cells remained comparable to those in tdTomato− WT cells. Error bars, SD of three reactions. (B) Global genomic 
levels of 5hmC and 5mC in WT or Tet3-mutant chimeric cortices. Four WT and three Tet3-mutant mice (chimeric rate > 50%) 
were analyzed by mass spectrometry. **P < 0.01; n.s., not significant, P > 0.05 by unpaired t-test. (C) Representative images 
of colocalization between tdTomato+ cells and various cell type markers (NeuN, GFAP, Iba1 and Lectin) in brain slices from 
the somatosensory cortex of WT and Tet3-mutant mice. Arrows indicate colocalization between tdTomato and cell markers. 
Scale bar, 50 µm. (D) Quantification of the percentage colocalization between tdTomato+ cells and various cell type mark-
ers as indicated. (E) Quantification of the percentage colocalization between the nuclear marker DAPI and various cell type 
markers as indicated. n (4 or 5) as indicated inside bar graphs represents the number of mice, error bars denote SEM; n.s., 
not significant, P > 0.05 by unpaired t-test.



824
A rapid chimera-based method for studying essential genes

SPRINGER NATURE | Cell Research | Vol 27 No 6 | June 2017 



Lingbo Wang et al.
825

www.cell-research.com | Cell Research | SPRINGER NATURE

Figure 5 Regulation of excitatory and inhibitory synaptic transmission by Tet3 as revealed by 2CC targeting Tet3 in one blas-
tomere of two-cell stage embryos. (A) Schematic of whole-cell recordings of cortex layer 2/3 tdTomato− (WT) and tdTomato+ 
(Tet3 mutant) pyramidal cells in acute slices of Tet3-mutant chimeric mice. (B-D) Representative mEPSC traces and X-Y 
plots of mEPSC frequency and amplitude of WT and Tet3-mutant cells in Tet3 chimeric mice. mEPSC frequency: WT, 4.77 ± 
0.47 Hz; Tet3 mutant, 7.64 ± 0.96 Hz; P < 0.01. mEPSC amplitude: WT, 14.56 ± 0.31 pA; Tet3 mutant, 15.10 ± 0.26 pA; P > 
0.05. n = 20 cell pairs from four mice. (E-G) Same as B-D for mIPSC. mIPSC frequency: WT, 6.52 ± 0.67 Hz; Tet3 mutant, 3.85 
± 0.45 Hz; P < 0.001. mIPSC amplitude: WT, 50.18 ± 3.47 pA; Tet3 mutant, 37.19 ± 1.49 pA; P < 0.01. n = 20 cell pairs from 
five mice. (H) Schematic of whole-cell recordings of hippocampal CA1 tdTomato− (WT) and tdTomato+ (Tet3 mutant) cells in 
acute slices of Tet3-mutant chimeric mice. (I-K) Representative mEPSC traces and X-Y plots of mEPSC frequency and am-
plitude of WT and Tet3-mutant hippocampal CA1 neurons in Tet3 chimeric mice. mEPSC frequency: WT, 1.21 ± 0.26 Hz; Tet3 
mutant, 2.03 ± 0.35 Hz; P < 0.05. mEPSC amplitude: WT, 18.13 ± 0.53 pA; Tet3 mutant, 22.68 ± 0.76 pA; P < 0.001. n = 14 
cell pairs from three mice. (L-N) Same as I-K for mIPSC. mIPSC frequency: WT, 5.03 ± 0.60 Hz; Tet3 mutant, 2.67 ± 0.37 Hz; 
P < 0.001. mIPSC amplitude: WT, 32.97 ± 1.49 pA; Tet3 mutant, 27.69 ± 1.45 pA; P < 0.05. n = 16 cell pairs from three mice. 
Data are presented as mean ± SEM, paired t-test.

pal neuronal cultures with Tet3 knockdown [30]. Finally, 
bisulfite sequencing of several candidate genes showed 
slightly increased CpG methylation at the Bdnf promoter 
IV, IX and Wfdc2 promoter regions, but not the Npas4 
promoter-exon 1 junction or the Fgf1G and Ndst1 pro-
moter regions (Supplementary information, Figure S6A 
and S6B), consistent with previous reports [30, 31]. To-
gether, these results demonstrate a critical role of endog-
enous Tet3 in regulating both excitatory and inhibitory 
synaptic transmission in the developing cerebral cortex.

Discussion

In summary, using CRISPR-Cas9-mediated genome 
editing in one blastomere of two-cell stage mouse em-
bryos, a method termed 2CC, we identify a critical role 
of essential gene Tet3 in regulating synaptic transmis-
sion during early neural circuit wiring (Figure 5). To 
our knowledge, this is the first report of Tet3 function in 
regulating inhibitory synaptic transmission. In terms of 
excitatory synapse function, a previous study reporting 
the effect of Tet3 knockdown in cultured hippocampal 
neurons [30] identified an important role of Tet3 in me-
diating homeostatic plasticity. Here, through in vivo Tet3 
mutagenesis, we demonstrate that Tet3 is critical for reg-
ulating the development of excitatory synaptic transmis-
sion during normal neural circuit wiring. The effects of 
Tet3 in downregulating excitatory synaptic transmission 
and upregulating inhibitory synaptic transmission, as de-
duced from its loss-of-function effects, suggest a critical 
role of endogenous Tet3 in regulating excitation-inhibi-
tion balance and in maintaining neural circuit stability. 
In our assays, tdTomato+ Tet3-mutant neurons were com-
pared with neighboring tdTomato− cells, and the effects 
were similar regardless of whether tdTomato+ cells were 
clustered together or sparsely labeled, suggesting that the 
observed effects are most likely cell autonomous. Final-

ly, as the proportion of tdTomato+ neurons, astrocytes, 
microglia and endothelial cells in Tet3-mutant mice were 
similar to those of Cre mRNA-injected control mice 
(Figure 4C-4E), Tet3 expression during early embryonic 
development [31] likely does not affect the differentia-
tion and/or survival of major cells types in the brain.

In more general terms, we believe that 2CC, our two-
step injection method of generating chimeric two-cell 
stage embryos using CRISPR-Cas9-mediated mutagen-
esis complements existing genome editing methods [1-
3, 8] for the following reasons: (1) for essential genes 
with unknown functions, our method can rapidly screen 
through multiple tissues and cell types, saving the time 
required for at least two generations of crosses with 
multiple drivers using the Cre/LoxP system [6-8]; (2) 
by measuring the proportion of different cell types, in 
combination with lineage tracing methods, this method 
can determine, in a well-controlled system, whether the 
gene of interest affects the differentiation and survival of 
different cell lineages starting from early developmental 
stages; (3) by assaying the phenotype of mutant cells 
in sparsely and densely labeled regions, as compared to 
neighboring cells, cell-autonomous and non-cell-auton-
omous effects can be distinguished; (4) as compared to 
existing genome editing methods in mature neurons [36-
40], this method offers homogeneous mutations across 
cell types early in development, simplifying the inter-
pretation of the results; (5) by mating founder chimeric 
mice with WT mice, this method can rapidly generate 
knockout progeny of non-essential genes. However, ap-
plication of this approach for analyzing gene function 
in vivo needs to exclude the possibility of confounding 
off-target effects induced by CRISPR-Cas9, especially 
when multiple sgRNAs are used. Besides specificity and 
efficiency improvement of CRISPR-Cas9 technology 
[41] and analysis of in silico predicted off-targets, one 
important improvement is to obtain similar phenotypes 
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from different mice with mutations generated by differ-
ent combinations of sgRNAs. Meanwhile, the variability 
in the degree of mosaicism within the embryos should 
be taken into consideration when analyzing the results of 
2CC experiments. To overcome this problem, the chime-
ric mice with only one type of mutant gene by genotyp-
ing analysis of tail DNA should be selected for further 
functional analysis; and the same phenotype should be 
observed in multiple mice. Moreover, the overall effi-
ciency of generating homogenous mutants through 2CC 
method needs to be further improved. Finally, the two-
step injection protocol may be a significant hurdle for 
many groups. Therefore, a future task is to optimize and 
simplify the protocol, which would facilitate the poten-
tial applications of our method. One potential strategy is 
to adopt Cas9 ribonucleoprotein (RNP) complex by de-
fining appropriate injection conditions that would enable 
one-step injection into the blastomere with Cre mRNA 
[25], which will not only simplify the 2CC protocol, but 
may also reduce off-target effects.

In summary, we have demonstrated that our system 
is an important addition to the current battery of genetic 
tools, particularly for rapidly assaying the effects of essen-
tial genes with unknown functions in multiple cell types.

Materials and Methods

Animal use and care
All animal procedures were performed under the ethical guide-

lines of Shanghai Institute of Biochemistry and Cell Biology and 
Institute of Neuroscience. Mice were kept under a 12 h-12 h light-
dark cycle with food and water provided at libitum from the cage 
lid. Both males and females were used, unless otherwise stated. 
Animal ages are stated in the text and figure legends. 

Production of mRNA and sgRNAs
Cre and Cas9 with T7 promoter were amplified by PCR from 

pZ4f-Cre and pX260 (Addgene) using KOD-Plus-Neo (TOYOBO, 
Cat# KOD-401), respectively. PCR products were purified with 
Universal DNA Purification Kit (TIANGEN, Cat# DP214) and in 
vitro transcribed using mMESSAGE mMACHINE T7 ULTRA kit 
(Life Technologies, Cat# AM1345). sgRNAs with T7 promoter 
were amplified by PCR from pX330 (Addgene) using KOD-Plus-
Neo, purified with Universal DNA Purification Kit and in vitro 
transcribed using MEGAshortscript T7 kit (Life Technologies, 
Cat# AM1354). After transcription, Cre mRNA, Cas9 mRNA and 
sgRNAs were purified with MEGAclear kit (Life Technologies, 
Cat# AM1908) according to the manufacturer’s instructions. 
Purified Cre mRNA, Cas9 mRNA and sgRNAs were eluted in 
elution buffer supplied with the MEGAclear kit and then diluted 
with RNase-free water to desired concentrations for injection. The 
primers used for preparation of Cre and Cas9 template were (5′-3′): 

CAS9-F TAATACGACTCACTATAGGGAGATTTCAGG-  
 TTGGACCGGTG

CAS9-R GACGTCAGCGTTCGAATTGC
Cre-F TAATACGACTCACTATAGGGAGACACACCA-  

 TTGTCACCACACTCG
Cre-R CTCCCCCTGAACCTGAAAC

Zygote and two-cell embryo injection
Two-month-old B6D2F1 (C57BL/6 × DBA2) female mice 

were superovulated by injecting 5-7.5 IU of pregnant mare serum 
gonadotropin (PMSG), followed by 5-7.5 IU of hCG 48 h later. 
Superovulated female mice were mated to mT/mG (full name 
B6.129(Cg)-Gt(ROSA)26Sortm4(ACTB-tdTomato,-EGFP)Luo/J; JAX strain 
007676) [22] or Ai9 (full name B6.Cg-Gt(ROSA)26Sortm9(CAG-td-

Tomato)Hze/J; JAX strain 007909) [8] male mice, and zygotes (one-
cell embryos) were collected from oviducts 22.5-23.5 h post hCG 
injection using hyaluronidase (Sigma, Cat# H3884). Heterozygous 
mT/mG or Ai9 male mice were used for mating. For Cre expres-
sion, Cre mRNA was microinjected into the cytoplasm of one 
blastomere 46-48 h post hCG injection as previously reported, to 
ensure that the two blastomeres were completely separated [24]. 
For the two-step injection protocol, 25 or 50 ng/µl Cas9 mRNA 
was microinjected into the zygotic cytoplasm 23-26 h post hCG 
injection, followed by Cre mRNA/sgRNA mixture microinjection 
into one blastomere of two-cell embryos 46-48 h or 47.5-49.5 h 
post hCG injection for mT/mG or Ai9 stain, respectively. The zy-
gote and two-cell embryo injection procedures took about 1 h for 
150 embryos, respectively. In the two-step injection protocol, 2.5 
ng/µl Cre mRNA was used together with 25 or 50 ng/µl sgRNAs 
as a mixture for injection into one blastomere of the two-cell stage 
embryos.

ES cell derivation
Dually injected embryos were cultured in KSOM+AA with 

d-glucose (Millipore, Cat# MR-106-D) at 37 °C under 5% CO2 un-
til 3.5-day blastocysts formed. Zona pellucida was removed using 
Acidic Tyrode’s solution (Sigma, Cat# C6762) and each blastocyst 
was transferred into one well of a 96-well plate to culture in ESC 
medium containing 2i (Selleck, Cat# S2924, S1036) [42] for ES 
cell derivation. One week later, the colonies were dissociated us-
ing 0.05% Trypsin-EDTA (Gibco, Cat# 25300054) and expanded. 
For routine culture, the established ESC lines were cultured in 2i 
medium and passaged every 2-3 days. ESC lines were free of my-
coplasma as determined by PCR-based detection method.

Embryo transfer
Injected two-cell embryos were cultured in KSOM+AA with 

d-glucose for 1 h and then transferred into oviducts of pseudopreg-
nant ICR females at 0.5 day postcoitum (dpc; related to Figures 
2-5). Alternatively, injected two-cell embryos were cultured to 
blastocyst stage and transferred into uteruses of 2.5 dpc ICR fe-
males (related to Figure 1).

Deep-sequencing analysis
PCR products were amplified from mouse tissues or blastocysts 

and purified with Universal DNA Purification Kit (TIANGEN, 
Cat# DP214). Illumina library was constructed using the NEBNext 
Ultra DNA Library Prep Kit for Illumina (New England Biolabs) 
according to the manufacturer’s instructions. Qualified libraries 
were applied to 2× 150 bp paired-end sequencing on Illumina HiS-
eq X-ten platform (Illumina) at Shanghai Biotechnology Corpora-
tion. Primers used were (5′-3′):

Tet3 deep F2 TACAGGTCTGTGGGATAGTGAGG
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Tet3 deep R2 AAGTTGAGCCAGGGCCAGA
Tet3 deep F4 GTGGCTCAGTCCCATGTCT
Tet3 deep R4 TGCCTGCTACCCTGGTTCTA
Tet3 deep F5 TGCAGGTGATCCGAAGACA
Tet3 deep R5 CTACAGCCCCATCACCACC
Tet3-exon6-OF (1st) CTCTGCCCAAGTGTAAAACG
Tet3-exon6-OR (1st) GCTAGTTCCAGGACAGCAAGAC
Tet3 deep6 F (2nd) TCTGCAGGTGATCCGAAGA
Tet3 deep6 R (2nd) TGCCTGCTACCCTGGTTCTA

Mass spectrometry analysis
We mainly followed the published protocol to analyze global 

5hmC and 5mC levels using mass spectrometry [43]. Briefly, ex-
tracted genomic DNA (600-1 200 ng) was heat-denatured and then 
hydrolyzed with Nuclease P1 (Sigma, Cat# N8630) for > 4 h, fol-
lowed by CIAP (Takara, Cat# 2250A ) treatment for another 4 h or 
overnight. The amount of 5hmC, 5mC and C in each sample was 
measured through a multiple reaction monitoring (MRM) meth-
od using an Agilent 1290 UHPLC system coupled with a G6490 
triple quadrupole mass spectrometer (Agilent Technologies, Palo 
Alto, CA, USA). A Zorbax SB-C18 column (100 mm × 2.1 mm 
I.D., 1.8 µm particle size, Agilent Technologies) was used for UH-
PLC separation. The mobile phase (at a flow rate of 0.25 ml/min) 
consisted of 5% methanol in 0.1% formic acid solution. The mass 
spectrometer was operated at positive ion mode. The nebulization 
gas was set at 20 psi, the flow rate of desolvation gas was 12 l/min, 
and the source temperature was set at 200 °C. And the tempera-
ture and flow rate of sheath gas were set at 400 °C and 12 l/min, 
respectively. Capillary voltage was set at 3 500 V. High-purity 
nitrogen (99.999%) was used as collision gas. Transitions used for 
detection were m/z 258→142 for 5hmC (collision energy, 3 eV); 
m/z 242→126 for 5mC (3 eV); m/z 228→112 for C (5 eV).

Acute slice preparation and whole-cell recordings
After mice were deeply anesthetized with 0.7% sodium pento-

barbital (0.14 g/kg body weight), brains were quickly transferred 
into ice-cold (0-4 °C) choline-based cutting solutions containing 
choline-Cl (110 mM), KCl (2.5 mM), NaH2PO4 (1.3 mM), MgCl2 (7 
mM), CaCl2 (0.5 mM), NaHCO3 (25 mM) and d-glucose (20 mM), 
bubbled with 95% O2/5% CO2. Coronal slices of 300 µm thick 
were cut on a Leica VT 1200s vibratome (Leica Microsystems, 
Nussloch, Germany). Brain slices were recovered in a submerged 
chamber containing artificial cerebrospinal fluid (aCSF) at 37 °C 
for 30 min and then at room temperature (25-28 °C) for 1 h. aCSF 
contained NaCl (125 mM), KCl (2.5 mM), NaH2PO4 (1.3 mM), 
MgCl2 (1.3 mM), CaCl2 (2 mM), NaHCO3 (25 mM) and d-glucose 
(20 mM), bubbled with 95% O2/5% CO2. All slices were used 
within 6 h of the first recording.

Whole-cell recordings of layer 2/3 pyramidal neurons in 
cortex S1BF and hippocampus CA1 neurons were made with a 
MultiClamp 700B amplifier (Molecular Devices, Sunnyvale, CA, 
USA) and 3-4 MΩ pipettes, on a Nikon FN1 microscope (Nikon, 
Tokyo, Japan) with a 40× water immersion objective under infra-
red differential interference contrast optics, in aCSF at 28.5-30.0 
°C as previously described [44]. Signals were low-pass filtered at 
2 kHz and digitized at 10 kHz using Axon Digidata 1332A (Mo-
lecular Devices). For mEPSC recordings, a Cs+-based internal 
solution containing CsMeSO4 (130 mM),  CsCl (5 mM), HEPES 
(10 mM), EGTA (0.5 mM), Na2ATP (15 mM), MgATP (4 mM), 

Na3GTP (0.3 mM) and Na2-phosphocreatine (10 mM) was used. 
For mIPSC recordings, high chloride Cs+-based internal solution 
containing CsCl (110 mM), NaCl (10 mM), MgCl2 (5 mM), EGTA 
(0.5 mM), MgATP (2 mM), Na3GTP (0.3 mM) and HEPES (40 
mM) was used. Internal solutions were adjusted to pH 7.4, 270-
280 mOsm. For recording AMPAR-mediated mEPSC, cells were 
held at −70 mV in voltage-clamp mode, in aCSF containing TTX 
(0.5 µM), picrotoxin (50 µM) and d-APV (50 µM) to block Na+ 
channels, GABAARs and NMDARs, respectively. For recording 
GABAAR-mediated mIPSC, cells were held at −60 mV with aCSF 
containing TTX (0.5 µM), NBQX (10 µM) and d-APV (50 µM) to 
block Na+ channels, AMPARs and NMDARs, respectively. Series 
resistance and input resistance were monitored throughout whole-
cell recordings by giving a brief hyperpolarizing pulse (−10 mV, 
100 ms) every 10 s. Only cells with series resistance < 15 MΩ 
and with changes of input resistance < 20% were analyzed. Series 
resistances were not significantly different between experimental 
groups and control groups. Liquid junction potential and series re-
sistance were uncompensated. 

tdTomato− cells and tdTomato+ cells were recorded in a random 
order. Data were analyzed blinded to the genotype in pClamp 10.3 
(Molecular Devices) and MiniAnalysis (Synaptosoft) with detec-
tion thresholds of 5 and 6 pA for mEPSC and mIPSC, respectively.

Statistics
All the morphological data and electrophysiological data analy-

ses were performed blindly. Statistical tests were performed using 
GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). Two-
tailed paired Student’s t-test was used for paired recording data 
and two-tailed unpaired Student’s t-test was used for all other 
experiments. In the quantitative reverse transcription PCR exper-
iment, the error bars represent SD of triplicate reactions in Figure 
4A or SEM of several mice in Supplementary information, Figure 
S6A. In the morphological and electrophysiological experiments, 
data are represented as mean ± SEM, where n refers to the number 
of mice (for immunohistochemistry) or the number of cell pairs (for 
electrophysiological experiments). All conditions statistically dif-
ferent from control are indicated as *P < 0.05; **P < 0.01; ***P < 
0.001.

Other methods are described in detail in Supplementary infor-
mation, Data S1.
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