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ABSTRACT 

Lactate is present at a high level in the microenvironment of mammalian preimplantation embryos in vivo 
and in vitro . However, its role in preimplantation development is unclear. Here, we report that lactate is 
highly enriched in the nuclei of early embryos when major zygotic genome activation (ZGA) occurs in 
humans and mice. The inhibition of its production and uptake results in developmental arrest at the 2-cell 
stage, major ZGA failure, and loss of lactate-derived H3K18lac, which could be rescued by the addition of 
Lac-CoA and recapitulated by overexpression of H3K18R mutation. By profiling the landscape of H3K18lac 
during mouse preimplantation development, we show that H3K18lac is enriched on the promoter regions of 
most major ZGA genes and correlates with their expressions. In humans, H3K18lac is also enriched in ZGA 

markers and temporally concomitant with their expressions. Taken together, we profile the landscapes of 
H3K18lac in mouse and human preimplantation embryos, and demonstrate the important role for 
H3K18lac in major ZGA, showing that a conserved metabolic mechanism underlies preimplantation 
development of mammalian embryos. 

Keywords: mammalian preimplantation development, lactate, epigenetic remodeling, histone lactylation, 
zygotic genome activation 
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Cellular metabolism is the foundation of all bio- 
logical activity, and its dynamics is directly linked to 
changes in epigenetics [5 ,6 ]. Metabolic reprogram- 
ming and its regulation are hardwired into the com- 
plex program of early embryo development in mam- 
mals, such as the role of reciprocal changes in a pair 
of competitive metabolites (e.g. α-KG and 2-HG) 
in dynamic erasure of histone methylation during 
early embryogenesis in mice [7 ]. We established a 
metabolome profile of preimplantation embryos of 
mice from the zygote to blastocyst stages, and found 
that the combination of the prominent metabolic co- 
factor NAD+ and the deacetylase SIRT1 removes zy- 
gotic H3K27ac in the late 2-cell stage for the exit of 
minor ZGA, and it is essential for mouse and human 
preimplantation embryo development [8 ]. More- 
over, in the study, we observed that lactate showed 
high level in 2-cell embryos and close associations 
with the top 2-cell embryo genes, suggesting a func- 
tional role in ZGA. 

©The Author(s) 2023. Published
Commons Attribution License (h
work is properly cited. 
NTRODUCTION 

ammalian preimplantation development, from zy-
ote to blastocyst, involves a series of significant
iological events, including zygotic gene activation
ZGA). ZGA is the first transcription event in life,
hich is characterized by activation of a group of
enes (e.g. Usp genes). In mice, the initial ZGA oc-
urs between the S phase of the zygote and G1 of the
arly 2-cell embryo, and is designated as minor ZGA
o discriminate it from the burst of transcription that
ccurs during the mid-to-late 2-cell stage, which is
esignated as major ZG A [1 –3 ]. Ex tensive epige-
etic reprogramming plays an essential role in preim-
lantation embryo development in mammals, and
s closely linked with ZGA. For example, the transi-
ion of broad H3K4me3 domains to transcriptional-
tart-site (TSS) regions is required for normal ZGA
4 ]. Thus, the regulation of epigenetic remodeling
n ZGA needs to be further studied. 
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Lactate, as a major nutrient, is at a high level in the
evelopmental microenvironment both in vivo and
n vitro and is readily oxidated as early as the zygote
tage [9 ,10 ]. However, its role in preimplantation
mbryo development in mammals is unclear. Zhang
t al. discovered a novel epigenetic modification, hi-
tone lactylation derived by lactate, that activates
ene transcription [11 ]. In this study, we demon-
trate that lactate is highly enriched in the nuclei of
oth human and mouse embryos when major ZGA
ccurs, and deprivation of lactate results in preim-
lantation development arrest at the 2-cell stage and
ajor ZGA failure. Lactate-derived H3K18lac is en-
iched at the promoter regions of major ZGA genes
nd contributes to major ZGA. Our findings reveal
n important role for H3K18lac in major ZGA of
ammals, providing insight into the crosstalk be-
ween cell metabolism and epigenetic remodeling in
he regulation of embryogenesis. 

ESULTS 

actate is highly enriched in the nuclei of
-cell embryos and indispensable for 
reimplantation development in mice 

e first measured lactate levels of preimplantation
mbryos of mice by absorptiometric analysis, and
ound the lactate level was not significantly high in
-cell embryos (Fig. 1 A). By using our recently re-
orted lactate sensor [12 ], FiLa, we found no sig-
ificant change in lactate level in the cytosol of
mbryos during preimplantation development ( Fig.
1A). However, surprisingly, a remarkable lactate
ool was observed in the nucleus of 2-cell embryos,
omparing to cytosol, and also the lactate level in
he nucleus of 2-cell embryos was higher than those
t other stages (Fig. 1 B), indicating that lactate in
he nucleus may be important in early embryogen-
sis. However, the preimplantation development of
mbryos cultured in mKSOM lacking NaLac was
ot significantly affected ( Fig. S1B). Pyruvate can
e converted into lactate by lactate dehydrogenase
LDH; Fig. 1 C), and both Ldha and Ldhb expres-
ions were high in 2-cell embryos ( Fig. S1C), and
nexpectedly we found, through immunofluores-
ence (IF) staining, that LDH was highly enriched
n the nucleus of 2-cell embryos ( Fig. S1D), so we
peculated that this conversion in the nucleus may
ompensate for the removal of lactate from the cul-
ure medium. Therefore, LDH activity was inhibited
y Gne140 or GSK2837808A, dual LDHA/B in-
ibitors, and according to our previous study, nicoti-
amide mononucleotide (NMN) was added to res-
ue the loss of NAD+ [8 ]. We found that the depri-
ation of lactate by two inhibitors led to an embryo
Page 2 of 11
to blastocyst development failure which arrested at 
the 2-cell stage (Fig. 1 D and E), and also found
that the potential toxicity of the inhibitors, which 
may result in this developmental arrest, was excluded 
by TUNEL staining ( Fig. S1E). The FiLa sensor 
showed the treatment resulted in little or no lactate in 
the nucleus of 2-cell embryos (Fig. 1 F). Considering 
that the developmental arrest mainly happens at the 
2-cell stage, to further determine at which stages lac- 
tate is required, we deprived lactate through Gne140 
treatment at the late zygote (24 h post-hCG) and 4- 
cell (60 h post-hCG) stages (Fig. 1 G); development 
failed at the 2-cell stage when lactate was deprived at 
24 h post-hCG, but not 60 h (Fig. 1 H and I), sug-
gesting the role of lactate in ZGA. Together, these 
results demonstrate that lactate is essential for the 
development of mouse embryos beyond the 2-cell 
stage. 

Lactate deprivation results in failure 

of major ZGA in early embryos of mice 

To investigate the mechanism by which lactate in- 
fluences early embryo development in mice, we first 
performed RNA sequencing (RNA-seq) on late 2- 
cell embryos with deprivation of lactate at 24 h post- 
hCG. Unsupervised hierarchical clustering (UHC) 
separated the transcriptomic patterns of the lactate- 
deprived group from the control group ( Fig. S2A), 
and we identified the differentially expressed genes 
(DEGs; Fig. 2 A and Table S1). KEGG analysis 
showed that the downregulated genes in the lactate- 
deprived group were enriched in ZGA-related path- 
ways, such as RNA polymerase, spliceosome, and ri- 
bosome ( Fig. S2B). ZGA genes were significantly 
downregulated (NES = −1.02, Fig. 2 B) by GSEA. A 

previous study classified ZGA genes into minor and 
major ZGA genes based on their expression, mainly 
at the early or late 2-cell stages [13 ]. Notably, 29.3%
of the downregulated genes ( n = 537) were major 
ZGA genes (Fig. 2 C), showing significant downreg- 
ulation through deprivation of lactate (Fig. 2 D), in- 
cluding the Dppa and Usp families (Fig. 2 A). To test
whether minor ZGA is affected by the deprivation of 
lactate, we performed RNA-seq on early 2-cell em- 
bryos (30 h post-hCG) with lactate deprivation at 
24 h post-hCG, and found that the expressions of 
seldom genes were significantly affected (Fig. 2 E; 
Table S2), while the expression level of minor ZGA 

genes showed no significant difference (Fig. 2 F). 
To confirm the failure of major ZGA, total de novo 
transcripts were detected via 5 ́-ethynyluridine (EU) 
staining; the EU signal was remarkably decreased 
in the lactate-deprived embryo (Fig. 2 G), and also 
in the enrichment of Pol II Ser2P in the nucleus 
(Fig. 2 H). In addition, the FiLa sensor showed 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
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Figure 1. Lactate is essential for the preimplantation development of early embryos of mice. (A) Lactate levels during 
the development of preimplantation embryos in mice. Three experimental replicates were performed. Error bars represent 
SEM. (B) Fluorescence images of mouse embryos from different stages expressing FiLa in nucleus. Scale bars, 20 μm. 
(C) Interconversion of pyruvate and lactate. (D and E) Development rates of embryos in the groups. Three experimental 
replicates were performed. (F) Fluorescence images of mouse embryos at the 2-cell stage from different groups express- 
ing FiLa in the nuclei at the 2-cell stage. Scale bars, 20 μm. (G) Overview of the experimental designs. (H and I) Development 
rates of embryos deprived of lactate at the late zygote and 4-cell stages. DMSO, mKSOM culture medium plus DMSO; G&N, 
mKSOM culture medium plus Gne140 and NMN; G&N-L, mKSOM culture medium without lactate plus Gne140 and NMN; 
GSKA&N, mKSOM culture medium plus GSK2837808A and NMN; GSKA&N-L, mKSOM culture medium without lactate plus 
GSK2837808A and NMN; Error bars are SEM. n.s. means not significant. ** P < 0.01, *** P < 0.001. Differences between 
means were calculated using two-tailed Student’s t -test. 

a  

2  

g  

s

H
o
L  

C  

r  

 

 

pparently high lactate levels in the nucleus at the late
-cell stage when major ZGA occurs (Fig. 2 I). To-
ether, these results demonstrate that major ZGA is
everely impaired in the absence of lactate. 

3K18lac is reduced by deprivation 

f lactate and affects major ZGA 

actate is the substrate for protein lactylation [11 ].
onsidering that the high level of lactate was en-
iched in the nuclei of 2-cell embryos, we focused
Page 3 of 11
on the changes in histone lactylations. By IF analysis 
of 11 specific histone lactylation sites, we found 
that the H3K18lac level was markedly reduced in 
the 2-cell embryos of the lactate-deprived group 
(Fig. 3 A and Fig. S3A). Furthermore, through IF 
analysis, we observed that H3K18lac was dramati- 
cally changed during mouse preimplantation devel- 
opment in vivo and in vitro (Fig. 3 B and Fig. S3B).
In contrast to the weak signal in MII oocytes,
H3K18lac was established in zygotes and showed 
a strong H3K18lac signal in the nuclei of 2-cell 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
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mbryos, especially at the late 2-cell stage (Fig. 3 B
nd Fig. S3B, S3C). To further detect the role of
3K18lac on mouse preimplantation development,
e injected mutant H3K18R mRNAs of H3.1, H3.2
nd H3.3 into early zygotes at 14 h post-hCG. The
oading of H3 on the nuclei in the injected groups
as normal as confirmed by IF ( Fig. S3D). We
ound the mixture of the mutant H3K18R mRNAs
njection, but not the wildtype mRNAs, resulted in
evelopmental arrest at the 2-cell stage (Fig. 3 C and
), suggesting the important role of the lysine 18
ites. As expected, the H3K18lac enrichment was
ecreased by the overexpression of mutant H3K18R
RNAs mixture (Fig. 3 E). In addition to lactyla-
ion, the acetylation of the lysine 18 sites is also an
mportant active modification in vertebrates [14 ]. IF
Page 4 of 11
showed that H3K18ac was mainly established at the 
8-cell stage and no remarkable signal was observed 
in 2-cell embryos ( Fig. S3E). The results suggest 
that the developmental arrest by overexpression of 
mutant H3K18R mRNAs, at least in part, can be con- 
tributed to the failure of H3K18lac establishment. 
RNA-seq data showed the overexpression of mutant 
H3K18R mRNAs also led to the failed expressions 
of some major ZGA genes, such as Dppa5a , Usp29 
and Kdm4b (Fig. 3 F and G; Table S3). In addition, 
the comparative analysis of the transcriptomes of 
the lactate-deprived and H3K18R-mutated embryos 
exhibited 475 commonly downregulated major 
ZGA genes (Fig. 3 H). Therefore, we suggest the 
role of lactate-derived H3K18lac in regulating major 
ZGA. 
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o figure out how H3K18lac functions on major
GA, we first used cleavage under targets and tag-
entation (CUT&Tag) to generate genome-wide
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H3K18lac histone modification maps for zygote, late 
2-cell, 4-cell, 8-cell, morula, ICM, and TE of blasto- 
cyst. The strong correlations between the biological 
replicates confirmed data quality ( Fig. S4A). Hierar- 
chical clustering distinguished the stages (Fig. 4 A), 
and multiple dimensional scaling (MDS) separated 
the late 2-cell embryo from the embryos at other 
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tages, showing the specific manner of H3K18lac
t the late 2-cell stage (Fig. 4 B). Dramatic changes
f H3K18lac distributions were observed ( Fig.
4B), and we found that H3K18lac correlated with
3K27ac, and excluded to H3K27me3 ( Fig. S4C).
he genomic coverage analysis revealed that the
3K18lac modification was present at the high-
st level in the 2-cell embryos, and more peaks
ere enriched at the promoter at late 2-cell stage
han those at other stages (Fig. 4 C). More impor-
antly, the peaks of H3K18lac at the promoter re-
ions of major ZGA genes were significantly higher
han those of minor ZGA genes and other coding
enes (Fig. 4 D). In addition, the expressions of most
ajor ZGA genes exhibited high correlation with
3K18lac (Fig. 4 E), such as Usp29 (Fig. 4 F). We
lso found the downregulated genes in the lactate-
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deprived group showed significantly high H3K18lac 
enrichment comparing to the upregulated genes 
( Fig. S4D), suggesting that alteration in transcrip- 
tome of the lactate-deprived 2-cell embryos may 
be associated with the loss of H3K18lac. Taken to- 
gether, these data clearly show that H3K18lac is en- 
riched in the promoters of major ZGA genes in 2-cell 
embryos, and may correlate with their expressions. 

H3K18lac promotes the expression 

of major ZGA genes 
Lac-CoA has been shown to be the substrate for hi- 
stone lactylation [11 ]. We found injection of 1 mM 

Lac-CoA into zygotes deprived of lactate at 24 h 
post-hCG could rescue the reduced H3K18lac level 
(Fig. 5 A), and the failed expressions of major ZGA 

genes checked by RNA-seq, including Dppa and Usp 
genes (Fig. 5 B; Table S4), and the developmental 
arrest (Fig. 5 C and D). To investigate the role of
H3K18lac on major ZGA, we generated genome- 
wide H3K18lac maps of late 2-cell embryos from 

the group with Lac-CoA addition using CUT&Tag. 
Compared to the lactate-deprived embryos, the av- 
erage enrichment of H3K18lac signals was remark- 
ably recovered by Lac-CoA, also at the promoter re- 
gions (Fig. 5 E). Importantly, Lac-CoA could rescue 
the H3K18lac enrichment in promoter regions of the 
majority of major ZGA genes (Fig. 5 F). The RNA- 
seq and CUT&Tag data showed that the H3K18lac 
enrichment in promoter regions was positively cor- 
related with the expression levels of major ZGA 

genes (Fig. 5 F), such as Usp29 (Fig. 5 G). Further-
more, the major ZGA genes with high H3K18lac 
enrichment (1 004 vs 2 099) showed significantly 
higher expressions (Fig. 5 H), and Pol II loading 
on the TSS and TES regions (Fig. 5 I), suggesting 
H3K18lac may facilitate Pol II loading to promote ex- 
pressions of major ZGA genes. Collectively, our re- 
sults indicate that lactate regulates major ZGA, alter- 
natively via H3K18lac. 

H3K18lac is temporally concomitant with 

major ZGA in early embryos of humans 
The finding that lactate via its derived H3K18lac reg- 
ulates major ZGA, and for further embryonic de- 
velopment of mouse embryos, led us to investigate 
whether a conserved mechanism might operate in 
human embryos. To this end, we were granted ac- 
cess to a small number of human embryos from 

fertilization clinics through a fully consented and 
documented process. As in mice, we found the high 
level of lactate enrichment in nuclei at the 8-cell 
stage (Fig. 6 A and Fig. S5A, S5B), when major ZGA 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
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ursts occurred in humans. IF showed that the high
3K18lac signals were observed in the 8-cell em-
ryo, while the signals were low in the 4-cell em-
ryos and morula (Fig. 6 B). To investigate the role
f H3K18lac in human ZGA, we performed genome-
ide H3K18lac profiling of human embryos. Be-
ause of the small number of samples, we developed
 single-cell CUT&Tag (scCut&Tag) approach.
irst, the approach was performed on H3K4me3 us-
ng single 2-cell embryos of mice. The H3K4me3
ignals detected by scCut&Tag showed high correla-
ion and similar pattern with those detected by ULI-
Page 7 of 11
NChIP and Cut&Tag using bulk cells in our previous 
study [15 ] and the study shown in Fig. S6A, S6B. We
then titrated a range from 100 to 1 2-cell mouse em-
bryos to validate the approach. We found strong cor- 
relations between the number of embryos and the 
H3K18lac signals even at the single 2-cell embryo 
level ( Fig. S6C), and the chromatin landscapes of 
the ultra-low samples closely matched profiles gen- 
erated in bulk samples, indicating the accuracy of 
the approach ( Fig. S6D). Then, we performed de- 
tection on human embryos from the 4-cell to blas- 
tocyst stages. Hierarchical clustering analysis could 

https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
https://academic.oup.com/nsr/article-lookup/doi/10.1093/nsr/nwad295#supplementary-data
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istinguish samples at different stages (Fig. 6 C), and
DS separated the 8-cell and 16-cell embryos from

he embryos at other stages (Fig. 6 D), showing the
pecific role of H3K18lac on ZGA in humans. Ge-
omic coverage analysis revealed the highest ratio of
3K18lac peaks enrichment at the promoter regions

n 8-cell embryos (Fig. 6 E). Furthermore, we classi-
ed the 8-cell embryo signature genes classified by
 recent study [16 ] into those highly expressed in
-cell (cluster I) and 8-cell (cluster II) embryos, re-
pectively. Importantly, the promoter regions of hun-
reds of these genes, including human ZGA mark-
rs (such as ZSCAN4 and TPRX1 ), were highly en-
iched with H3K18lac peaks that correlated with
heir expressions (Fig. 6 F). The results reveal the ex-
ressions of the key human 8-cell embryo signature
enes are associated with H3K18lac enrichment. 
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DISCUSSION 

Cell metabolism provides not only energy but also 
substrates or cofactors for epigenetic remodeling, 
which is important in preimplantation embryo de- 
velopment in mammals. Some metabolic changes 
are attributed to changes in chromatin status and 
therefore are associated with developmental pro- 
gression [4 ,17 ]. In this study, we observe lactate is
highly enriched in the nuclei of early embryos when 
major ZGA occurs in humans and mice, and, in ab- 
sence of lactate, mouse embryos fail in major ZGA 

with developmental arrest at the 2-cell stage, and 
show the role of lactate-derived H3K18lac in major 
ZGA (Fig. 6 G). 

The preimplantation embryo takes up nutrients 
from the oviductal fluid. The developmental pro- 
gram is recapitulated for in vitro culture of embryos 
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n a defined medium, which contains most of the
omponents of oviductal fluid, including pyruvate,
actate, and glucose [18 ,19 ]. Pyruvate is indispens-
ble for the development of mouse embryos beyond
he 2-cell stage [20 ], and glucose is essential for
he morula-to-blastocyst transition [21 ]. Lactate
upports the development of early embryos of mice
fter the 2-cell stage, but it is readily oxidized by
- and 2-cell embryos [10 ]. However, because the
DH-mediated conversion of pyruvate into lactate
s at a high level in the cleavage stage, removing
actate from the culture medium had no significant
ffect on in vitro development of preimplantation
ouse embryos. KSOM contains lactate at 20 mM,

ndicating that a large amount of lactate is consumed
t the early stages. In the zygote stage, pyruvate
ptake and oxidation are significantly reduced in the
resence of a high level of lactate, suggesting that
actate is converted into pyruvate [10 ]. Therefore,
he interconversion of lactate and pyruvate may pro-
ote embryo adaptation to the microenvironment,
articularly in the cleavage stages. By inhibiting the
roduction and uptake of lactate, we found that
reimplantation development of the mouse embryo
s blocked in the 2-cell stage. Therefore, lactate is
 key player in early developmental stages. Indeed,
oth lactate and pyruvate are indispensable for em-
ryo development beyond the 2-cell stage, and they
ay regulate preimplantation embryo development
y different mechanisms. 
It has been shown that a number of enzymati-

ally active mitochondrial enzymes associated with
he TCA cycle are transiently and partially local-
zed to the nucleus during ZGA. Pyruvate is es-
ential for this nuclear localization [20 ]. In the
tudy, we also show that LDH in the glycolysis
athway is localized in the nucleus, revealing the
mportant role of the lactate mechanism in the nu-
leus in ZGA. The nuclear lactate level in the in-
ibitor treatment groups were already dramatically
ower than the control group, indicating that a cer-
ain level of lactate in the nucleus of 2-cell embryos is
ndispensable for normal preimplantation develop-
ent in mice. Thus, the nuclear lactate level is de-
reased by the inhibitor treatment, but the lactate
ptake from culture medium is sufficient to support
reimplantation development. Lactate can feed the
CA cycle in the mitochondria and also lactylate hi-
tones in the nucleus [11 ]. The interesting finding
n the study is that lactate is temporarily localized
o the nuclei in human and mouse embryos when
ajor ZGA occurs, indicating the lactate-mediated
pigenetic remodeling functions during ZGA. Hi-
tone lactylation directly promotes gene transcrip-
ion [11 ]. In the late phase of M1 (proinflamma-
ory) macrophage polarization, increased histone
Page 9 of 11
lactylation in promoter regions induces the expres- 
sion of homeostatic genes and facilitates acquisition 
of the M2 (anti-inflammatory)-like phenotype [11 ]. 
To date, 28 lactylation sites on core histones have 
been identified, including H3K4, H3K18, H4K12 
and H4K5 [22 –26 ]. H3K18lac promotes the expres-
sion of YTHDF2, which recognizes and enhances 
the degradation of m6A-modified PER1 and TP53 
mRNA s, thus driv ing oncogenesis [27 ]. In the study,
we find that deprivation of lactate leads to a remark-
able loss of H3K18lac in mouse 2-cell embryos. And 
the developmental arrest and failure of the major 
ZGA induced by lactate depletion, were recapit- 
ulated by the overexpression of mutant H3K18R 

mRNAs, and more importantly, recovered by addi- 
tion of Lac-CoA, indicating the important role of 
H3K18lac in major ZGA. Investigation of the dy- 
namic regulation of H3K18lac during the preim- 
plantation development of mammalian embryos 
facilitates functional evaluation of lactate signaling 
pathways. For the first time, we profiled H3K18lac in 
the preimplantation embryos of humans and mice. 
This modification is enriched in major ZGA genes, 
and contributed to their expressions. Lactate can also 
activate the expression of ZGA markers, such as Zs- 
can4 and MERVL, in mouse ESCs to induce the 2-
cel l-li ke cel ls. Thus, we also propose a critical func-
tion of lactate-mediated epigenetic remodeling in 
regulating totipotency. 

In summary, lactate is indispensable for the 
preimplantation development of mammalian em- 
bryos, and we show the role of lactate-derived 
H3K18lac in major ZGA. This study was a prelim- 
inary exploration of lactate metabolism-epigenetic 
relationships in mammalian embryos. It would be 
interesting to determine whether the mechanism of 
normal development presented here has clinical rel- 
evance for infertility, which is often associated with 
metabolic disorders. 

MATERIALS AND METHODS 

Detailed materials and methods are available in the 
Supplementary Data. This study was approved by 
the Institutional Review Board (IRB) of Chongqing 
Health Center for Women and Children (2019- 
603), China, in accordance with the measures of 
the People’s Republic of China on the Administra- 
tion of Human Assisted Reproductive Technology 
and the Helsinki Declaration. The research followed 
the principles of the Human Embryonic Stem Cell 
Ethics issued by the MOST and MOH and was 
regularly reviewed by the Medical Ethics Commit- 
tee of Chongqing Health Center for Women and 
Children. 
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