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In brief

Cleavage-stage arrest is a leading cause
of low blastulation rate in human
embryos. Through allelic transcriptome
analysis of early human embryos, Guo
et al. quantified maternal-to-zygotic
transition progression and identified that
PRD-like homeobox transcription factors
DPRX and ARGFX control human
embryonic development and whose
deficiency is an etiology underlying
human cleavage-stage arrest.
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SUMMARY

Cleavage-stage arrest in human embryos substantially limits the success rate of infertility treatment, with
maternal-to-zygotic transition (MZT) abnormalities being a potential contributor. However, the underlying
mechanisms and regulators remain unclear. Here, by performing allelic transcriptome analysis on human pre-
implantation embryos, we accurately quantified MZT progression by allelic ratio and identified a fraction of
8-cell embryos, at the appropriate developmental time point and exhibiting normal morphology, were in tran-
scriptionally arrested status. Furthermore, we identified PAIRED (PRD)-like homeobox transcription factors
divergent paired-related homeobox (DPRX) and arginine-fifty homeobox (ARGFX) as factors involved in MZT,
whose deficiency severely impairs MZT and lineage specification and leads to aberrant retention of histone
acetylation. By reversing the acetylation retention caused by DPRX and ARGFX defects, embryonic arrest
can be partially rescued. Our study identifies factors involved in human MZT and elucidates the etiology un-

derlying human cleavage-stage arrest.

INTRODUCTION

Approximately 16.7% of the adult population are affected by
infertility in their life time, posing a significant challenge to human
health.” Although assisted reproductive technology (ART) stands
out as the most effective infertility treatment, the live birth rate af-
ter ART is lower than 30%." One of the major challenges to the
success of ART is the low blastulation rate of human embryos,
which hovers around 45%,? markedly lower than other species,
such as over 80% in murine® and swine.” Of the embryos that fail
to develop into blastocysts, a large proportion suffer develop-
mental arrest at the cleavage stage. In particular, more than
50% of high-quality human 8-cell embryos fail to compact and
develop to the blastocyst stage.® Until recently, it has remained
unclear why human embryos are so prone to arrest at the cleav-
age stage. ldentifying the causes of human cleavage-stage

arrest may help develop clinical treatments and improve the suc-
cess rate of ART.

Chromosomal abnormality is a common problem in human
preimplantation embryo development, yet aneuploidy embryos
could develop to blastocysts at a relatively high rate,®” suggest-
ing that other mechanisms are involved in human cleavage-
stage arrest. Recent studies of human embryonic arrest have
shown that arrested embryos exhibit disruptions in metabolic
processes, including oxidative phosphorylation and glycolysis,
as well as aberrations in epigenetic modifications, such as
DNA methylation.>® However, these studies analyzed embryos
that had already arrested, which introduces confounding factors
in that these observations may be of phenotypes that occurred
after developmental arrest rather than pinpointing the initiating
factors that cause the arrest. In addition, beyond the generic
characteristics of arrested embryos, the specific molecular
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mechanisms driving embryonic arrest, along with the potential
interventions, remain largely elusive.

As one of the most pivotal events of the cleavage stage,
maternal-to-zygotic transition (MZT) represents the develop-
mental control of embryos shifting from the maternal to the em-
bryonic genome. Initially, the embryonic genome stays in a
transcriptionally silent state until zygotic genome activation
(ZGA), which is accompanied by the decay of maternally stored
mRNA. In humans, it has been shown that maternal decay de-
fects are associated with reduced embryonic developmental
potential,” suggesting that MZT abnormalities may lead to em-
bryonic developmental arrest. However, consistent with the
fact that the cleavage-stage arrest rate is much lower in mouse
embryos, the key regulators of MZT appear to be poorly
conserved between species,'®'" making it crucial to study hu-
man-specific MZT regulatory mechanisms. Although a recent
study revealed the role of tetrapeptide repeat homeobox tran-
scription factors (TPRXs) in ZGA initiation,'? the intricate regu-
latory networks governing human MZT remain poorly under-
stood. As MZT is composed of the timely clearance of
maternal transcripts and the generation of nascent embryonic
transcripts, here, we utilize the allelic ratio to quantify this pro-
cess, in an effort to identify the factors involved in human MZT
and investigate the mechanisms of human cleavage-stage ar-
rest. We identified that PAIRED (PRD)-like homeobox transcrip-
tion factors (TFs), divergent paired-related homeobox (DPRX),
and arginine-fifty homeobox (ARGFX), which are primate spe-
cific and expressed exclusively during preimplantation devel-
opment,'® played important roles in the regulation of MZT. Defi-
ciency of these TFs was a contributing mechanism to human
embryonic arrest.

RESULT

Allelic transcriptional profiling of human

preimplantation embryo

We first collected 38 embryos spanning 6 consecutive stages
from zygote to blastocyst and performed single-cell full-length
transcriptome sequencing. A total number of 467 cells were re-
tained after stringent quality control (Figures 1A, S1A, and
S1B; Table S2). The blastomeres were effectively clustered ac-
cording to developmental stages in principal-component anal-
ysis (PCA) (Figure S1D). To uncover the allelic transcription
feature of human preimplantation embryos, we distinguished
the parent-of-origin of transcripts in the embryos by single nucle-
otide polymorphism (SNP) allele genotyping analysis based on
parental genomic information (Figure 1B). The allelic ratios of
the X chromosome (chrX) exhibited different patterns between
embryos from the 4-cell stage onward, reflecting the inheritance
of chrX in embryos with different sexes (Figure 1C), by which we
identified the sex of embryos, including 13 male embryos and 10
female embryos. The assessment of Y chromosome (chrY)-ex-
pressed genes confirmed the accuracy of sex identification (Fig-
ure S1C). Besides, the maternal allelic ratio (MAR), which repre-
sents the proportion of transcripts derived from the maternal
genome, was found to be comparable between the chrX and au-
tosomes in female embryos at the blastocyst stage (Figure 1C),
indicating that X chromosome inactivation (XCI) has not been
initiated yet, consistent with previous studies.'® These results
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demonstrate the feasibility and accuracy of the allelic informa-
tion in our data, enabling an in-depth exploration of human
embryogenesis mechanisms.

We next investigated the dynamics of transcripts derived from
the parental genome during early human embryogenesis. A rapid
declination of MAR was seen at the 4-cell and 8-cell stages (Fig-
ure 1D), indicating the initiation of the paternal genome activation
at this time, which was consistent with the timing of minor and
major ZGA. At the morula and blastocyst stages, the contribution
of parental transcripts reached parity, with a MAR of nearly 50%
(Figure 1D), indicating that the decay of maternal mMRNA and the
activation of the paternal genome was basically completed by
the morula stage.

Notably, our results showed the greatest heterogeneity in MAR
at the 8-cell stage among all developmental stages (Figure 1E),
and the transcriptomes of 8-cell embryos spanned a long dis-
tance in the PCA analysis (Figure S1D). The fact that a substantial
fraction of human embryos was arrested at the 8-cell stage in clin-
ical ART treatment®®'® prompted us to postulate that the differ-
ences in developmental potentials might be largely correlated
with the strong heterogeneity of allelic ratio at the 8-cell stage.

Identification of TAS of 8-cell embryos by allelic ratio

To test this speculation, we examined the allelic ratio at both em-
bryonic and cellular levels. Although all the 8-cell embryos were
collected at proper developmental time points and exhibited
normal morphology (Figure S1E), the MAR varied from 53.1%
to 97.4 % among the 12 embryos (Figure 2A) and the MAR of
blastomeres ranged from 40% to 100% (Figure S1F). Further
exploration of the origins of heterogeneity indicated that inter-
embryonic variation, accounting for approximately 80% of the
heterogeneity (Figure 2B), rather than intra-embryonic variation,
dominated MAR heterogeneity at the 8-cell stage. Therefore, we
sought to determine whether the embryonic MAR is related to its
transcriptional status.

As the MAR at the blastomere level fits a bimodal distribution'®
(Figure S1F), we determined the cutoff value of MAR with a finite-
mixture model,’” which divided the 8-cell embryos into two
groups: the low-MAR group (8C_E1-E7) and the high-MAR
group (8C_E8-E12) (Figure 2A). Although the two groups could
not be distinguished by morphology (Figure S1E), significant dif-
ferences in gene expression patterns were observed (Figures
S1G and S1H; Table S38). Blastomeres with high-MAR were
largely delayed along the developmental trajectory at the 8-cell
stage (Figure 2C), indicating the developmental arrest status of
high-MAR embryos. Furthermore, the transcriptional profile of
high-MAR 8-cell embryos was much more similar to 4-cell em-
bryos than to low-MAR 8-cell embryos (Figure 2D). Therefore,
we defined these high-MAR 8-cell embryos as “transcriptionally
arrested status” (TAS) embryos.

To inquire whether MZT was compromised in the TAS em-
bryos, we comprehensively analyzed the transcriptional differ-
ences between TAS and normal 8-cell stage embryos. The
expression of maternal factors and major ZGA genes (hereafter
referred to as ZGA genes) was significantly altered in TAS em-
bryos (Figure S2A); 47% of downregulated genes in TAS em-
bryos were ZGA genes and up to 64% of ZGA genes were
significantly reduced in TAS embryos (Figure 2E), while there
was little overlap between the downregulated genes in TAS
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Figure 1. The allelic transcriptional characterization of human preimplantation embryos

(A) Schematic overview of the experimental design.

(B) Schematic illustration showing the allelic transcripts identification strategy. Only SNPs that are homozygous in parents and heterozygous in embryos are used

to trace allelic transcripts.

(C) Bar plots showing the parental allelic ratio of autosomes (up) and chrX (down) of preimplantation embryos at single-cell scale. Cells with less than 100 counts

on the chrX are marked in gray.

(D) Line chart showing the mean MAR of autosomes at different developmental stages. Error bars represent the standard deviation of the mean.
(E) The coefficient of variation (CV) of MAR of autosomes at different developmental stages.

embryos and maternal factors (Figure S2B). 44% of the upregu-
lated genes were maternal factors (Figure 2F), with none
belonging to ZGA genes (Figure S2C). Meanwhile, minor ZGA
genes were barely repressed in TAS embryos (Figure S2D),
suggesting that the abnormalities of TAS embryos are not
due to the defects in minor ZGA. To discern underlying
functional differences between normal and TAS 8-cell embryos
(TAS-8C), we performed functional enrichment analysis of

differentially expressed genes (DEGs). It was suggested
that the energy metabolism, nucleic acid, and protein-synthe-
sis-related categories were severely compromised in TAS
embryos (Figure S2E). Meanwhile, actin-filament-based pro-
cesses, female gamete generation, and the Wnt signaling
pathway were enriched for upregulated genes in TAS embryos
(Figure S2F), as a result of the failure of maternal genes
degradation.®'®
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Figure 2. Characteristics of TAS embryos

(A) Bar plots showing the median MAR of autosomes of 8-cell stage embryos. Error bars represent the standard error of the median.

(B) Pie chart showing the composition of MAR heterogeneity at the 8-cell stage.

(C) Monocle pseudotime trajectory showing the development progression of preimplantation embryos. The high-MAR blastomeres are marked in the square box.
(D) Boxplot showing the Pearson correlation between 4-cell, high-MAR and low-MAR 8-cell embryos. Statistical analysis was performed using Wilcoxon test.

****p < 0.0001.

(E) Venn diagram showing the overlap between ZGA genes and downregulated genes in TAS embryos, the p value (hypergeometric test) for the overlap is shown.
(F) Venn diagram showing the overlap between maternal factors and upregulated genes in TAS embryos, the p value (hypergeometric test) for the overlap

is shown.

(G) Bar plot showing the expression changes of representative transposons between normal-8C and TAS-8C embryos.
(H) Correlation analysis between the MAR and the expression level of ZGA genes (ZGA degree) in blastomeres of 8-cell stage. R = —0.72, p = 2.6 x 1072,
(I) Correlation analysis between the MAR and the degree of maternal decay in blastomeres of 8-cell stage. R = —0.7, p = 1.8 x 10",

To further examine the defects of TAS embryos, we applied
the Fuzzy C-Means algorithm'® to cluster up- and downregu-
lated genes, respectively, according to their expression patterns
(Figures S2G and S2H). In addition to the failure of maternal
mRNA decay (cluster 2 in Figure S2G) and ZGA (clusters 2 and
3in Figure S2H), the expressions of some lineage-related genes,

4 Developmental Cell 60, 1-14, May 5, 2025

such as TEAD3, NANOG, KLF4, GATA6, and GATA2, were also
altered (Figures S2G and S2H), suggesting impairment in subse-
quent lineage specification. Notably, a subset of genes that are
highly expressed at the 4-cell stage, including LEUTX, CCNAT,
KDMA4E, and PRAMEF2, were abnormally prolonged in their acti-
vation in TAS embryos (cluster 3 in Figures S2G and S2I).
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Figure 3. Double knockdown of DPRX and ARGFX resulted in the reduction of embryo developmental potential

(A) Violin plot showing the Pearson correlation coefficient of gene expression and MAR of all genes (left) and the Pearson correlation coefficient of gene expression
and ZGA degree of all genes (right). The PRD-like TFs are marked in red, and other reported MZT factors are marked in yellow.

(B) The expression of DPRX and ARGFX in blastomeres at 8-cell stage with different developmental potentials. Developed group represents embryos that grew
into blastocysts successfully (n = 11); blastocyst formation failed group represents embryos that failed to form blastocysts (n = 11). Error bars represent the
standard error of the mean. Statistical analysis was performed using Wilcoxon test. *p < 0.05; **p < 0.01. The published data were used.’

(C) The expression levels of DPRX and ARGFX during human early embryo development. Error bars represent the standard error of the mean.

(D) Immunostaining images of ARGFX at human cleavage and blastocyst stages. Scale bar, 50 um.

(E) Schematic illustration of gene knockdown experiment. Target gene siRNAs (DPRX or/and ARGFX) or negative control (NC) siRNA was injected into human 3PN
embryos on embryonic day 1, and embryonic developmental status was recorded on embryonic day 2, 3, and 4.

(legend continued on next page)
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Transposable elements (TEs), which account for nearly half of
the human genome, have been shown to exhibit dynamic
changes around MZT, potentially serving as regulatory elements
during human embryogenesis and influencing transcriptional
networks.?? % We further investigated the changes in TE expres-
sion in TAS embryos (Figures 2G and S2J). As expected, SINE-
VNTR-Alu (SVA) elements, which are hominid-specific and act
as enhancers for ZGA genes,*® were significantly downregulated
in TAS embryos. The SINE Alu retrotransposons, which were
found to be the main targets of pioneer factors in mouse
ZGA,"° were also markedly repressed in TAS embryos. In addi-
tion, MLT2A1, MLT2A2, and LTR12C, which are highly ex-
pressed at the 8-cell stage, were abnormally activated in TAS
embryos compared with normal 8-cell embryos, indicating the
presence of aberrant activation. Taken together, our results
identify that a fraction of human 8-cell embryos are morpholog-
ically normal but in a state of transcriptional arrest, characterized
by extensive impairment of MZT, defects in subsequent lineage
differentiation, and aberrant activation of some early embryo-
specific genes.

DPRX and ARGFX are essential for early embryonic
development

Maternal mRNA decay and ZGA are indispensable to each other
and cooperate to complete MZT>*2°; however, the exact corre-
lation between them was not clear. Leveraging our data, which
enables accurate quantification of parental transcripts in bipa-
rental embryos, we performed analyses to explore the correla-
tion between allelic ratio, the degree of ZGA, and maternal decay
in 8-cell blastomeres. It was found that the degree of maternal
decay was positively correlated with ZGA degree (Figure S3A),
and MAR was highly negatively correlated with both the degree
of ZGA and maternal decay (Figures 2H and 2I), demonstrating
that allelic ratio is an accurate indicator to assess the degree
of MZT.

Therefore, we postulated that the factors of the MZT process
should have strong correlations with the allelic ratio. We
analyzed the correlation coefficients between MAR and the
expression levels of all genes at the 8-cell stage (Figure 3A,
left). As expected, the expression levels of maternal factors
that regulate MZT, including BTG4 and TPRXL,'*?° showed
strong positive correlation with MAR. Conversely, ZGA genes
that regulate MZT, such as TPRX1/2, LSM1, and ZNF675,'%?°
were highly negatively correlated with MAR.

Among all genes, DPRX showed the strongest negative corre-
lation between expression level and MAR (Figures 3A and S3C,
left), which was also one of the most significantly downregulated
genes in TAS 8-cell embryos (Figure S3B, left). DPRX belongs to
the PRD-like homeobox TF family.?” The other gene in this
family, ARGFX, which was the second strongest TF negatively
correlated with the MAR (Figures 3A and S3C, right), also failed
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to be normally activated in the TAS embryos (Figure S3B, right).
Further evaluation of the correlation between gene expression
levels and ZGA degree indicated that both DPRX and ARGFX ex-
hibited a highly positive correlation with ZGA degree (Figures 3A
and S3D). To clarify whether DPRX and ARGFX affect the devel-
opmental potential of the embryos, we used published data of
single blastomeres biopsied from 8-cell embryos whose devel-
opmental fate was followed after biopsy.” Importantly, the
expression of DPRX and ARGFX was significantly higher in the
blastocyst formation group than in the blastocyst formation fail-
ure group, indicating that the defective activation of DPRX and
ARGFX was associated with impaired embryonic developmental
potential (Figure 3B). Based on these findings, we postulated
that DPRX and ARGFX might serve as essential factors of human
MZT, and further impact embryonic developmental potential.

Both DPRX and ARGFX are highly transcribed near the major
ZGA, with a peak at the morula stage (Figure 3C). The nuclear
localization of ARGFX in early embryos was confirmed by immu-
nofluorescence staining (Figure 3D). DPRX localization could not
be detected due to a lack of commercial antibodies. The roles of
ARGFX and DPRX have only been studied by ectopic overex-
pression in human embryonic stem cells (hESCs).'® However,
both genes are expressed exclusively in preimplantation em-
bryos in humans.'® Considering that TFs necessitate a contextu-
ally specific genomic environment to execute their functions,?? it
is essential to evaluate their roles directly in preimplantation
embryos.

We further knocked down these two genes by injecting small
interfering RNAs (siRNAs) in human tri-pronuclear (3PN) zygotes
(Figure 3E). The high knockdown efficiency was verified by quan-
titative real-time PCR (Figures S3E and S3F). Embryo develop-
ment after DPRX or ARGFX knockdown was evaluated at embry-
onic day 3 and 4 based on blastomere numbers, fragmentation
degree, and whether they were compacted or not. However,
compared with the control embryos (microinjected with negative
control siRNA [siNC]), there was only a slight perturbation in em-
bryo developmental potential after DPRX or ARGFX knockdown
(SiDPRX or siARGFX) separately (Figures S3G and S3H).
Because DPRX and ARGFX are both rapidly evolving genes
from the same internal node,””"%° we asked whether there was
a functional redundancy between DPRX and ARGFX, with devel-
opmental deficits being rescued by the other gene after a single
knockdown. We then performed single-cell RNA sequencing
(scRNA-seq) for siDPRX or siARGFX embryos (Figure S3l). As
expected, there was a high degree of overlap between DEGs
of the two groups (Figures S3J and S3K), suggesting a redundant
regulation between DPRX and ARGFX.

Therefore, we performed the knockdown of DPRX and ARGFX
(double KD [dKD]) simultaneously in 3PN zygotes (Figure S4A;
Table S4). Notably, the development of dKD embryos was
severely impaired on embryonic day 4, as indicated by a

(F) Embryo phenotypes of DPRX and ARGFX double knockdown (dKD) on embryonic day 3. Left showing the cell number of embryos in the control and dKD
groups. Right showing the degree of fragmentation of the control and dKD groups. n (dKD) = 81, n (siNC) = 96.

(G) Embryo phenotypes of dKD embryos on embryonic day 4. Left showing the cell number of embryos in the control and dKD group. Middle showing the degree
of fragmentation of the control and dKD group. Right showing the compaction rate of embryos in the control and dKD group. n (dKD) = 46, n (siNC) = 49. p values
for cell number (left): Wilcoxon test, *p < 0.05; fragmentation (middle): Wilcoxon test, ***p < 0.001; compaction rate (right): chi-squared test, **p < 0.01.

(H) Verification of knockdown efficiency by scRNA-seq. Boxplots showing the expression levels of DPRX and ARGFX in siNC and dKD embryos at embryonic day
3 and 4. Dots representing single blastomeres; samples with low knockdown efficiency were shown in gray dots and discarded in subsequent analyses.
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Figure 4. DPRX and ARGFX are required for the regulation of major ZGA and subsequent lineage differentiation

(A) GSEA for ZGA genes with respect to the global transcriptional changes observed in dKD embryos on embryonic day 3.

(B) Heatmap showing the expression of major ZGA genes in dKD embryos and siNC embryos on embryonic day 3. The upregulated genes (26%) are marked in
red, and the downregulated genes (74%) are marked in blue.

(C) PRD-like TF-binding motifs enrichment in the distal open chromatin regions of downregulated genes upon DPRX and ARGFX double knockdown on
embryonic day 3.

(D) PRD-like TF-binding motifs enrichment in the distal open chromatin regions of downregulated genes upon DPRX and ARGFX double knockdown on
embryonic day 4.

(E) Clusters of downregulated genes in dKD embryos on embryonic day 3 showing different expression patterns during human preimplantation embryos.

(F) Clusters of downregulated genes in dKD embryos on embryonic day 4 showing different expression patterns during human preimplantation embryos.

(legend continued on next page)
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significant reduction in the blastomere number and compaction
rate, along with a significant increase in the fragmentation rate
(Figure 3G), whereas an elevated fragmentation rate was
observed on embryonic day 3 (Figure 3F). These results illustrate
a synergistic effect of DPRX and ARGFX in regulating embryonic
development during the critical stages of preimplantation.

DPRX and ARGFX regulate ZGA and subsequent lineage
specification

scRNA-seq was further performed on embryonic day 3 and 4
siNC and dKD embryos. Blastomeres of dKD embryos with
low knockdown efficiency were excluded from subsequent ana-
lyses (Figure 3H). DEGs of dKD embryos on embryonic day 3
showed significant overlap with those between TAS and normal
8-cell embryos (Figures S4B and S4C), and the changes in TEs
displayed a resemblance to the TAS 8-cell embryos (Figure S4D),
indicating that the knockdown of DPRX and ARGFX can mimic
the phenotype of TAS at the 8-cell stage to some extent.

We then sought to probe how major ZGA was affected upon the
loss of DPRX and ARGFX. Gene set enrichment analysis (GSEA)
results indicated that ZGA genes were significantly repressed in
dKD embryos on embryonic day 3 (Figure 4A). Of the 1,160
ZGA genes with an expression level (transcript per million
[TPM)]) greater than 1 in 8-cell embryos, the majority failed to be
activated to normal levels and ~8% (85 of 1,160) showed more
than 2-fold downregulation (Figure 4B), indicating that dKD em-
bryos exhibitimpairment in major ZGA. In addition, by performing
the nucleosome occupancy and methylome sequencing (NOMe-
seq) on siNC and dKD embryos, we identified the putative en-
hancers (the nearest distal open chromatin regions) based on
the detected nucleosome-depleted regions (NDRs). Motif enrich-
ment analysis suggested that, compared with random genes,
PRD-like TF motifs (OTX2, GSC, CRX, and PITX1) tended to be
more enriched in the putative enhancers of downregulated genes
in dKD embryos on both embryonic day 3 and 4 (Figures 4C and
4D), confirming the specificity of knockdown perturbation.

We then classified the downregulated DEGs in dKD embryos
on embryonic day 3 into seven clusters, corresponding to the
seven key preimplantation developmental stages (Figure 4E).
~22% of the downregulated DEGs were 8-cell specific,
including SIRT1, CCNE1, and SURF6 (cluster 3 in Figures 4E
and 4H), which was consistent with the deficiency of major
ZGA. Notably, ~50% of DEGs were highly expressed in morula
and blastocysts, including /D2, POU5F1, METTL3, VCP,
GATAS3, GATAG, and AQP3 (clusters 4-7 in Figures 4E and 4H),
suggesting that a proportion of lineage-specification-related
genes were compromised in dKD embryos. To further clarify
the impact of DPRX and ARGFX knockdown on embryonic
developmental potential, detailed analysis of downregulated
DEGs in dKD embryos on embryonic day 4 was performed (Fig-
ure 4F). A subset of 8-cell-specific genes, including TPRX1 and
TPRX2, remained in activation failure on embryonic day 4 (cluster
3 in Figures 4F and 4H), indicating the persistence of ZGA
dysfunction or a delay in its completion (Figure S4E). ~10%
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(25 of 253) of morula-specific genes failed to be properly acti-
vated (Figure 4G), and 47% of downregulated DEGs were
morula- and blastocyst-stage specific (clusters 4-7 in Figure 4F).
Moreover, GSEA results showed defective activation of inner cell
mass (ICM) and trophectoderm (TE) markers in dKD embryos on
embryonic day 4 (Figure S4F), including key ICM markers
NANOG and NLRP7 as well as TE markers GATA3 and PTGES
(clusters 6-7 in Figures 4F and 4H). These data demonstrate
that DPRX and ARGFX not only play important roles in the proper
activation of major ZGA but also influence the expression of key
lineage specification genes.

We next investigated whether maternal mRNA decay was also
affected in dKD embryos. As expected, the expression of
maternal factors was significantly higher in the dKD group on
embryonic day 3 (Figure S4G). However, of all the genes upregu-
lated upon dKD, only ~20% of the upregulated genes were
maternal factors on both embryonic day 3 and 4 (cluster 1 in
Figures S4H and S4l), indicating that, in addition to the impair-
ment of maternal MRNA decay, DPRX and ARGFX deficiency
also resulted in aberrant activation of other genes, including
4-cell-specific genes TRIM49 and TRIM64 as well as lineage-
specification-related genes KRT19 and FGF4.

DPRX and ARGFX deficiency resulted in aberrant
retention of acetylation in early human embryo

We next investigated whether other defects were present in dKD
embryos. Notably, we found that the histone deacetylases
(HDACs) pathway was the most significantly enriched category
among the downregulated genes in dKD embryos on embryonic
day 4 (Figure S5A). Coincidently, critical deacetylases HDAC1,
HDAC2, and SIRT1°%°®! failed to be normally activated upon
DPRX and ARGFX deficiency (Figure S5B). Given that HDACs
are required for the deacetylation of H3K27ac, which is indis-
pensable for human ZGA,** we questioned whether this process
was interrupted in dKD embryos. Immunofluorescence staining
identified a significantly elevated level of H3K27ac signals in
dKD embryos compared with siNC (Figures 5A and S5C), con-
firming that dKD disrupted the deacetylation of H3K27ac around
ZGA, resulting in its aberrant retention.

We further probed whether the aberrant retention of acetyla-
tion led to transcriptional overactivation. We focused on the
genes upregulated upon dKD in addition to maternal genes.
This subset of genes, which should be highly expressed at the
4-cell stage and repressed at the normally developing 8-cell
stage, exhibited robust activation upon dKD on embryonic day
3 (Figures 5B and 5C). Similar observations persist through em-
bryonic day 4 (Figures S5D and S5E). We identified this subset of
genes as prolonged activated genes. Of note, in dKD embryos,
the prolonged activated genes, rather than the upregulated
maternal genes, were enriched for PRD-like TF motifs in their pu-
tative enhancers (Figures 5D and S5F), demonstrating the spec-
ificity of the dKD effect on prolonged activated genes.

By analyzing published histone modification data of human
early embryos,®**® we found that the putative enhancers of the

(G) Pie chart showing the percentage of morula markers among the genes downregulated after DPRX and ARGFX double knockdown on embryonic day 4.
(H) The expression levels of representative genes after DPRX and ARGFX double knockdown on embryonic day 3 (the up row) and embryonic day 4 (the down
row). Embryonic day 3: n (siNC) = 46, n (dKD) = 46. Embryonic day 4: n (siNC) = 40, n (dKD) = 32. Error bars represent the standard error of the mean. Statistical
analysis was performed using unpaired two-sample t test. *p < 0.05; **p < 0.01; **p < 0.001; ns, not significant.
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Figure 5. DPRX and ARGFX double knockdown led to abnormal retention of H3K27ac

(A) Representative immunostaining images of H3K27ac (left) and quantification of H3K27ac fluorescence intensity (right) in dKD and siNC embryos on embryonic
day 3. Each dot represented a nucleus. Scale bar, 20 um. n (siNC) = 40, n (dKD) = 43. Statistical analysis was performed using Wilcoxon test. “p < 0.05.

(B) Heatmap showing the expression pattern of prolonged activated genes after DPRX and ARGFX double knockdown on embryonic day 3.

(C) The expression level of prolonged activated genes in siNC and dKD embryos on embryonic day 3. Statistical analysis was performed using Wilcoxon test.
w0 < 0.0001.

(D) PRD-like TF motifs enrichment in the distal open chromatin regions of prolonged activated genes and upregulated maternal genes on embryonic day 3 after
DPRX and ARGFX double knockdown.

(E) The enrichment of histone modifications in the distal open chromatin regions of prolonged activated genes after DPRX and ARGFX double knockdown on
embryonic day 3 and 4. The published human histone modification ChIP-seq data®***** was used.

(legend continued on next page)
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prolonged activated genes were significantly enriched in
H3K27ac peak of wild-type 4-cell embryos rather than
H3K9me3 (Figure 5E). There was also some enrichment in
H3K4me3, which was in line with the high intersection between
the H3K27ac and H3K4me3 domains at the 4-cell stage.®” More-
over, prolonged activated genes showed stronger H3K27ac sig-
nals around their transcription start sites (TSSs) compared with
random genes (Figure 5F), which would exhibit deacetylation
at the 4-cell to 8-cell stage during normal development (Fig-
ure 5G). In addition, promoters of these prolonged activated
genes showed higher levels of accessibility in dKD than in
siNC embryos (Figures 5H, 51, and S5G). These results support
the notion that the prolonged transcriptional activation is a
consequence of the aberrant retention of H3K27ac due to the
deficiency of DPRX and ARGFX.

Notably, aberrant prolonged activation was also observed in
TAS embryos (Figures S2I and S5H), which were also deficient
in DPRX and ARGFX. We then investigated whether a parallel
mechanism operates in TAS-8C. Consistent with dKD embryos,
prolonged activated genes in TAS-8C also showed enrichment
for PRD-like TF motifs in their putative enhancers (Figure S5I).
Deacetylases of the histone modification H3K27ac were not
properly activated in TAS embryos (Figure S5J), and the pro-
longed activated genes of TAS-8C also showed an increased
H3K27ac signal around TSSs, which displayed similar deacety-
lation from the 4-cell to 8-cell stage (Figures S5K and S5L).
Hence, these data suggest the analogous presence of aberrant
acetylation retention in TAS-8C.

The above findings prompted us to explore the interventions
for cleavage-stage arrest. We further evaluated whether the
embryonic developmental arrest could be rescued by compen-
sating for the deficit in deacetylation upon DPRX and ARGFX de-
fects. Because HDACT1, which is indispensable for the erasure of
H3K27ac, showed a significant downregulation in both TAS-8C
and dKD embryos and, notably, we found that HDACT had a
considerably high number of PRD-like TF motifs within its up-
stream regulatory region among all genes, ranking in the top
93.23% (Figure S5M), suggesting that it may be directly regu-
lated by DPRX and ARGFX. Therefore, we used exifone, which
can bind HDAC1 and directly induce HDAC1-mediated deacety-
lation,* to treat the dKD 3PN embryos from embryonic day 1 to 4
(Figure S6A; Table S5). As expected, the exifone-treated group
showed significantly weaker H3K27ac signals compared with
the control group (DMSO-treated) (Figures 5J and S6B). Impor-
tantly, exifone treatment prominently increased the cell number
and compaction rate of embryos (18.5% in DMSO-treated
group; 36% in exifone-treated group), rescuing the dKD impair-
ment to some extent (Figure 5K).

Given that the aberrant H3K27ac status also exists in normally
developing 8-cell embryos, we further extended our findings
to embryonic development under physiological conditions.

Developmental Cell

Remarkably, by comparing the development of NC 3PN em-
bryos with and without exifone, we found that exifone treatment
indeed improved the embryonic developmental potential (Fig-
ures S6C and S6D). In sum, our findings identified that the
deficiency of DPRX and ARGFX contributes to human cleav-
age-stage arrest and that mitigating the acetylation retention re-
sulting from their defects has the potential to alleviate human
embryonic developmental arrest (Figure 6).

DISCUSSION

Cleavage-stage embryonic arrest is a relatively severe phenom-
enon in humans, in which approximately 50%-60% of 8-cell
embryos with good morphology fail to develop to the blastocyst
stage.®** It can be seen that the 8-cell stage to the formation
of morula is a huge hurdle for embryo development. However,
the unique mechanisms responsible for this phenomenon in hu-
man embryos remain largely unknown. There have been several
studies on the characteristics of arrested embryos®®2°; however,
the arrested 8-cell embryos in these studies were collected with
additional days of in vitro culture, which introduces confounding
factors and increases the imprecision of the conclusions. Our
study utilized normally developing 8-cell embryos, identifying
that up to 42% of 8-cell embryos at proper developmental time
points are in a state of transcriptional arrest despite appearing
morphologically normal, consistent with the high incidence of
cleavage-stage arrest observed in clinically ART treatment.

As one of the most important events in the cleavage stage, the
MZT process can be precisely quantified by allelic ratio in our
data. Based on this, we identified two essential TFs that regulate
MZT, DPRX and ARGFX. The other members of the PRD-like TFs,
TPRXs, have been proven as important factors of human ZGA."?
Our results further identified the impact of DPRX and ARGFX on
MZT and lineage specification in human embryo development.
Notably, recent studies showed that PRD-like homeobox TFs
Obox play an important role in mouse ZGA."" There is strong
redundancy among the oocyte-specific homeobox (OBOX) fam-
ily in mice, as evidenced by the fact that the existence of either
maternal or zygotic OBOX can support the normal development
of mouse embryos.'" However, such redundant regulation ap-
pears to be much weaker in human embryos, where knockdown
of PRD-like homeobox major ZGA TFs DPRX and ARGFX is suf-
ficient to cause developmental arrest in human embryos. We
speculate that such a protective redundancy regulation mecha-
nism is relatively lacking in human embryo development.

Given the specificity of DPRX and ARGFX expression in early
human embryos, their deficiency may be a pivotal factor contrib-
uting to human embryonic-cleavage-stage arrest. Of note, we
observed the presence of aberrant retention of H3K27ac modifi-
cation in human embryonic arrest, and erasing H3K27ac reten-
tion was able to rescue the cleavage-stage arrest to some

(F) The H3K27ac level around TSSs of prolonged activated genes in siNC and dKD embryos on embryonic day 3.

(G) Heatmap showing H3K27ac signals around TSS regions of prolonged activated genes at different human embryo development stages.

(H and 1) Boxplots (H) and line chart () showing the GCH methylation level around TSS region of prolonged activated genes in siNC and dKD embryos on
embryonic day 3. statistical analysis for (H) was performed using Wilcoxon test. ***p < 0.0001.

(J) Quantification of H3K27ac fluorescence intensity in dKD embryos on embryonic day 4 with DMSO or exifone treatment. Each dot represented a nucleus.
n (DMSO treatment) = 71, n (exifone treatment) = 86. Statistical analysis was performed using Wilcoxon test. *p < 0.05.

(K) Embryo phenotypes of dKD embryos on embryonic day 4 with DMSO or exifone treatment.
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Figure 6. A model illustrating the role of DPRX and ARGFX in human embryonic-cleavage-stage arrest

The red curve represents the trend of MAR during normal human embryonic development. However, among the 8-cell embryos at the proper developmental time
point, there exists a portion of embryos with high-MAR (gray curve), which are in TAS. Through further analysis of the correlation between MAR and gene
expression levels, we identified the factors in MZT, DPRX, and ARGFX whose deficiencies lead to MZT failure, lineage specification impairment, and aberrant

retention of H3K27ac, resulting in human embryonic-cleavage-stage arrest.

extent. We envision that our work will provide etiological insights
and potential treatments for the high rates of human embryonic-
cleavage-stage arrest.

Limitations of the study

Our study identifies the factors of MZT and lineage specification,
DPRX and ARGFX, in human embryos, and further validates that
their deficiency directly contributes to human cleavage-stage
arrest. However, due to the scarcity of human embryos, it is an
enormous challenge to further explore their regulatory mecha-
nisms directly in human embryos, including their binding target
genes. In addition, 3PN embryos exhibit relatively low develop-
mental potential for blastocyst formation,®”*® and, therefore,
this sets a barrier for us to accurately assess the developmental
phenotype at the blastocyst stage after DPRX and ARGFX
knockdown. Moreover, although some embryos exhibit tran-
scriptional arrest at the 8-cell stage, it is possible that this phe-
nomenon arises from delayed development and that they may
still retain the potential to progress further.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Peng Yuan (peng.yuan@
bjmu.edu.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All data have been deposited to GSA, with the accession number: GSA:
HRA006449. The processed gene expression matrices have been deposited
to the OMIX, with accession number: OMIX: OMIX007941. Accession codes
of the published data used in this study are as follows: RNA-seq data of single
blastomeres biopsied from 8-cell embryos with different developmental po-
tentials were downloaded from HRA001473 in PRUCA006930. The chromatin
immunoprecipitation sequencing (ChlP-seq) data for histone H3K27ac modi-
fications of early human embryogenesis were downloaded from HRA002355
in PRJCA009410. The peaks of histone H3K9me3 modifications of human pre-
implantation embryos were downloaded from GEO: GSE176016. The peaks of
histone H3K4me3 of human preimplantation embryos were downloaded from
GEO: GSE124718.

This paper does not report original codes. The algorithms used are listed in
STAR Methods and are all publicly available. All the other data supporting the
findings of this study are available from the corresponding author upon reason-
able request.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Anti-ARGFX Thermo Scientific Cat# PA535190; RRID: AB_2552500

Anti-H3K27ac

Cell Signaling Technology

Cat# 8173S; RRID: AB_10949503

Goat anti-rabbit secondary antibody AlexaFluor 594 Invitrogen Cat# A-11005; RRID:AB_2534073
Goat anti-rabbit secondary antibody AlexaFluor 488 Invitrogen Cat# A-11008; RRID:AB_143165
Biological samples

Human embryos This study N/A

Chemicals, peptides, and recombinant proteins

G-1 plus Vitrolife Cat# 10128

G-2 plus Vitrolife Cat# 10132

HYASE-10X Vitrolife Cat# 10017

Exifone TCI America Cat# H17830

DMSO Sigma-Aldrich Cat# D2650

DAPI Solarbio Cat# C0065

Accutase Invitrogen Cat# A1110501

Trypsin-EDTA Thermo Fisher Scientific Cat# 25200056

SuperScript™ Il Reverse Transcriptase Invitrogen Cat# 18080044

Ambion RNase Inhibitor Thermo Fisher Scientific Cat# AM2682

KAPA HiFi HotStart ReadyMix KAPA Biosystems Cat# KK2602

Agencourt AMPure XP beads Beckman Cat# A63881

M.CviPI GpC Methylatransferase
S-adenosylmethionine

EDTA

phenylmethylsulfonyl fluoride
lambda DNA

protease

carrier RNA

SYBR Master Mix

New England Biolabs
New England Biolabs
Sigma-Aldrich

Roche

Thermo Fisher Scientific
QIAGEN

QIAGEN

Applied Biosystems

Cat# M0227S
Cat# B9003S
Cat# T9285

Cat# 10837091001
Cat# SD0011

Cat# 19155

Cat# 1017647
Cat# A25742

Critical commercial assays

NEBNext Ultra™ DNA Library Prep kit
NEBNext Ultra™ Il DNA Library Prep kit
MethylCode™ Bisulfite Conversion Kit

New England Biolabs
New England Biolabs
Thermo Scientific

Cat# E7370L
Cat# E7645L
Cat# MECOV-50

QIAamp DNA Blood Mini kit QIAGEN Cat# 51104

Kapa Hyper Prep Kit Kapa Biosystems Cat# KK8504
DNA Clean & Concentrator-5 Vistech Cat# DC2005
Deposited data

RNA-seq data (human embryo) This paper GSA: HRA006449
NOMe-seq data (human embryo) This paper GSA: HRA006449
RNA-seq data (single blastomeres biopsied He et al.® GSA: HRA001473
from human 8-cell embryos)

H3K27ac ChlP-seq data (human embryo) Wu et al.*? GSA: HRA002355
H3K4me3 ChIP-seq data (human embryo) Xia et al.** GEO: GSE124718
H3K9me3 ChIP-seq data (human embryo) Yu et al.>® GEO: GSE176016
Oligonucleotides

siRNA targeting sequences (Table S1) This paper N/A

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Primers for quantitative real-time PCR (Table S1) This paper N/A

Software and algorithms

Trim Galore v0.4.1

STAR v2.7.0e
featureCounts v1.6.4
Bismark v0.22.3

PICARD v2.19.0
Bowtie2 v2.4.5

Samtools v0.1.18
MACS2 v2.2.6
Rv4.1.0

Seurat v4.4.0
Monocle2

BWA

HOMER v4.11.1
SCDE
Metascape
Imaged

http://www.bioinformatics.
babraham.ac.uk/projects
Dobin et al.*®
Liao et al.*®

Krueger and Andrews"’

N/A
Langmead and Salzberg*?

Li et al.*®
Zhang et al.**
https://www.R-project.org/
Stuart et al.*

Trapnell et al.*®

Li and Durbin®’
Heinz et al.*®
Kharchenko et al.*®
Zhou et al.*®

ImageJ

http://www.bioinformatics.babraham.ac.uk/
projects/trim_galore/

https://github.com/alexdobin/STAR
http://subread.sourceforge.net/

https://www.bioinformatics.babraham.ac.uk/
projects/bismark/

https://broadinstitute.github.io/picard/

http://bowtie-bio.sourceforge.net/bowtie2/
index.shtml

http://samtools.sourceforge.net/
https://pypi.org/project/ MACS2/
https://www.R-project.org/
https://satijalab.org/seurat/
https://cole-trapnell-lab.github.io/monocle-release/
https://github.com/Ih3/bwa
http://homer.ucsd.edu/homer/
https://hms-dbmi.github.io/scde/
http://metascape.org/gp/index.html#/main/step1
https://imagej.nih.gov/ij/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Ethics statement

This study was conducted under the guidance of the Ethics of Human Biomedical Research (issued by the National Health Commis-
sion of the People’s Republic of China, 2016) and was approved by the Reproductive Medicine Ethics Committee of Peking Univer-
sity Third Hospital (Research License M2021628), which was reviewed through human Embryo Research Oversight (EMRO) process.
The committee evaluated this study’s scientific merit and ethical justification and conducted a comprehensive review of donations,
subsequent uses of samples, and potential risks to donors. The ethical and regulatory framework established by the Reproductive
Medicine Ethics Committee of Peking University Third Hospital clearly states that informed consent can only be obtained if eligible
participants are provided with all necessary information about the study and opportunities for appropriate counseling. The informed
consent form clearly described this study’s objectives and related clinical procedures.

The embryos used for allelic transcriptome analysis were generated through intracytoplasmic sperm injection (ICSI) from donated
oocytes and semen not used for fertility treatment, which were voluntarily donated by donors at the Center for Reproductive Med-
icine, Peking University Third Hospital. The oocytes and semen donors were provided with the relevant information regarding this
research, informed that their gametes would be used to form embryos only for research purposes. They were fully aware of the po-
tential risks and benefits that may arise from this study. No financial inducements were offered for donation. 3PN embryos were clin-
ically discarded and donated by patients voluntarily for scientific research purposes. All human embryos involved in this study were
not used for fertility treatment, and the culture of all embryos was terminated before14 days post-fertilization. All procedures in this
study were in accordance with the International Society for Stem Cell Research (ISSCR) guidelines.

METHOD DETAILS

Human embryo culture

Human oocytes were obtained from five fertile women, the superovulation procedure was performed according to a published
method.®" Hyaluronidase (Vitrolife, 10017) was used to remove the surrounding granulosa cells of metaphase Il (MIl) oocytes. Human
semen was obtained from two healthy men with normal semen parameters. Swim-up sperms were used, and the intracytoplasmic
sperm injection (ICSI) was performed to obtain embryos. Normal fertilization was evaluated 16-18 hours after ICS| based on the pres-
ence of 2PN (pronuclei), and only 2PN zygotes were used for subsequent culture. The embryos were first cultured in G-1 plus medium
(Vitrolife, 10128) at 37°C, 6% CO,, and then transferred into G-2 plus medium (Vitrolife, 10132) on Day 3 for further culture. Embryos
with normal morphology and developmental speed were collected at different stages, including zygote, 2-cell, 4-cell, 8-cell, morula,
and blastocyst stages. The zygotes were collected 16-24 hours after ICSI, the 2-cell, 4-cell and 8-cell embryos were collected at 26
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hours, 44 hours, and 66-68 hours after fertilization respectively. The morulae and blastocysts were harvested on Day 4 and Day 5-Day
6. All 2PN embryos used in this study were described in Table S2.

For 3PN embryos that were clinically discarded and donated by patients after fertilization evaluation, the oocytes were inseminated
by conventional in-vitro fertilization (IVF) or ICSI, and the fertilization status was checked 16-18 hours later.

In the exifone treatment experiment, exifone (TCI America, H17830) was first dissolved in DMSO (Sigma-Aldrich, D2650) at a
concentration of 1M and stored in -20°C, G-1 plus or G-2 plus medium with 0.02 uM exifone were used for embryo culture to activate
HDACH1.

Target genes knockdown

To study the function of DPRX and ARGFX in human embryonic development, 3PN zygotes were microinjected with siRNA (Ribobio)
to knockdown target genes, and non-silencing siRNA was used as negative control. Three siRNAs were designed for each target
genes, and diluted to 50 uM in nuclease-free water. The three siRNAs were mixed equally, and about 5-10 pL mixture was injected
into embryos by electronic microinjectors Femtodet 4i (Eppendorf). Injected zygotes were cultured in G-1 plus medium and trans-
ferred into G-2 plus medium on Day 3 in an incubator at 37°C and 6% CO,, as described before. The phenotype of injected embryos
was recorded with microscopy. The sequences of siRNAs against human DPRX or ARGFX are listed in Table S1.

Immunofluorescence

Embryos with normal morphology were fixed in 4% paraformaldehyde (PFA) at room temperature for 30 min, and then transferred
into washing buffer (0.1% Tween and 0.01% Triton X-100 in PBST) at 4 °C for preservation. After permeabilized with 0.3% Triton
X-100 for 40 min, the samples were transferred into 1% bovine serum albumin (BSA) for 1 h for blocking, and then incubated with
the primary antibody (ARGFX antibody, Thermo Scientific, PA535190, 1:10; H3K27ac antibody, Cell Signaling Technology,
8173S, 1:200) overnight at 4 °C. The samples were washed five times in washing buffer and then transferred into DAPI solution
(10 ug/ml, Solarbio, C0065) with secondary antibody (Alexa Fluor 594 goat anti-rabbit, Invitrogen, A11005, 1:200; Alexa Fluor 488
goat anti-rabbit, Invitrogen, A11008, 1:200) for 2 h at room temperature. After another five washes, embryos were transferred to glass
bottom dishes (NEST, 801001) or mounted on slides of glass. The images were captured by a laser scanning confocal microscope
platform (Carl Zeiss LSM 880, ZEISS, Germany). Multichannel images captured by confocal z-stacks were processed in ImagedJ. The
quantification of H3K27ac nucleus fluorescence intensity was conducted by normalizing the ratio between H3K27ac signal intensity
and DNA signal intensity using the built-in functions of ImageJ.

Real-time quantitative PCR

RNA from an entire embryo was extracted and reverse-transcribed into cDNA by SuperScriptTM |l Reverse Transcriptase, the cDNA
was pre-amplified and purified before performing gqPCR. SYBR Master Mix (Applied Biosystems, A25742) and QuantStudio 3 Real-
Time PCR System were used for gPCR analyses, and relative gene expression was analyzed based on the AACT method. Each
group contained 8-9 samples. The gPCR primers used in this study are listed in Table S1.

Isolation of single blastomeres

Embryos were moved into the acidic solution containing 0.3% HCI by mouth pipette for several seconds to remove zona pellucida.
After being washed in DPBS containing 0.5% HSA (Vitrolife, 10064) several times, the embryos were moved into a mixture of Accu-
tase (Invitrogen, A1110501) and 0.25% trypsin-EDTA (Thermo Scientific 25200056) at a ratio of 1:1 for 5-60 minutes in an incubator to
digest. Single blastomeres were separated by repeat gentle pipetting, and transferred into Smart-seq lysis after three washes in
DPBS containing 0.5% HAS. The zona-free zygotes were transferred into lysis directly without digestion.

Single-cell full-length RNA sequencing

The RNA-seq library construction strategy was improved based on Smart-seq2 protocol.*” In brief, reverse transcription reaction
was performed with SuperScript™ Il Reverse Transcriptase (Invitrogen, 18080044), KAPA HiFi HotStart ReadyMix (KAPA Bio-
systems, KK2602) was used for pre-amplification. After being purified with Ampure XP beads (Beckman, A63881), the amplification
products were sheared into fragments by the Covaris S2 system (~300-bp long). DNA Clean & Concentrator-5 (Vistech, DC2005) and
Ampure XP beads were used to purify the fragmented cDNAs. Approximately 25 ng of the cDNA fragments were used to construct
library, and it was performed by NEBNext Ultra™ or NEBNext Ultra™ Il DNA Library Prep kit (New England Biolabs, E7370L or
E7645L). Sequencing was performed on an lllumina X-ten platform or Nova platform.

Single-embryo NOMe-seq sequencing

Libraries were generated following the NOMe-seq protocol as previously described.* Briefly, single embryos were moved into lysis
containing 1x M.CviPI reaction buffer (New England Biolabs, M0227S), 5U M.CviPI GpC Methylatransferase (New England Biolabs,
M0227S), 160uM S-adenosylmethionine (New England Biolabs, B9003S), 0.25mM EDTA (Sigma-Aldrich, T9285), 0.25mM phenyl-
methylsulfonyl fluoride (Roche, 10837091001), and 1 pg of lambda DNA (Thermo Scientific, SD0011) after removal of zona pellucida.
The mixture was incubated at 37°C for 60min to methylate GpC, followed by heat inactivation at 65°C for 25min. Then, 0.5pl of pro-
tease (QIAGEN, 19155) and 10 ng of carrier RNA (QIAGEN, 1017647) were introduced and incubated at 50°C for 3h to release
genomic DNA. Heat inactivation was then performed at 75°C for 30min. The genomic DNA underwent bisulfite conversion (Thermo
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Scientific, MECOV-50), and the DNA libraries were generated according to scBS-seq protocol. Sequencing was performed on an
lllumina X-ten platform.

Whole genome sequencing

Peripheral blood was donated by male and female donors and collected in EDTA anticoagulant tubes. The whole genome DNA was
extracted from 500 pL anticoagulant blood with the QlAamp DNA Blood Mini kit (QIAGEN, 51104). DNA was fragmented as approx-
imately 300 bp by Covaris S2 system before library construction with a Kapa Hyper Prep Kit (Kapa Biosystems, KK8504). Sequencing
was performed on an lllumina X-ten platform.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA-seq data processing

Raw reads were first preprocessed using Trim Galore (v0.4.1) to trim low-quality bases and primer sequences (with the parameters:
trim_galore —paired —quality 20 —phred33 —stringency 3 —gzip —length 36). The trimmed reads were then mapped to the human refer-
ence genome of GRCh38 using STAR software (v2.7.0e)*° with default settings, and only uniquely mapped reads were kept. featur-
eCounts (v1.6.4)*° was used to quantify the reads mapped to each annotated gene (parameters: featureCounts -p -t exon -g gen-
e_name). Samples were excluded from future analysis based on the following cutoffs: (1) less than 4,000 genes detected, (2) the
library size was less than 0.1 million total counts, (3) reads for mitochondrial genes accounted for were over 30%, (4) outlier cells
identified by PCA dimensionality reduction. Genes expressed in less than 3 cells were filtered out.

Single-embryo NOMe-seq data processing

Raw reads were first preprocessed using Trim Galore (v0.4.1) to remove adaptors and low-quality bases (with the parameters:
—clip_R1 9 —clip_R2 9 —quality 20 —phred 33 —stringency 3 —length 50 —paired). Next, the trimmed reads were mapped to the lambda
DNA and the human reference genome of GRCh38 using Bismark (v0.22.3)*" (with the parameters: bismark —bowtie2 —non_direc-
tional). The mapped reads were merged and PCR duplicates were removed using PICARD (v2.19.0).

DNA methylation and accessibility analysis

For each cytosine site, the methylation level was computed as the ratio of the sum of methylated reads to the total number of covered
reads (sum of both methylated and unmethylated reads). The DNA methylation level was referred to as the methylation level of WCG
(ACG, TCQG) sites, and the chromosome accessibility level was referred to as the methylation level of GCH (GCA, GCC, and
GCT) sites.

ChlP-seq data processing

The ChIP-seq data for H3K27ac modifications of early human embryogenesis were downloaded from HRA002355 in
PRJCA009410°° from the Genome Sequence Archive (GSA) database. Low-quality reads were first removed using Trim Galore
(with the parameters: trim_galore —paired —quality 20 —phred33 —stringency 3 —gzip -length 36). Paired reads were then mapped
to the human reference genome of GRCh38 using Bowtie2 (v2.4.5) (with the parameters: -X 800 —no-mixed —no-discordant). Reads
with Mapping Qualities (MAPQ) < 10 were removed by Samtools (v0.1.18), and PCR duplicates were removed by PICARD (v 2.19.0).

Peak analysis

H3K27ac peaks were called by MACS?2 (v2.2.6)** (with the parameters: -p 1e-3 —broad —broad-cutoff 0.01 -max-gap 500). The peak
signal of a domain was calculated as the sum of RPKM values of consecutive 100bp bins within that domain. Signal normalization
across typical peaks and broad domains was performed according to the published method.?**

SNP detection of RNA and DNA sequencing data

We followed a previously published protocol’* (code available at https://github.com/WRui/Post_Implantation) to generate VCF files
from single-cell RNA sequencing and parental genome DNA sequencing data. After performing adapter removal and quality filtering
on the sequencing reads using the Trim Galore software, we employed BWA software to map the processed reads to the hg38 refer-
ence genome. Next, the “MarkDuplicates” function of PICARD software were utilized to remove the redundant alignments. Subse-
quently, the GATK pipeline were employed to identify SNPs from high-quality read alignments. The acquired VCF files were further
used for allelic expression analysis.

Allele-specific analysis of RNA expression

The gametes from two male and five female donors with different genetic backgrounds were used to generate embryos. Seven
different parental combinations were utilized, resulting in a total of 383,125 average traceable hybrid SNP, which were used to sepa-
rate paternal and maternal traceable reads. The detailed protocol can be found in the published pipeline.*® In general, each mapped
read covering an informative SNP site was analyzed according to the specific base at that SNP position. The reads were then as-
signed as either paternal or maternal based on whether the base matched the paternal or maternal allele, respectively. The generated
paternal and maternal separated bam files were counted via featureCounts to quantify the allelic gene expression profile.
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Maternal allelic ratio was calculated as the ratio of maternal transcript counts to the sum of maternal and paternal transcript counts.
When calculating the allelic ratio of samples, only samples with a sum of maternal and paternal transcript counts greater than 10,000
were retained.

Principal component analysis
Principal component analysis (PCA) was performed with the top 2000 high variable genes, which were identified using the “FindVar-
iableFeatures” function in the Seurat (v4.4.0) package®®

Inference of embryonic sex

Two methods were used in this study to determine the sex of each embryo. (1) The expression of Y-linked genes. Considering female
embryos do not express Y-linked genes, we calculated the sum expression (TPM) of Y chromosome-specific genes of each cell in
each embryo, and embryos that did not express Y-linked genes (sum TPM = 0) were defined as female. (2) The difference in allelic
ratios between autosomes (Auto) and X chromosome (chrX). Considering male embryos inherit chrX from the maternal genome,
whereas female embryos inherit chrX from both parental genomes, the sex of embryos could be inferred by comparing the paternal
allelic ratios (PAR) of chrX with that of autosomes. Male embryos: (chrX PAR/Auto PAR) < 0.1; Female embryos: (chrX PAR/Auto PAR)
>=0.1. Because the human embryos initiate minor ZGA at the 4-cell stage, we cannot identify the sex of zygotes and 2-cell embryos
with transcriptome information.

Pseudotime analysis

Monocle2'® was used to reconstruct single-cell trajectories. Embryonic stage specific genes were first identified by Seurat “FindAll-
Markers” (logfc.threshold = log(1.5), min.pct = 0.25, only.pos = T and test.use = “roc”) and then used as input for Monocle2. Dimen-
sionalities were reduced by performing “reduceDimension” function with the method of “DDRTree” and the parameter “max_com-
ponents = 2”. After reducing the expression data into a lower-dimensional space, the cells were ordered along the trajectory by the
“orderCells” function. Cells were then colored by embryonic stage, confirming that pseudotime analysis can well match the phys-
iological development of embryos, thus reflecting developmental arrest in some embryos.

Expression estimation of transposable elements

The RepeatMasker output files for the human genome (hg38) were downloaded from the UCSC Genome Browser. In brief, the clean
data was mapped to hg38 reference genome using the BWA tools (with the parameters: aln -o 1 -e 60 -i 15 -q 10 -t 8). The feature-
Counts was used to calculate aligned read counts for transposable elements and annotated genes. The read counts mapped to trans-
posons was further normalized with the read counts of annotated genes to estimate the expression level of transposable elements.

Identification of nucleosome-depleted region

First, GCH data from individual embryos within the same group were aggregated. Next, the genome was segmented into 100bp win-
dows with 20bp spacing, and the number of C and T reads within each window was quantified. The significance of methylation dif-
ferences from the genomic baseline was assessed using the chi-square test. Finally, the nucleosome-depleted regions (NDRs) were
identified as regions exhibiting significantly increased GCH methylation, indicated by P <= 1x107"®, spanning a minimum length of
140bp, and encompassing at least 3 GCH sites.

Transcription factor binding motif analysis

To find the enriched TF motifs at putative enhancers for different gene sets, we identified the nearest distal open chromatin regions as
the closest NDR peak more than 2kb away from the annotated promoter. The identification of known motifs was then performed us-
ing the function “findMotifsGenome.pl” in HOMER (v4.11.1)*® with the “-size given” parameter. To determine the counts of PRD-like
TF motifs in the distal open chromatin regions of each gene, “scanMotifGenomeWide.pl” in HOMER was used to map the genome-
wide motif locations based on the “TAATCC” sequence.

Differentially expressed genes analysis
After filtering out cells and genes, differentially expressed genes of normal and TAS 8-cells were determined with SCDE,*° a
Bayesian-based approach that enabled the detection of differential expression signatures in a way that was more tolerant to noise.
DEGs were defined as genes | log,(fold change) | >= 1 and P < 0.01.

In target gene knockdown experiments, DEGs in 3PN embryos were defined as genes with at least a 2-fold change between siNC
and knockdown groups.

ZGA genes and maternal factors identification

Minor ZGA genes were defined as the genes that were significantly upregulated from the 2-cell stage to the 4-cell stage, which was
also calculated by SCDE (4-cell vs 2-cell, log,(fold change) >= 2, P < 0.01). Major ZGA genes were defined as the genes that were
significantly upregulated from 4-cell stage to normal 8-cell stage (normal 8-cell vs 4-cell, log,(fold change) >= 2, P < 0.01). Maternal
factors were defined as genes highly expressed in zygote stage (average TPM >= 1) without up-regulated expression (P < 0.05 and
log,(fold change) > 0) at the later stages.
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Maternal decay degree identification
The ratio of the reduction in expression of maternal factors between zygote and 8-cell stage to their expression in zygotes was
defined as the maternal decay degree.

Correlation analysis

To profile the relationships between gene expression level and maternal allelic ratio, ZGA degree, the Pearson correlation was
calculated between gene expression level (logo(TPM+1)) and the maternal allelic ratio of blastomeres at the 8-cell stage. The
mean expression level of ZGA genes at the 8-cell stage (log>(Mean ZGA gene TPM+1)) was used as an indicator of ZGA degree.
Pearson correlation was calculated between gene expression level and ZGA degree.

Prolonged activated genes identification
The prolonged activated genes in dKD embryos or TAS 8-cell embryos were defined as up-regulated genes in dKD embryos or TAS
8-cell embryos, while maternal factors and genes with expression levels (TPM) > 10 in zygotes were excluded.

Gene ontology analysis
GO terms enrichment analysis was performed using Metascape.”? (http://metascape.org/gp/index.html#/main/step1)

Statistical analysis

Wilcoxon test, unpaired two-sample t-test, Chi-squared test, dip test, hypergeometric test or Pearson correlation were used as
appropriate. Statistical assays, sample sizes, definition of center and precision measures are reported in figures and figure legends.
All statistical analyses were performed in R.
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