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DEVELOPMENTAL BIOLOGY
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Round spermatid injection (ROSI) technique holds great promise for clinical treatment of a proportion of infertile
men. However, the compromised developmental potential of ROSI embryos largely limits the clinical application,
and the mechanisms are not fully understood. Here, we describe the transcriptome, chromatin accessibility, and
DNA methylation landscapes of mouse ROSI embryos derived from early-stage round spermatids using a single-
cell multiomics sequencing approach. By interrogating these data, we identify the reprogramming defects in ROSI
embryos at the pronuclear stages, which are mainly associated with the misexpression of a cohort of minor zygotic
genome activation genes. We screen a small compound, A366, that can significantly increase the developmental
potential of ROSI embryos, in which A366 can partially overcome the reprogramming defects by amending the
epigenetic and transcriptomic states. Collectively, our study uncovers the reprogramming defects in ROSI embryos
for understanding the mechanisms underlying compromised developmental potential and offers an avenue for

ROSI technique optimization.

INTRODUCTION

Azoospermia is a major factor leading to male infertility, which oc-
curs in around 1% of the total population of men (I). In some infer-
tile men, round spermatids are the most mature haploid cells visible
during testicular biopsy, and the development of round spermatid
injection (ROSI) can help them have their own offspring (2). Although
there are studies about the clinical application of the ROSI technique,
a major bottleneck limiting this technique is the compromised
developmental potential of reconstructed embryos (3); therefore,
there is great demand to elucidate the mechanisms underlying this
phenotype in ROSI embryos.

In the process of spermiogenesis, haploid male germ cells undergo
marked maturation processes, including histone-protamine ex-
change and chromatin condensation. Upon fertilization, extensive
epigenetic reprogramming occurs to ensure the proper transmission
of parental genetic or epigenetic information to zygote (4-6). Thus,
the proper reprogramming of epigenome in male gametes is critical
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for correct epigenetic resetting upon fertilization (7) and the sub-
sequent early embryonic development. Different from the conven-
tional in vitro fertilization or intracytoplasmic sperm injection (ICSI)
approach, ROSI uses round spermatids, and a proportion of the
reconstructed embryos can develop to full term (8). Previous studies
revealed that there were several stages of round spermatids during
spermiogenesis (9, 10), and the early-stage round spermatids were
proven to be suboptimal for successful ROSI (9). Hence, infertile
men with serious spermiogenesis defects, such as early-stage round
spermatid arrest, are difficult to be treated via ROSI technique for com-
promised developmental potential of the reconstructed embryos.

Breakthroughs have been achieved in delineating the epigenetic
reprogramming landscapes during early embryonic development,
such as the reprogramming of DNA methylation, histone modifica-
tions, and chromatin architecture (11-13). The interconnection
among different epigenetic modifications and their cooperation
with transcription factors instruct cell fate determination and the
development of early embryos (14-17). Previous studies detected ab-
normal epigenetic modifications in the male pronucleus of ROSI
embryos and aberrant chromosome segregation (18-20), indicat-
ing an association between epigenetic reprogramming defects and
compromised developmental potential. However, it is still unclear
how the reprogramming defects alter the cellular behaviors of ROSI
embryos. It is presumed that incomplete traversal of epigenetic
modifications, such as histone modifications, DNA methylation, or
chromatin condensation, might affect the subsequent embryonic
reprogramming process in ROSI embryos and thereby lead to the
poor developmental potential (18, 19). In this regard, dissecting the
epigenetic reprogramming roadmap in preimplantation ROSI em-
bryos is prerequisite for the optimization of present ROSI approach
using small compounds as those in other diseases (21).

With the advent of single-cell sequencing approaches, especially
single-cell multiomics sequencing-based approaches (22, 23), it is
now possible to simultaneously decipher the complex regulatory
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networks that control different molecular layers at single-cell reso-
lution. In this study, we applied a single-cell multiomics sequencing
approach to explore the molecular features of ROSI embryos.
Comparative analysis of transcriptome, methylome, and chromatin
accessibility uncovered the reprogramming defects in ROSI embry-
os reconstructed with early-stage round spermatids, which were
associated with the misexpression of a cohort of minor ZGA (zygotic
genome activation) genes. The treatment of ROSI embryos by A366,
a selective euchromatic histone lysine methyltransferase 2 (Ehmt2,
also known as G9A) inhibitor, could amend the expression of a co-
hort of minor ZGA genes to a certain extent and improve the devel-
opmental potential of ROSI embryos.

RESULTS
The overview of transcriptome, chromatin accessibility,
and DNA methylation in the preimplantation mouse
ROSI embryos
The mouse ROSI platform used in this study was established as pre-
viously described (24). Here, we used the nuclei of early-stage round
spermatids (fig. S1, A and B) for intracytoplasmic injection to ob-
tain ROSI embryos. Single-cell RNA sequencing (scRNA-seq) anal-
ysis revealed that the round spermatids used in this study were RS2
stage spermatids and were still at the early stage of spermiogenesis
(fig. S1, C to E) (9). We then confirmed that the developmental
progress of both ROSI and ICSI embryos was essentially synchro-
nous upon fertilization (fig. S2, A to C). The blastocyst rate (14.10%)
and live-birth rate (10.87%) of ROSI embryos generated on
C57BL/6N x DBA/2N background were comparable to a previous
study (fig. S2, D to G) (9) but lower than two previous studies
(25, 26). The most likely explanation for this discrepancy was that
we used much earlier round spermatids (fig. S1, C to E). In contrast
to ROSI, for ICSI embryos, the blastocyst rate was 51.61%, and live-
birth rate were 35.25%. Both ROSI and ICSI underwent similar
micromanipulation process, and only the developmental stage
of haploid male germ cells used was different. Similar results were
observed when the embryos were constructed on B6D2F1 back-
ground (table S1). The immature epigenetic state of early-stage
round spermatids might make them more resistant to epigenetic
reprogramming upon fertilization (9, 19, 27). The weight of all alive
fetuses and their placentas was comparable between ROSI and ICSI
embryos (fig. S2, H and I). In addition, the weight and reproduction
capability of adult mice obtained via ROSI or ICSI were also indis-
tinguishable (fig. S2, ] and K), indicating that the developmental
defects underlying ROSI embryos were within a relatively narrow de-
velopmental time window, and if the embryos overcame that prob-
lem, then their subsequent development would be relatively normal.
Multiomics sequencing can simultaneously profile gene expres-
sion, DNA methylation, and chromatin accessibility at single-cell
resolution. To explore the epigenetic reprogramming information
of ROSI embryos, single-cell multiomics sequencing was performed
on each individual cell of ROSI embryos. A total of 138 ROSI embryos
were included in this study, with 90 ICSI embryos as the control to
eliminate the effects coming from embryo micromanipulation tech-
nique itself, covering six critical stages of the preimplantation devel-
opment, as well as the gametes, including sperm, round spermatids,
and metaphase-II (MII) oocytes (Fig. 1A). In total, we sequenced
452 RNA samples and 493 DNA samples. After stringent quality
control, 428 cells were retained with RNA data, and 439 cells were

Wang et al., Sci. Adv. 8, eabm3976 (2022) 10 August 2022

retained with DNA data for the subsequent analysis. An average of
9108 genes (fig. S3A), 16,549,572 GCH sites, and 1,871,398 WCG
sites (see Materials and Methods for details, fig. S3, B to F, and table
S2) were detected per cell. Data normalization was performed to
eliminate the variations from the sequencing method itself. In addi-
tion, when dividing cells at each stage into three groups according
to genomic coverage or sequencing depth, we found that the variance
of genomic coverage or sequencing depth of single cells showed little
influence on DNA methylation or chromatin accessibility (fig. S4, A
to D). Unsupervised clustering analysis was then performed for
each layer of data independently. t-distributed stochastic neighbor
embedding (t-SNE) indicated that cells at the same developmental
stage clustered more closely by gene expression (Fig. 1B and fig. S5,
A and B). Principal components analysis (PCA) showed differential
DNA methylation and chromatin accessibility profiles in ROSI
embryos (Fig. 1, C and D, and fig. S5, C and D). Consistent results
were obtained from both datasets regarding the inferred copy num-
ber variations (CNVs) or not, and the gender of embryos had no
effect on these conclusions (figs. S6, A to K, and S7, A to D). We also
focused on the epigenetic regulatory elements that were always
associated with gene expression regulation. The global DNA methyl-
ation differences around transcription start sites (T'SSs) were obvious
at the pronuclear stages (PN3 and PN5) and became comparable
when developed to blastocyst stage (Fig. 1, E and F). In detail,
PN3 pronucleus of ROSI embryos showed higher DNA methyla-
tion level relative to the ICSI control, which was essentially consistent
with the previous studies (18, 19), while PN5 pronucleus of ROSI
embryos was hypomethylated (Fig. 1G). Meanwhile, as for the
chromatin accessibility around TSSs, ROSI embryos showed higher
chromatin accessibility from the pronuclear stages and became com-
parable when developed to 4-cell stage (Fig. 1, H to J). Together,
these results indicated that the reprogramming of DNA methyla-
tion and chromatin accessibility was globally achieved during the
preimplantation development of ROSI embryos but still exhibited
certain variations as compared to ICSI embryos, especially at the
pronuclear stages.

The misexpression of maternal to zygotic transition-associated
genes in ROSI embryos

As aforementioned, the epigenetic reprogramming occurred in the
pronuclei of ROSI embryos upon fertilization seemed to be distinct
from that of ICSI control; in particular, the male pronucleus of ROSI
embryos was with unique epigenetic characteristics. Consistent with
this finding, 1145, 332, and 981 down-regulated differentially
expressed genes (DEGs) between ROSI and ICSI embryos were
detected early at the PN3, PN5, and 2-cell stages, respectively
(Fig. 2A and table S3). Notably, we observed that, compared to the
ICSI control, the up-regulated genes in ROSI embryos at the pronu-
clear stages (PN3 and PN5) were mainly enriched in maternal RNA,
while the down-regulated genes were associated with the process of
minor ZGA (Fig. 2B and fig. S8A) (28). Minor ZGA, which occurs
at the mid-to-late stage in mouse one-cell embryos, is essential for
the initiation of major ZGA and early embryonic development (29).
Weighted correlation network analysis (WGCNA) results further
confirmed the expression patterns of minor ZGA genes (fig. S8, B
and C). Gene Ontology (GO) analysis of the down-regulated genes
(264) at both PN3 and PN5 stages of ROSI embryos showed that these
genes were enriched in processes such as “chromatin organization”
and “actin cytoskeleton organization” (Fig. 2C and fig. S8, D and E).
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Fig. 1. The overview of transcriptome, chromatin accessibility, and DNA methylation in the preimplantation mouse ROSI embryos. (A) Schematic illustration of
the number of embryos and single-cell multiomics sequencing analyses used in this study. STRT-seq, single cell-tagged reverse transcription sequencing; scCOOL-seq,
single-cell chromatin overall omics-scale landscape sequencing. (B) Dimensionality reduction analysis of gene expression data from single-cell multiomics sequencing
using t-SNE. Each dot represents a single cell. ROSI samples are triangles and colored by developmental stages, while ICSI samples are in gray. Yellow-green circle indi-
cates pronucleus. (C and D) Dimensionality reduction analysis of DNA methylation (C) and chromatin accessibility data (D) from single-cell multiomics sequencing using
PCA. Each dot represents a single cell. ROSI samples are triangles and colored by developmental stages, while ICSI samples are in gray. Yellow-green circle indicates male
pronucleus (C) and male and female pronuclei (D), respectively. (E and F) DNA methylation level along gene bodies, 2-kb upstream of TSSs and 2-kb downstream of
transcription end sites (TESs) of all RefSeq genes in ICSI (E) and ROSI (F) embryos. (G) Boxplot showing DNA methylation level of promoter regions (TSSs + 2 kb) at each
stage. (H and 1) Chromatin accessibility around TSSs (1 kb) in ICSI (H) and ROSI (1) embryos. (J) Boxplot showing chromatin accessibility of TSSs at each stage. Unpaired
two-tailed Student’s t test (G and J) is used for statistical analysis. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. N.S., not significant.
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Fig. 2. The misexpression of maternal to zygotic transition-associated genes in ROSI embryos. (A) Heatmap showing the DEGs at each stage. (B) Hypergeometric
test analysis of DEGs between ROSI and ICSI embryos in “maternal RNA,” “minor ZGA,” “major ZGA,” and “MGA” (28) gene clusters. (C) Venn plot showing that 264 genes
are consistently down-regulated at the PN3 and PN5 stages in ROSI embryos. Enriched GO terms and representative genes are listed. (D) qPCR results showing the mRNA
levels of nine representative down-regulated minor ZGA genes (PN3) in three biological repeats. (E) Immunofluorescence of H3K9me2in ROSI and ICSI embryos at the
PN3 (top) and PN5 (bottom) stages. The magnified images are shown on the right. Scale bars, 10 um. (F) Dot plots showing the diameter of ROSI and ICSI pronuclei in three
biological repeats. Each dot corresponds to the diameter of each pronucleus. (G) Immunofluorescence of H3K9me2 in ROSI and ICSI embryos at the PN3 (top) and PN5
(bottom) stages. Scale bars, 10 um. (H and I) Bar graph showing the fluorescence intensity of H3K9me2 in male pronucleus relative to female pronucleus at the PN3 (H)
and the PN5 stages (1) in three biological repeats. Each dot corresponds to level in each individual embryo. Unpaired two-tailed Student’s t test (D, F, H, and ) is used for
statistical analysis. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Quantitative polymerase chain reaction (QPCR) was performed to
confirm the misexpression of minor ZGA genes. Among the 16
candidates, 13 minor ZGA genes (e.g., Clasp2, Ehbpl, Rail4, and
Cat) (30) were validated to be lowly expressed in ROSI embryos at
the PN3 stage, and the validation rate was 81.3% (Fig. 2D and
fig. S8F). We found that certain genes of maternal RNA were also
misexpressed at the pronuclear stages in ROSI embryos (fig. S8, G
and H). Notably, the minor ZGA genes down-regulated in ROSI
embryos were enriched in the chromatin and cytoskeleton organization
processes, suggesting a likely relationship between misexpression of
minor ZGA genes and chromatin/cytoskeletal organization defects
(31). These results at the PN3 stage could be well reproduced using
false discovery rate (FDR) analysis (table S3).

To test whether the chromatin/cytoskeletal organization was really
aberrant at the pronuclear stages in ROSI embryos, the morphology
of pronucleus of ICSI and ROSI embryos was analyzed. We found
that the average diameter of male pronucleus in ROSI embryos was
significantly less than that of ICSI control, and this phenotype was
maintained to the PN5 stage (Fig. 2, E and F). Although the female
pronucleus of ROSI embryos exhibited no obvious difference at the
PN3 stage, it was found to be bigger than that of ICSI embryos at the
PNS5 stage (Fig. 2F). In addition, aberrant histone H3 lysine 9 dimethyl-
ation (H3K9me2) deposition, which was closely related to several
chromatin features such as lamina-associated domains (32) and to-
pologically associated domain boundaries (33), was observed in the
4',6-diamidino-2-phenylindole (DAPI)-dense heterochromatin of
male pronucleus in ROSI embryos (Fig. 2, G to I), consistent with a
previous study (19). Together, our data illustrated that ROSI embryos
had misexpression of maternal to zygotic transition-associated genes
and exhibited the chromatin/cytoskeletal organization defects.

Chromatin accessibility dynamics in ROSI embryos

and the association with misexpression of minor ZGA genes
Early mammalian embryonic development is accompanied with
spatiotemporal chromatin reconfiguration, suggesting its potential
regulatory function (11). On the basis of the stage-specific chromatin
accessibility landscape, we found that negative regulation of micro-
tubule depolymerization and protein localization to microtubule
cytoskeleton-related terms were prominent in the male PN5 pro-
nucleus of ROSI embryos, while nuclear membrane organization
related terms were enriched at the PN3 stage (fig. S9A). We then
analyzed the differences of chromatin accessibility between ROSI
and ICSI embryos at the pronuclear stages. We found that both
ROSI- and ICSI-specific nucleosome-depleted regions (NDRs)
were enriched in the promoter regions (Fig. 3A), which were always
correlated with gene expression in early embryos (14) (Fig. 3B and
fig. S9, B to D). Low-input DNase I qPCR (liDNasel-qPCR) was
then performed to validate the sequencing findings. We found that
three loci with low GCH methylation level were closed in both
ROSI and ICSI embryos, while two loci with high GCH methyla-
tion level were open in both ROSI and ICSI embryos. In contrast,
five NDRs were validated to be specifically closed in ROSI embryos,
while six NDRs were specifically open in ROSI embryos. These re-
sults were mainly consistent with the sequencing findings (Fig. 3C
and fig. S10, A to N).

We then focused on the minor ZGA genes that were misex-
pressed in ROSI embryos. Among the 448 down-regulated and 98
up-regulated minor ZGA genes at the PN3 stage, 52 and 11 genes
had altered chromatin accessibility, respectively (Fig. 3D and table S4).
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Notably, the 52 down-regulated genes (e.g., Ankrd44) with less ac-
cessible chromatin were enriched in genes for biological processes
such as “actin cytoskeleton organization” and “organelle localiza-
tion” (Fig. 3, D to F). Consistently, the down-regulated minor ZGA
genes in ROSI PN5 embryos were associated with the establish-
ment of spindle localization (fig. SI1A). These data suggested that
abnormal chromatin accessibility in the pronuclei of ROSI em-
bryos might be associated with the misexpression of minor ZGA
genes critical for cytoskeletal organization. Further FDR analysis
of the NDR data could also reproduce the main findings (table S4).

Transcription factors can exert their functions by binding to the
enhancer regions and might be associated with chromatin accessi-
bility changes in ROSI embryos (14). We used Hypergeometric Op-
timization of Motif EnRichment (HOMER) to identify the enriched
binding motifs for transcription factors in the distal NDRs of ICSI
embryos (fig. S11B). Consistent with previous reports (11, 15), the
motif of Specificity Protein 1 (SP1) was enriched in the pronuclear
stages. SP1 showed relative enrichment in ROSI-specific distal
NDRs rather than ICSI-specific distal NDRs at the pronuclear
stages (fig. S11C).

DNA methylation reprogramming alterations

in ROSI embryos

The genome of mammalian embryos undergoes a stepwise DNA
demethylation/remethylation process (34, 35), and ROSI embryos
are always with aberrant DNA methylation state (18, 19). To dissect
the DNA methylation-level reprogramming defects in ROSI embry-
os, we analyzed the layer of DNA methylation data. We found that
both sperm and round spermatids used in this study were hyper-
methylated, while the MII oocyte was moderately methylated (fig.
S12A), which was consistent with previous studies (36, 37). Upon
fertilization, the male pronucleus of both ROSI and ICSI embryos
underwent a similar round of extensive DNA demethylation. By the
blastocyst stage, the global DNA methylation level became compa-
rable (fig. S12A). Despite that the global demethylation was essen-
tially achieved, the percentage of differentially methylated regions
(DMRs) in the whole genome between ICSI and ROSI embryos in-
creased markedly upon fertilization, and the most prominent alter-
ations appeared at the pronuclear stages (PN3 and PN5) (Fig. 4A),
which was also obvious in Fig. 1C. The differences persisted to sub-
sequent stages (Fig. 4A), indicating the existence of differential
DNA methylation reprogramming patterns between ICSI and ROSI
embryos. Hyper-DMRs and hypo-DMRs at the pronuclear stages in
ICSI or ROSI embryos were all enriched in the promoter, intron,
and exon regions (fig. S12, B and C), indicating the likely correla-
tion between DNA methylation changes and gene expression (fig.
S12D) (17). Similarly, 10 DMRs were validated to be differentially
methylated between ROSI and ICSI embryos using bisulfite genomic
PCR-based Sanger sequencing (Fig. 4B and fig. S12E).

To confirm whether DNA methylation alterations were also
associated with the maternal to zygotic transition, we analyzed the DNA
methylation levels of 448 minor ZGA genes that were down-regulated
in ROSI embryos. We found that 65 genes were hypermethylated at
the promoter regions. GO analysis of these hypermethylated minor
ZGA genes could also enrich in the cytoskeleton-related terms
(Fig. 4, C to E, and table S4). Using FDR, similar results could also
be obtained (table S4). Notably, we found that the expression of 11
DEGs [including Carnmtl (also known as 2410127L17Rik), Aphla,
Cdk16, Lrrc8d, Mlit4, Rac3, Rail4, Sipall3, Taf5, Zfp703, and Syt7]
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was associated with both DNA methylation and chromatin accessi-
bility changes (Fig. 4, F and G). Among these genes, Rac3, encoding
a nuclear receptor coactivator, is involved in cytoskeletal and nucle-
us organization (38).

A366 treatment improves the developmental capacity

of ROSI embryos

On the basis of the single-cell multiomics sequencing analyses and
experimental data, the reprogramming defects of ROSI embryos were
mainly detected at the pronuclear stages and exhibited as the changes
of both transcriptome and epigenetic modifications. In support of
this, certain epigenetic modifications (e.g., H3K9me2) of round sper-
matid could also pass to the male pronucleus after fertilization
(Fig. 2, G to I). Hence, we asked whether there was previously uniden-
tified small compound that could improve the developmental po-
tential of ROSI embryos by targeting specific epigenetic modification.
To this end, a library composed of 178 small compounds, target-
ing epigenetic modifications, including DNA methylation and his-
tone modifications, were screened. We evaluated the final effect of
these small compounds based on the developmental potential of
ROSI embryos from three aspects: (i) nontoxic to the early embryos,
(ii) improved rate of blastocyst development, and (iii) increased live-
birth rate (Fig. 5A).

Our analyses identified that the reprogramming defects mainly
occurred before the 2-cell stage; therefore, small compound treatment
was performed on ROSI embryos for 20 hours after injection of round
spermatids when the embryos would reach the early 2-cell stage
(Fig. 5B). We found that a series of H3K9me2 methyltransferase G9A
(encoded by Ehmt2) inhibitors all showed a trend to increase the
blastocyst rate of ROSI embryos such as A366 (39), BIX01294, and
BRD4770 (Fig. 5C). Notably, A366 performed best among these candi-
dates (P < 0.01) (Fig. 5, Cand D), with an optimal treatment time frame
(0 to 20 hours after injection) and dosage (300 nM) (fig. S13, A to C).
Consistent with this finding, H3K9me2 deposition could be observed
in the round spermatids used in ROSI assay and the male pronucleus of
ROSI embryos (Fig. 2, G to I, and fig. S13D). In addition, Ehmt2, albeit
not categorizing into the DEGs (fig. S13E), also exhibited a higher ex-
pression level in ROSI embryos at the PN3 stage (P < 0.05) (Fig. 5E).

To confirm the outcomes of aberrant H3K9me2 deposition and ex-
cessive Ehmt2 expression, we analyzed the developmental capacity of
ROSI embryos after knockdown or overexpression of Ehmt2. Knock-
down of Ehmt2 using small interfering RNA (siRNA) (fig. S13F) could
markedly increase the blastocyst rate of ROSI embryos (36.30 and
35.30% for two Ehmt2 siRNA compared to 15.80% for control, P < 0.001
and P < 0.01, respectively; Fig. 5, F and G, and table S1). In contrast,
when Ehmt2 were overexpressed, there was an increase in H3K9me2
deposition (Fig. 5, H to K, and fig. S13, G and H), and the blastocyst rate
of ROSI embryos decreased in a dose-dependent manner (fig. S131).
However, simultaneous treatment by A366 in Ehmt2 overexpression
group was unable to eliminate the Ehmt2 overexpression block on em-
bryonic development (Fig. 5, L and M, and table S1). The treatment of
ROSI embryos by A366 could lastly improve the live-birth rate by about
twofold (18.70% versus 9.30%; P < 0.001) (Fig. 5, N and O, and table S1).
Notably, the live offspring from ROSI embryos treated by A366 was
healthy and fertile (fig. S13, J to L). In addition, the live-birth rate of
in vivo fertilized zygotes treated with A366 was comparable to the con-
trol group, indicating the safety of A366 treatment (fig. S13M). Together,
A366 treatment could significantly increase the blastocyst rate and
full-term development of mouse ROSI embryos.

Wang et al., Sci. Adv. 8, eabm3976 (2022) 10 August 2022

A366 treatment can partially overcome the
reprogramming defects of ROSI embryos derived

from early-stage round spermatids

To illustrate how A366 improved the developmental potential of
ROSI embryos, single-cell multiomics sequencing was performed
on the PN5-stage ROSI embryos treated by A366. ROSI embryos
without treatment and ICSI embryos were used as the controls.
Dimensionality reduction analysis was performed to cluster cells
based on the gene expression profiles. We found that ROSI and
ICSI embryos could be separated into two independent cell clusters
(Fig. 6A), indicating that the transcriptome of these two types of
embryos already exhibited certain differences at the PN5 stage.
Notably, A366 treatment could change the global gene expression
patterns of ROSI embryos (Fig. 6A). Unbiased cell clustering was
then performed using the DNA methylation and chromatin acces-
sibility data (proximal NDR). Consistent with the transcriptome
data, A366-treated ROSI embryos were reverted into an indepen-
dent cellular state as seen from both male and female pronuclei
(Fig. 6, B and C). These data were consistent with the finding that
A366 could affect the developmental potential of ROSI embryos.

We then dissected the detailed molecular differences among
ROSI, ROSI-treated (A366-treated), and ICSI embryos. To this end,
the differences at the levels of gene expression, chromatin accessi-
bility, and DNA methylation were first identified, respectively. Ac-
cording to the patterns after A366 treatment, they were divided into
three categories (table S5): (i) fully amended, (ii) partially amended,
and (iii) not amended. Among the 332 down-regulated and 465
up-regulated genes in ROSI embryos, the expression of 165 and 159
genes in each gene group could be amended by A366, respectively
(Fig. 6D, fig. S14A, and table S5). Note that the down-regulated
genes amended by A366 were mainly associated with actin cytoskeleton
and chromatin organization (Fig. 6D), consistent with the defects
observed at the pronuclear stage of ROSI embryos (Fig. 2, E and F).
A366 treatment could also amend most of the chromatin accessibility
of ICSI-specific proximal NDRs in both male pronucleus (760 of 1106)
and female pronucleus (874 of 1232) of ROSI embryos (Fig. 6E, fig.
S14B, and table S5). Notably, the neighboring genes of these amended
ICSI-specific NDRs were enriched in the processes of microtubule
depolymerization and embryonic morphogenesis in the male pro-
nucleus and astral microtubule organization in the female pronu-
cleus (Fig. 6E). In terms of DNA methylation, a similar amending
effect could be observed in A366-treated embryos at hypermethyl-
ated DMRs and hypomethylated DMRs in ROSI embryos. Notably,
the DNA methylation state of genes related to cytoskeletal organi-
zation could be amended in female pronucleus (fig. S14, C and D).
Generally consistent results were obtained on the basis of FDR anal-
ysis (table S5). To determine whether the amending effect by A366
treatment was correlated with H3K9me2 modification, we analyzed
the distribution of these DMRs on the H3K9me?2 peaks. Given that
there was sparse H3K9me?2 signal in round spermatids, the analysis
was performed using a previously reported H3K9me2 chromatin
immunoprecipitation sequencing data in oocytes (40). Notably, in
the female pronucleus, the hypermethylated DMRs amended by
A366 were more significantly overlapped with H3K9me2 peaks
than the ones that could not be amended (fig. S14E).

As aforementioned, both proximal NDRs and DNA methylation
were associated with gene expression regulation. Therefore, we tried
to determine which genes amended by A366 were associated
with chromatin accessibility or DNA methylation changes at the
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Fig. 5. A366 treatment improves the developmental capacity of ROSI embryos. (A) Flowchart for small compound screening using ROSI embryos. (B) Schematic
diagram showing the time frame for small compound treatment. (C and D) Blastocyst rate (C) of ROSI embryos treated by G9A inhibitors and representative ROSI embryos
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promoter regions. We found that the expression of a subset of
genes (46 of 165 up-regulated genes and 36 of 159 down-regulated
genes) such as Myh9, Numal, and Gli3 was associated with chro-
matin accessibility rather than DNA methylation at the promoter
regions. In contrast, the gene expression of another subset of genes
(82 of 165 up-regulated genes and 31 of 159 down-regulated genes)
such as Arf5 and Axinl was associated with DNA methylation.
Tulp3 was associated with both chromatin accessibility and DNA
methylation (Fig. 6F). In addition, A366 treatment could restore the
morphology of male pronucleus in ROSI embryos (Fig. 6, G and H,
and fig. S14, F and G). Together, the compromised developmental
potential of ROSI embryos could be improved by A366 treatment,
wherein A366 partially overcame the reprogramming defects de-
tected at the pronuclear stages.

DISCUSSION

Correct epigenetic reprogramming in mammalian early embryos is
critical for cell fate establishment and subsequent developmental
potential. In this study, we constructed the single-cell multiomics
landscapes of ROSI embryos in mice. In this context, we dissected
the defects occurred in ROSI embryos at the levels of transcriptome,
methylome, and chromatin accessibility. Notably, by interrogating
these multiple layers of information, we uncovered the reprogram-
ming defects in ROSI embryos, which were associated with the mis-
expression (down-regulation) of a cohort of minor ZGA genes. We
then found that these defects could be overcome to a certain extent
by A366 treatment, wherein A366 treatment could increase the overall
developmental rate by about twofold. A previous study revealed that
assisted reproductive technologies—associated DNA methylation
variations could be largely resolved around birth (41). Similarly, the
de novo chromosomal instability in early embryos could also be
depleted from embryonic germ layers to a great extent (42, 43).
Given that poor developmental outcomes were observed in the
nonintervention ROSI group, it was most likely that the reprogram-
ming defects uncovered in this study could not be eliminated
spontaneously.

Reprogramming barriers exist in several kinds of reconstructed
embryos or artificial pluripotent stem cells. For instance, somatic
cell nuclear transfer (SCNT) embryos have DNA methylation and
histone modification reprogramming barriers (44-46). Accordingly,
the use of inhibitors or expression of key enzymes is effective in
improving the development of SCNT embryos (44, 45). Notably,
H3K9 methylation exerts important roles in pluripotency establish-
ment (44, 47), especially that histone H3 lysine 9 trimethylation acts
as a critical epigenetic barrier in mammalian SCNT reprograming
process. Similarly, the previous studies also observed the existence of
abnormal DNA methylation and H3K9 methylation at the pronuclear
stages in ROSI embryos (18, 19); however, systematic delineation of
the epigenetic abnormalities in ROSI embryos, especially upon fer-
tilization, was still lacking. In this study, we uncovered the repro-
gramming defects in ROSI embryos reconstructed with early-stage
round spermatids. A remarkable difference between ROSI and
SCNT was that the developmental defects of SCNT embryos ap-
peared at the onset of ZGA; thus, we speculated that the defects
identified in ROSI embryos might not be severe enough to impede
the full initiation of major ZGA (29, 48). The reprogramming de-
fects in ROSI embryos were most likely correlated with the mis-
expression of a cohort of minor ZGA genes, but the causal relationship
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between these two events remained undetermined. Presumably, the
aberrant epigenome of early-stage spermatids might determine the
developmental fate of ROSI embryos, as exemplified by the deposi-
tion of H3K9me2 in male pronucleus. Our treatment of ROSI em-
bryos with the EHMT?2 inhibitor A366 could indeed improve the
developmental potential, consistent with a previous finding that
decreasing H3K9 methylation could increase the developmental
potential of ROSI embryos (49). We do not rule out the possibility
that there are other defects inherent to ROSI embryos. Even with
A366 treatment, the developmental potential of ROSI embryos did
not recover to the same level of ICSI controls, and the epigenome
reprogramming was still not fully completed. With the develop-
ment of techniques to measure histone modifications in extremely
low input (50), it will be promising to find whether the reprogram-
ming defects of ROSI embryos uncovered in this study might be
determined by histone modifications or whether other histone or
DNA modifications inherited from round spermatids act as other
potential reprogramming defects. Here, note that because of the
limit of cell numbers used in single-cell multiomics analyses in the
present study, genomic coverage variations could be observed among
individual cells.

Minor ZGA is important for the early embryonic development
in mammals (29). A previous study revealed that cohesin impeded
the minor ZGA in SCNT embryos, in which the three-dimensional
(3D) chromatin architecture of the genome was aberrantly repro-
grammed (31). The observed enrichment in chromatin-related pro-
cesses and DEGs at the pronuclear stages suggests that ROSI embryos
derived from the early-stage round spermatids might also have 3D
chromatin architecture defects as that in SCNT embryos. Parental
genomes undergo asymmetric reprogramming in various epigenetic
features such as DNA methylation, chromatin accessibility, and
H3K27me3 levels (51-53). Moreover, the reprogramming factors
within male and female pronuclei are distinct (54). Although most
of these modifications are resolved upon fertilization, parental-
biased escaping in the process of reprogramming is critical for the
establishment of allele-specific expression patterns. Further studies
are required to understand more about how shuttling factors existed
in the ROSI male pronucleus (derived from early-stage round sper-
matids) exchange information between the male and female pronuclei.
It will also be interesting to validate whether similar reprogramming
defects also exist in human ROSI embryos and whether it can be
eliminated by A366 treatment.

MATERIALS AND METHODS

Animals

All the animal studies were performed in accordance with the ethical
guidelines of South Medical University ethics committee (L2016149).
All the animal research protocols were in accordance with the
U.S. Public Health Service Policy on Use of Laboratory Animals
and were approved by the Ethics Committee on Use and Care of
Animals of Southern Medical University.

DBA/2N male mice were used for the collection of sperm and
spermatids, while C57BL/6N female mice were used for the collec-
tion of oocytes. The mice were purchased from Beijing Vital River
Laboratory Animal Technologies Co. Ltd., (Beijing, China). B6D2F1
female and male mice were used for the preliminary screening of
small compound. ICR mice purchased from Guangdong Experi-
mental Animal Center were used as embryo transfer recipients.
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Collection of oocytes, sperm, and round spermatids

To obtain MII oocytes for ICSI/ROSI, B6D2F1 or C57BL/6N female
mice were superovulated by injecting 8 U of pregnant mare serum
gonadotropin each and followed by 8 U of human chorionic gonado-
tropin (hCG) 46 to 48 hours later. Mice were euthanized by cervical
dislocation 13.5 hours after hCG injection. Cumulus-oocyte com-
plexes were collected from the oviduct ampullae, and MII oocytes
were then obtained by removing the cumulus cells in M2 medium
(Sigma-Aldrich) containing hyaluronidase (1 mg/ml).

Sperm and early-stage round spermatids were collected from
cauda epididymidis and testis, respectively. Fluorescence-activated
cell sorting (FACS) was then used to isolate the haploid round sper-
matids, consistent with a previous study (9). Briefly, the suspension
of testicular cells was obtained by mechanical isolation and enzy-
matic digestion. The cell suspension was filtered through a 40-mm
nylon mesh and stained with Hoechst 33342 (2.5 mg/ml) for 15 min.
The isolation of haploid round spermatids was performed using
MoFlo XDP (Beckman).

ROSI and ICSI

ICSI (55) and ROSI (24) were performed as previously described with
a slight modification. Briefly, for ROSI, the MII-stage oocytes were first
placed in the balanced Ca?*-free Chatot-Ziomek-Bavister (CZB)
medium containing 10 mM SrCl, for 10 min for preactivation. The
nucleus of round spermatid, which was separated from the cyto-
plasm by pipetting, was then microinjected into the MII oocyte in
M2 medium (Sigma-Aldrich, M7167) containing cytochalasin B
(5 ug/ml). The injected oocytes were further activated for 5 hours in
the balanced Ca’*-free CZB medium containing 10 mM SrCl, in an
incubator (37°C, 5% CO,). After activation, the injected oocytes were
transferred to the balanced potassium simplex optimized medium
(KSOM) (Millipore, MR-020P-D) for further culture. For ICSI, the
head of sperm was microinjected into an oocyte. The micromanipula-
tion process was performed using PiezoXpert device (Eppendorf).

Embryo transfer

The 2-cell stage embryos derived by ROSI or ICSI were transferred
into the oviducts of the pseudo-pregnant female mice. Caesarean
section was performed at embryonic day 19.5, and the live pups
were fostered by lactating ICR females.

Collection of mouse preimplantation embryos

Both ROSI and ICSI embryos with normal morphology at certain
stage were collected for single-cell multiomics sequencing: 7.5 hours
(PN3 zygote), 12 hours (PN5 zygote), 28 hours (2-cell), 46 hours
(4-cell), 75 hours (morula), and 94 hours (blastocyst) after injection
according to previous studies (15, 27, 56). The standard of pronu-
clear-stage embryos was mainly consistent with previous studies as de-
scribed later (6, 57).

The physical isolation of male and female pronuclei at the PN3
and PN’ stages was performed as previously described (15). Briefly,
zygotes were transferred into M2 medium containing cytochalasin B
(5 ng/ml) at 7 and 11.5 hours after injection and cultured for 30 min.
Zona pellucida was removed by a piezo-driven micromanipulator,
and the pronuclei were isolated from the zygotes. Next, the pronu-
clei were placed into lysis buffer immediately for the preparation of
single-cell DNA library. The remaining cytoplasm wrapped in the
cytosol was collected into lysis buffer immediately for the prepara-
tion of scRNA library. The isolation of individual blastomere of
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other stage preimplantation embryos was performed as previously
described (58). The embryos were then transferred to M2 medium
to terminate the digestion. Single blastomere was isolated by gentle
and repeated pipetting. When all of the blastomeres were separated,
they were removed from the manipulation drops, washed three to
five times in prewarmed phosphate-buffered saline (PBS) with
1% human serum album (HSA), and placed into lysis buffer imme-
diately for the preparation of scRNA and DNA libraries.

Reverse transcription and qPCR

To analyze the gene expression in ICSI and ROSI embryos, the
cDNA of 15 ICSI or ROSI zygotes was synthesized by a reverse tran-
scription system and amplified using the Single Cell Squence Specific
Amplification Kit (Vazyme, P621-01) according to the manufacturer’s
instructions. To confirm the knockdown efficiency of Ehmt2 siRNA,
the cDNA was prepared from 15 2-cell embryos. qPCR was then
performed using 2x PCR master mix (GenStar, A301-10) on Light-
Cycler96 system (Roche). The data were analyzed using the AAC;
method. Glyceraldehyde-3-phosphate dehydrogenase was used as
an internal control to normalize the expression of target genes. The
primers were listed in table S7.

Immunofluorescence

Mouse embryos were usually fixed with 4% paraformaldehyde for
1 hour and then permeabilized with 0.5% Triton X-100 for 1 hour at
room temperature. However, for the calculation of interpronuclear
distance, geometric center distance, and diameters, the embryos were
fixed and permeabilized using 4% paraformaldehyde containing 0.2%
Triton X-100 for 20 min at room temperature (Figs. 2E and 6G and
figs. S2A and S14F). The embryos were then blocked with 1% bovine
serum albumin (Sigma-Aldrich) at room temperature for 1 hour and
incubated with the primary antibodies against EHMT?2 (1:400; Invitro-
gen, 435200) and H3K9me2 (1:400; Abcam, ab1220) at 4°C overnight.
After washing three times with PBS containing 0.05% Tween 20, the
embryos were incubated with the appropriate secondary antibodies
at room temperature for 1 hour. The nuclei were stained with DAPI
(Thermo Fisher Scientific, R37606). Images were captured under
identical imaging conditions on the same confocal laser scanning micro-
scope (Carl Zeiss LSM 880). Z projections were done by maximum in-
tensity projections of the indicated Z-stacks. Quantitative fluorescence
image analysis was performed using Image]J (Fiji) software (https://
imagej.net/software/fiji/downloads). The intensity of fluorescence
was calculated from images of stacked or sectioned images after the
signal areas were detected automatically in regions of interest.

The calculation of interpronuclear distance and geometric
center distance between two pronuclei

The 3D immunofluorescence images of embryos at the pronuclear
stages were reconstructed using Imaris software as previously de-
scribed (59, 60). The interpronuclear distance was first calculated by
Imaris 9.0.2 at the same stage (fig. S2A). Next, we compared the devel-
opmental progress between ROSI and ICSI embryos at the pronuclear
stages according to the diameter of pronucleus. The largest cross sec-
tion of pronucleus was selected in the Z-stack images, and the diame-
ter of pronucleus was counted by the ZEN 2.1 (black). To eliminate
the effect of reduced diameter of pronuclei in ROSI embryos on
measuring interpronuclear distance, the geometric center distance
between two pronuclei was reconstructed and calculated using Imaris
9.0.2 software as previously described (fig. S2C) (59, 60). The nuclear
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envelope of two pronuclei at the PN5 stage was close but not yet
fused. Under this condition, the software used here could not iden-
tify them; thus, the geometric center distance between two pro-
nuclei at the PN5 stage was calculated by adding the radius of two
pronuclei together.

Low-input DNase | gPCR

ICSI or ROSI 4-cell embryos were used for liDNaseI-qPCR assay
as previously described (15). In detail, the zona pellucida was removed
using Acidic Tyrode’s Solution (pH 2.5) (Sigma-Aldrich, T1788). The
embryos were then resuspended in 36 pl of lysis buffer [10 mM tris-
HCI (pH 7.5), 10 mM NaCl, 3 mM MgCl,, and 0.1% Triton X-100]
and incubated on ice for 5 min. DNase I [2 U/ul; New England Biolabs
(NEB), M0303L] was added to the final concentration of 10 U/ml and
incubated at 37°C for 5 min. The reaction was stopped by adding 80 pl
of stop buffer [10 mM tris-HCI (pH 7.5), 10 mM NaCl, 0.15% SDS,
and 10 mM EDTA] containing 2 pl of Proteinase K (20 mg/ml; Life
Technologies). After that, 20 ng of circular carrier DNA was added,
and the mixture was incubated at 50°C for 1 hour. DNA was purified
by extraction with phenol-chloroform and precipitated by ethanol in
the presence of linear acrylamide (Yeasen, 10408ES403). For qPCR
validation of NDRs, the ethanol-precipitated DNA was dissolved in
15 ul of double distilled H,O. DNase I free control samples with the same
number of embryos were treated by the same way without the addi-
tion of DNase I. The treated DNA was then used as the template for
multiplexed preamplification with the primers for 15 cycles in a 50-ul
volume using ChamQ Universal SYBR qPCR Master Mix (Vazyme,
Q711). The preamplified product (0.2 pl) was used for quantification
with two technical replicates. The relative amount of intact DNA at
NDRs amplifiable after DNase I treatment was quantified against
DNase I free control samples. Three biological replicates were per-
formed for each locus, and the primers were listed in table S7.

Bisulfite genomic PCR-based Sanger sequencing

Genomic DNA from ICSI or ROSI embryos at morula stage was
purified using QIAamp DNA Micro kit (QIAGEN, 56304). Sodium
bisulfite treatment of DNA was then performed using the EZ DNA
methylation-direct kit (Zymo Research, D5021). PCR amplifica-
tion was performed using hot start DNA polymerase (TAKARA)
with specific primers for DMR regions of interest (table S7). The
PCR product was gel-extracted, subcloned into the pClone007
Versatile Simple Vector (TSINGKE, 007VS), and sequenced. The
results were analyzed using Quantification Tool for Methylation
Analysis (QUMA, http://quma.cdb.riken.jp/).

Small compound screening and treatment

The epigenetic modification-related small compound library was
from TargetMol Company (L1200) (table S6) and in-house chemi-
cal collections. The small compound was added to Ca**-free CZB
medium containing 10 mM SrCl, for activation before and after
ROSI injection as aforementioned. The injected oocytes were then
cultured in the balanced KSOM medium containing small com-
pound until 20 hours after injection and subsequently transferred to
the fresh balanced KSOM medium for the subsequent culture.

In vitro transcription of mRNA
and intracytoplasmic injection
The ¢cDNAs of both Ehmt2 and EGFP were cloned into T7-driven
vectors, respectively. The mRNAs were then transcribed using
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the mMESSAGE mMACHINE T7 Ultra Kit (Ambion, AM1344)
according to the manufacturer’s instructions. The storage concen-
tration of each mRNA was optimized to 1 pg/ul. Ehmt2 or EGFP
mRNA was diluted to the injection concentration with nuclease-free
water. The integrity of mRNA was confirmed by electrophoresis
with formaldehyde gels. The injection of mRNA into MII oocytes
was performed using a piezo-driven micromanipulator, and about
10 pl of mRNA was injected into each MII oocyte. The primer
sequences were listed in table S7.

Knockdown of Ehmt2 in ROSI embryos

siRNA against mouse Ehmt2 or negative control was synthesized by
Geneyuan Company. The siRNA was diluted to the injection concen-
tration with nuclease-free water before injection. Each MII oocyte
was injected with approximately 10 pl of siRNA using a piezo-driven
micromanipulator. The siRNA was listed in table S7.

scRNA/DNA library preparation and sequencing

The cell lysis buffer mixture containing 4 U of ribonuclease (RNase)
inhibitor (Takara, 2313B), 0.25% IGEPAL CA-630 (Sigma-Aldrich,
13021), and in vitro methylation mix (NEB, M0227L) were prepared.
The DNA and RNA of each cell were then isolated by the nuclear
separation mixture containing 0.2 ul of Dynabeads MyOne Carboxylic
Acid (Invitrogen, 65011), 0.2% Tween 20 (Sigma-Aldrich, P1379),
1% Triton X-100 (Sigma-Aldrich, T8787), 4 U of RNase inhibitor,
50 mM dithiothreitol, and 2 ul of 5x SuperScript II first-strand buffer
(Invitrogen, 18064071). Subsequently, for RNA part, scRNA-seq
library was constructed using single cell-tagged reverse transcrip-
tion sequencing method. The high-quality libraries were sequenced
with 150-base pair (bp) pair-end reads on Illumina Hiseq Xten
(Novogene). For DNA part, the magnetic beads containing cell
nuclei (DNA) were treated with EZ-96 DNA Methylation-Direct
MagPrep kit (Zymo Research, D5044) to complete the bisulfite con-
version. Four rounds of amplification were then conducted by
Klenow exo- (ENzymics, NG202) and scBS-seq-P5-N6-oligol
(CTACACGACGCTCTTCCGATCTNNNNNN). The purified
products were used to perform the second strand synthetization using
scBS-seq-P7-N6-oligo2 (AGACGTGTGCTCTTCCGATCTNNNNN).
Last, the DNA library was constructed with incorporated universal
primers and index primers (NEB). After purification twice with 0.8x
AMPure XP beads, the DNA library was checked for quality, and
each cell was sequenced for about 3 Gb on Illumina Hiseq Xten
platform (Novogene).

scRNA-seq data processing and normalization

scRNA-seq raw reads were processed as previously described (61).
First, we used cell barcode sequence (8 bp) and read ID to extract
the R1 and R2 reads. Template switch oligo sequence, polyadenylate
tails, and low-quality bases were then removed to obtain clean reads.
The clean R1 reads were aligned to mouse genome (mm10, UCSC
version) using TopHat2 (v2.0.14) in single-end module with default
parameters (62), and uniquely mapped reads according to unique
molecular identifier (UMI) numbers were counted using HTSeq
(63). Last, the category of UMISs for each gene was calculated as the
transcript copy number, and gene expression level was shown as
log>(TPM/10 + 1), where TPM (transcripts per million) was calcu-
lated as the number of UMIs of each gene divided by all UMIs in a
given cell. Once the TPM was higher than 0, we considered that this
gene was detected in each individual cell.
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The numbers of genes and transcripts were calculated in each
individual cell. In detail, for the male gamete dataset, cells with
more than 1000 genes detected were retained for the subsequent
analysis. For other stages, cells with more than 1000 genes and
10,000 UMI detected were retained for the subsequent analysis.

Dimensionality reduction analysis of scRNA-seq data

and cell type identification

The R package Seurat (v3.1.2) (64) was used to perform dimension-
ality reduction and clustering analysis based on log,(TPM/10 + 1)
expression matrix. Only the genes expressed in more than three
cells were retained for downstream analysis. FindIntegrationAn-
chors (dims = 1:20) and IntegrateData function (dims = 1:20) were
used to integrate two batches of scRNA-seq data (batch information
was provided in table S2). Subsequently, PC1 to PC50 were selected
to perform the RunPCA function, and PC1 to PC20 were selected to
run the RunTSNE function to generate t-SNE plot. To identify the
clusters of inner cell mass (ICM) and trophectoderm (TE), we ex-
tracted the cells at blastocyst stage to perform FindClusters function
(resolution = 0.8) to obtain clusters 0 to 2. According to the expres-
sion levels of Cdx2, Sox2, Nanog, Sox17, Dppal, 1d2, and Gata3, we
defined cluster 0 as ICM and clusters 1 and 2 as TE.

Integration analysis of round spermatids using

scRNA-seq data

To double-check the developmental stage of the round spermatids
used in this study, we used the mouse round spermatid dataset with
similar scRNA library preparation and the same bioinformatics
analysis pipeline for the integration analysis (9). Merge function in
Seurat package (v3.1.2) was used to integrate different datasets, and
PC1 to PC20 were selected to perform integration and Uniform
Manifold Approximation and Projection analysis. All the expressed
genes were used to perform K-means clustering analysis.

Identification of DEGs

To identify DEGs, we used the FindMarker function in Seurat (test.
use = “LR”) based on log,(TPM/10 + 1) expression values. Likeli-
hood ratio test was used to calculate P values. FDR was calculated as
Benjamini-Hochberg (BH)-adjusted P values. Only genes with |fold
change| > 1.5 and P < 0.05 were defined as DEGs. GO analysis was per-
formed with Metascape (www.metascape.org) using default parameters.

Weighted correlation network analysis

To evaluate the expression patterns of minor ZGA genes, we selected
the transcriptome data of seven stages of PN3, PN5, 2-cell, 4-cell,
Morula, TE, and ICM to perform WGCNA (65). The power = 10 was
used to execute the blockwiseModules function, and two kinds of
modules were found from it.

Read mapping and quality control of single-cell

DNA part data

For single-cell DNA part data (DNA methylation and chromatin
accessibility), Trim:galore (v0.3.3), Cutadapt (v1.2.1), and FastQC
(v0.11.7) were used to trim adapter sequences, six bases of random
primer, and low-quality bases away from raw data. Cleaned reads
were mapped to mouse reference genome mml0 (downloaded
from the UCSC genome browser) with Bismark (v0.7.6) (66) in
paired-end and nondirectional manner. The unmapped reads were
then remapped to the same reference genome in single-end and
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nondirectional manner as previously described (14). After align-
ment, duplicated reads generated through PCR amplification were
removed by Samtools (v0.1.18). According to our previous study (14),
the methylation level of WCG (W = A/T) and GCH (H = A/C/T)
sites were calculated as the ratio of methylated reads (reported as “C”)
divided by sequencing depth (“C + T”) at 1x depth. The level of
DNA methylation or chromatin accessibility of different genomic
regions or global level was estimated by the mean methylation level
of all WCG or GCH sites covered in the region or whole genome.
Only cells with bisulfite conversion rate higher than 97%, genome
coverage of more than 3%, more than 500,000 WCGs, and 5,000,000
GCH sites covered were retained for further analysis.

CNV analysis

After alignment, we used HMMcopy (67) to deduce the CNVs in
each individual cell considering mappability and GC content of the
genome in 1-Mb windows.

Genotype deducing

To deduce the genotype of embryo, we counted the reads number of
autosome (here, we used “chr1”) and sex chromosome “X” and “Y.”
As control, the genotype of MII oocyte was XX, while the genotype
of sperm included X and Y. Notably, at the pronuclear stages (PN3
and PN5), if only the female pronucleus was retained after quality
control (but the male pronucleus in the same embryo did not pass
the quality control), then this embryo would be removed from the
downstream sex analysis. The detailed gender information was in-
cluded in the table S2.

Defining open chromatin regions

As mentioned in the experimental method, GCH sites in open chro-
matin regions would be methylated during in vitro methylation
process. So, we used methylation level of GCH sites (1x depth) to
define open chromatin regions (NDRs). Because of the sparse na-
ture of single-cell genomic data, we aggregated all cells at the same
stage from ICSI/ROSI-derived embryos to define NDRs as previ-
ously described (13, 23, 68). As reported in our previous study (14),
we used a sliding window with 100-bp length at 20-bp step size to
calculate the significance of difference (chi-square test, P < 10~"°) of
GCH methylation level compared to the whole genome level. Only
DMRs longer than 140 bp with more than five GCH sites covered
were defined as NDRs. According to the distance to TSSs, NDRs
were classified into two groups, named proximal (overlapped with
promoters) NDRs, and distal (located at least 2-kb away from TSSs
and within 100 kb) NDRs.

Estimation of methylation level

The global DNA methylation level or chromatin accessibility of
each individual cell was estimated as the average methylation level
of all the WCG or GCH sites covered at 1x depth. We also calculat-
ed the DNA methylation level and chromatin accessibility in differ-
ent genomic regions, 500-bp nonoverlapping sliding windows and
NDRs, which were determined on the basis of the mean methyla-
tion level of all WCG or GCH sites covered in that region. Only re-
gions with more than three WCG or five GCH sites covered were
retained for methylation level analysis, unless stated otherwise. All
genomics annotations, including introns, exons, TSSs, and transcrip-
tion end sites (TESs), were downloaded from the UCSC genome
browser (mm10). Repeat regions were downloaded from RepeatMasker
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(mm10). Promoters were defined as regions 2-kb upstream and 2-kb
downstream of TSSs. Gene bodies (intragenic region) were regions
from TSSs to TESs, while intergenic regions were regions comple-
mentary to gene bodies in the genome.

Dimensionality reduction analysis of single-cell

DNA part data

We calculated the chromatin accessibility of the proximal NDRs in
each individual cell. Regions covered in at least 10% of cells were
extracted. Before using “prcomp” to reduce the dimensionality, we
first used the “ppca” method in pcaMethods package (69) to fill in the
missing values. For dimensionality reduction analysis of DNA meth-
ylation data based on 500-bp tiles, we used tiles covered in at least
10% of cells and performed PCA after imputing the missing value.
Only regions covered in at least 5% of cells were retained for dimen-
sionality reduction analysis performed in A366-treated embryos,
and the input to PCA was the matrix with inputting missing values of
chromatin accessibility or DNA methylation level on differential
NDRs or DMRs at the PN5 stage between ICSI and ROSI embryos.

Stage-specific proximal NDRs and ICSI- or ROSI-specific NDRs
Differential NDRs were calculated on the basis of merged NDRs
between the comparison groups, which were called on the basis of
aggregated data at the same stage from ICSI/ROSI-derived embry-
o0s. Meanwhile, regions were restricted on those which were simul-
taneously covered by at least 5% of cells or two cells in all comparison
groups considering the coverage of single-cell data (22, 70). In de-
tail, we extracted the global GCH methylation level of each individ-
ual cell from the chromatin accessibility of each NDR in that cell to
scale the methylation level of NDRs to the genome-wide level. We
then systematically searched for the stage-specific proximal NDRs
at the pronuclear stages and from 2-cell to blastocyst stages. Only
NDRs in one cell type with scaled difference higher than 0.1 to the
maximum level of the other stages and with P < 0.05 were retained.
Pearson correlation between the retained NDRs and corresponding
gene expression levels was calculated, and only proximal NDRs
with a correlation of >0.6 were lastly defined as the stage-specific
proximal NDRs. ICSI- or ROSI-specific NDRs were those with the
difference of scaled chromatin accessibility between ROSI and ICSI
greater than 0.1 with P < 0.05, and FDR was calculated as BH-
adjusted P values. In addition, the RNA expression patterns between
ROSI and ICSI embryos were positively correlated with the chro-
matin accessibility changes between them.

Enrichment analysis of transcription factor motifs

Motif enrichment analysis was performed on all distal NDRs and
differential distal NDRs between ROSI and ICSI embryos using
HOMER with the parameters “len 8,10,12 -size given.” Only tran-
scription factors with a TPM of >10 and motifs with P < 107" in at
least one stage in ROSI or ICSI embryos were retained for analysis.

Differentially methylated regions

For differential methylation analysis between ROSI and ICSI embryos,
we aggregated all single-cell data at each stage (13, 23, 68). That
meant that we defined the DNA methylation level of each WCG site
by the mean level of that in all single cells derived by ICSI or ROSI
at the same stage, which could circumvent the variance of genomic
coverage among cells to a certain extent. We then calculated the
DNA methylation level of 500-bp nonoverlapping tiles covered in
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two groups. Only tiles with methylation differences between two
groups larger than 0.2 and with P < 0.05 were defined as DMRs.
FDR was calculated as BH-adjusted P values. We defined DMR-
associated genes when DMRs overlapped with promoter regions;
meanwhile, methylation levels of DMRs and promoter regions
varied inversely with expression levels.

Volcano plot

In fig. S8 (D and E), minor ZGA genes with higher expression levels
in ROSI embryos (fold change > 1.5, P < 0.05, up-regulated) or in
ICSI embryos (fold change > 1.5, P < 0.05, down-regulated) were
colored in red or blue, respectively. Genes associated with ICSI or
ROSI-specific proximal NDRs were colored in Fig. 3D and fig. S11A,
with the blue dots representing genes whose expression levels were
significantly lower in ROSI embryos and occupied with the ICSI-
specific proximal NDRs (absolute GCH methylation difference >
0.1, P < 0.05), and the red dots were vice versa. Genes associated
with DMRs were colored in Fig. 4C, with the red dots representing
genes whose expression levels were significantly up-regulated in
ROSI embryos, and the associated DMRs were also hypomethylated.
The blue dots were vice versa (absolute DNA methylation difference >
0.2, P < 0.05).

Enrichment analysis of DMRs and NDRs

Enrichment analysis of DMRs and NDRs were calculated on the
basis of the proportion of observed ratio to expected ratio as men-
tioned in a previous study (45). Briefly, the observed ratio was esti-
mated by the number of DMRs overlapped with a genome context
divided by the total number of this class of DMRs; the expected
ratio was the number of 500-bp tiles overlapped with the genome
context in the whole genome divided by the total number of 500-bp
nonoverlapping genome tiles. The significance analysis of relative
enrichment was performed by the chi-square test. For NDRs,
“observed” represented NDRs located at different genomic regions
divided by the total number of NDRs at that stage, while “expected”
meant the whole genome 500-bp tiles overlapped with different
genomic regions divided by the total number of 500-bp tiles.

Classification of DEGs, NDRs, and DMRs amended by
A366 treatment
To define the DEGs, NDRs, and DMRs amended by A366 at the
PN5 stage, we classified the DEGs, ICSI- or ROSI-specific NDRs,
and DMRs into three categories according to the average level of
each group as the following standards:

For ROSI up-regulated DEGs, ROSI hyper-NDRs, and ROSI
hyper-DMRs, that is:

(i) Fully amended by A366: R > 1 > R_A366.

(ii) Partially amended by A366: R > R_A366 > I.

(iii) Not amended by A366: R_A366 > R > L.

For ROSI down-regulated DEGs, ROSI hypo-NDRs, and ROSI
hypo-DMRs, that is:

(i) Fully amended by A366: R_A366 > 1> R;

(ii) Partially amended by A366: 1> R_A366 > R;

(iii) Not amended by A366: 1> R > R_A366.

Statistical analysis

The statistical analysis of experimental data was performed using
unpaired two-tailed Student’s ¢ test to compare the differences be-
tween different groups with GraphPad Prism version 6.0.0. All the
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experimental data were from at least three independent biological
repeats, and the data were presented as means + SEM, unless stated
otherwise. P < 0.05 was considered statistically significant.

For the statistical analysis of stage-specific proximal NDRs,
ICSI- or ROSI-specific proximal NDRs were obtained by compar-
ing the differences between different stages and samples with unpaired
two-tailed Student’s ¢ test. P < 0.05 was considered statistically sig-
nificant. For the statistical analysis of DMRs, unpaired two-tailed
Student’s t test was used to compare the differences between differ-
ent stages and samples. P < 0.05 was considered statistically
significant. Correlation and corresponding statistical significance were
calculated on the basis of Pearson correlation coefficient in R language.

For the statistical analysis of DEGs, Likelihood ratio test was used to
compare the differences between different stages and samples with
R package Seurat. P < 0.05 was considered statistically significant.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abm3976

View/request a protocol for this paper from Bio-protocol.
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