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SUMMARY
Somatic cell nuclear transfer (SCNT) can reprogram terminally differentiated somatic cells into totipotent embryos, but with multiple

defects. The nucleosome positioning, as an important epigenetic regulator for gene expression, is largely unexplored during SCNT em-

bryonic development. Here, we mapped genome-wide nucleosome profiles in mouse SCNT embryos using ultra-low-input MNase-seq

(ULI-MNase-seq). We found that the nucleosome-depleted regions (NDRs) around promoters underwent dramatic reestablishment,

which is consistent with the cell cycle. Dynamics of nucleosome position in SCNTembryos were delayed compared to fertilized embryos.

Subsequently, we found that the aberrant gene expression levels in inner cell mass (ICM) were positively correlated with promoter NDRs

in donor cells, which indicated that the memory of nucleosome occupancy in donor cells was a potential barrier for SCNT-mediated re-

programming.We further confirmed that the histone acetylation level of donor cells was associated with thememory of promoter NDRs.

Our study provides insight into nucleosome reconfiguration during SCNT preimplantation embryonic development.
INTRODUCTION

Terminally differentiated somatic cells can be reprog-

rammed into totipotent embryos, thereby generating an

entire organism through the somatic cell nuclear transfer

(SCNT) technique, which is also called cloning (Gurdon,

1962; Wakayama et al., 1998; Wilmut et al., 1997). Since

the birth of the first cloned mammal, Dolly the sheep, in

1997 (Wilmut et al., 1997), more than 20 mammalian spe-

cies have been cloned successfully (Matoba and Zhang,

2018). In addition, the SCNT technique can be used to

generate nuclear transfer-derived embryonic stem cells

(ntESCs) that are similar to embryonic stem cells (ESCs)

(Brambrink et al., 2006; Wakayama et al., 2001), and hu-

man senescent or patient-specific ntESCs have been

successfully derived and have potential trends in clinical

applications (Chung et al., 2014, 2015; Tachibana et al.,

2013; Yamada et al., 2014). Therefore, the SCNT technique

is expected to be advantageous for the preservation of en-

dangered animals and the treatment of human diseases

(Matoba and Zhang, 2018; Wakayama et al., 2008; Yang

et al., 2007).

The SCNT technique also has many defects, however.

The birth rate of cloned embryos is much lower than that

of fertilized embryos (Matoba and Zhang, 2018). Moreover,

cloned offspring often have abnormalities, such as a hyper-

trophic placenta (Ogura et al., 2013). Previous studies have

shown that the development of cloned embryos is

impeded by several epigenetic barriers, including aberrant
S
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imprinting gene Xist activation (Inoue et al., 2010; Matoba

et al., 2011) and abnormal DNA methylation (Gao et al.,

2018) and histone modifications (Inoue et al., 2020; Liu

et al., 2016a; Matoba et al., 2014; Wang et al., 2020; Yang

et al., 2021). Although treatment with histone deacetylase

inhibitors (Kishigami et al., 2006; Van Thuan et al., 2009),

deletion of Xist on the active X chromosome (Inoue et al.,

2010; Matoba et al., 2011), overexpression of the histone

demethylases Kdm4b/4d/5b (Liu et al., 2016a; Matoba

et al., 2014), inhibition of DNAmethyltransferase (Dnmts)

(Gao et al., 2018), and overexpression of Dux (Yang et al.,

2020, 2021) can significantly improve the developmental

rate of cloned embryos, the birth defects of cloned embryos

are not completely ameliorated (Matoba and Zhang, 2018).

This suggests that there are other unknown barriers that

need to be explored in SCNT embryos.

The nucleosomes are composed of histone octamers and

wrapped genomic DNA, which are the basic units of chro-

matin in eukaryotes (Luger et al., 1997; Richmond and Da-

vey, 2003; Tessarz and Kouzarides, 2014). The nucleosomes

are connected by linker DNA to form a ‘‘beads-on-a-string’’

structure (Kornberg, 1974; Kujirai and Kurumizaka, 2020;

Olins and Olins, 1974). At promoters, enhancers and tran-

scription factor (TF) binding sites, nucleosome-depleted re-

gions (NDRs), which are suitable for TF binding, are usually

observed (Bernstein et al., 2004; Chereji and Clark, 2018;

Lee et al., 2004; Sekinger et al., 2005). Furthermore, the ca-

nonical nucleosome pattern, which includes obvious

NDRs, precisely positioned +1 and �1 nucleosomes, is
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present atmost activated promoters (Jiang and Pugh, 2009;

Segal et al., 2006). Previous studies have shown that the

nucleosome arrangement is closely related to transcrip-

tional regulation (Kujirai and Kurumizaka, 2020; Nocetti

and Whitehouse, 2016; Ramachandran and Henikoff,

2016; Zhu et al., 2018), and the canonical nucleosome

pattern forms at promoters during zygotic genome activa-

tion (ZGA) (Zhang et al., 2014), which suggests that the

dynamics of nucleosome arrangement are an important

process for cell fate transition and somatic cell

reprogramming.

Nucleosome remodelingoccursquickly after fertilization,

which is necessary for embryonic development (Oliva,

2006; Wang et al., 2022). This process also occurs during

SCNT embryonic development (Tao et al., 2017; Wen

et al., 2014), but how the nucleosome position changes af-

ter the donor cell nucleus is transferred into enucleated

oocytes and the underlying mechanism is largely unex-

plored. Here, we performed genome-wide profiling of

nucleosome occupancy and positioning in early mouse

SCNT embryos using ultra-low-input micrococcal nuclease

digestion-based high-throughput sequencing (ULI-MNase-

seq) method. We compared the dynamics of the nucleo-

some arrangement between SCNT and fertilized embryos

and found that the resistant nucleosome pattern in donor

cells results in abnormal gene expression in SCNTembryos.

We demonstrated that histone acetylation is related to the

regulation of nucleosome rearrangement at promoter

regions. Our study provides insight into nucleosome recon-

figuration during the early development of SCNTembryos.

RESULTS

Rapid reprogramming of nucleosome positioning

following SCNT

The dynamics of genome-wide nucleosome occupancy and

positioning in mouse SCNT embryos remain unclear. To

explore the initial timing of nucleosome reestablishment

after the injection of somatic cell nuclei into enucleated

oocytes, we injectedH2B-RFPmRNA into reconstructed oo-

cytes to visualize histone replacement dynamics every

5minwithin 1h after somatic cell nuclei injection (post-in-

jected) (Figures S1A and S1B).We observed a weak H2B-RFP

signal in the injected nucleus as early as 5 min post-injec-

tion (5mpi), and it subsequently becamemoreobvious (Fig-

ure S1B). This result was similar to that reported previously,

in which de novo synthesizedmaternal H3.3 replaces donor

nucleus-derived H3 after SCNT (Wen et al., 2014). These re-

sults indicate that nucleosome remodeling is a genome-

wide event during SCNT-mediated reprogramming.

To further study the dynamics of nucleosome reconfigura-

tion in SCNTembryos and explore the underlyingmolecular

mechanisms, we performed ULI-MNase-seq using mouse
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SCNT embryos. We collected reconstructed embryos at

different stages, including 0.5 h post-injection (hpi), 1 hpi

(also known as 0 h post-activation, [hpa]), 0.5 hpa, 1 hpa,

1.5 hpa, 2 hpa, 3 hpa, 4 hpa, 6 hpa, 12 hpa, early-2-cell,

late-2-cell, 4-cell, 8-cell, morula, as well as inner cell mass

(ICM) and trophectoderm (TE) from blastocyst (Figure 1A).

We also collected mouse cumulus cells (CCs), which were

used as the donor cells for SCNT (Figure 1A). We evaluated

the data quality of ULI-MNase-seq and ascertained that

our replicate data were highly reproducible (Figures S1C–

S1E). The lengths of themapped readsweremainly enriched

at approximately 147 bp, which is the DNA size inmononu-

cleosomes (Figure S1D). After fertilization, the nucleosome

occupancy of the paternal genome undergoes a dramatic in-

crease, while this rapid de novo establishment process does

not occur in the maternal genome (Wang et al., 2022).

Similar to female pronuclei (PN) in fertilized embryos, the

nucleosome occupation rate showed little change, and the

enrichment of nucleosomes on different genomic elements

was also relatively stable during SCNT embryonic develop-

ment (Figures S1F and S1G).

We then calculated the nucleosome occupancy and

positioning around transcription start sites (TSSs) of all

genes. Intriguingly, nucleosome positioning around TSSs

underwent dramatic dynamics during early mouse SCNT

embryonic development. We found that the NDRs and pre-

cisely positioned +1 and�1nucleosomes aroundTSSs disap-

peared as early as 1 hpi andwere rebuilt until 6 h after activa-

tion of the SCNT embryos (Figure 1B). However, the NDR

pattern around TSSs appears much earlier in fertilized em-

bryos, with male PN at 1.5 h post-fertilization (hpf) and fe-

male PN at 3 hpf (Wang et al., 2022). Previous studies have

shown that nucleosome arrangement is associated with the

cell cycle, with fuzzier organization during S and M phases

(Deniz et al., 2016). We hypothesized that the dynamics of

nucleosome reconfiguration were also related to the cell cy-

cle. This finding was further confirmed by mapping the

nucleosome profiles around CCCTC-binding factor (CTCF)

motifs, which showed that the NDRs at the center of CTCF

motifs were removed at 1 hpi and reformed strong NDRs

andwell-positionednucleosomearraysat6hpa (Figure S1H).

These results are consistent with our previous research,

which found that the metaphase-like chromatin state

formed at 1 hpi and exited until 6 hpa in SCNT embryos

(Chen et al., 2020). This cell-cycle-related nucleosome rear-

rangement promotes the reprogramming of the somatic

cell chromatin state after injection into enucleated oocytes.

Differential dynamics of nucleosome reconfiguration

between fertilized and SCNT embryos

To investigate whether nucleosome remodeling is associ-

ated with a low developmental rate of SCNT embryos,

we compared the nucleosome profiles of mouse SCNT



Figure 1. Rapid reprogramming of nucleosome occupancy and positioning in early SCNT embryonic development
(A) Schematic illustration of the SCNT procedure and sample collection for ULI-MNase-seq.
(B) Nucleosome profiles around TSSs of all genes in donor cells and each stage of SCNT embryos.
See also Figure S1 and Tables S1 and S2.
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embryos with those of fertilized embryos in the corre-

sponding stage. We compared the NDR scores at promoter

regions (±2 kb around the TSSs) of all genes and found that
the dynamics of nucleosome reconfiguration mapped by

NDR scores were very different between fertilized and

SCNT embryos (Figure 2A). The NDR scores in CCs were
Stem Cell Reports j Vol. 17 j 1–13 j July 12, 2022 3



Figure 2. Differential dynamics of nucleosome remodeling between fertilized and SCNT embryos
(A) Graph showing the differential dynamics of NDR scores around TSSs of all genes between fertilized and SCNT embryos at each stage. NF,
normal fertilization; NT, SCNT.
(B) Heatmap showing the k-means clustering (k = 7) of genes based on NDR scores around TSSs between fertilized and SCNT embryos at
each stage.
(C) Gene Ontology analysis of cluster 4 classified in (B).
(D) Boxplot showing the NDRs around TSSs of ZGA genes based on NDR scores between fertilized and SCNT embryos at 6 hpa/hpf,
12 hpa/hpf, early-2-cell and late-2-cell stages (*p < 0.05; ***p < 0.001; ****p < 0.0001).
See also Figure S2 and Table S3.
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much higher than those in sperm and oocytes; they

showed an initial decrease followed by a subsequent in-

crease in the SCNT embryos, while they generally

continued to increase in the fertilized embryos (Figure 2A).

We found that the NDR scores of SCNT embryos decreased

to less than those of fertilized embryos at 1.5 hpa, and they

remained lower than those of fertilized embryos, indi-

cating that NDR reestablishment around TSSs occurred

later in SCNT embryos than in fertilized embryos (Fig-

ure 2A). Finally, NDR scores in the ICM stage between

SCNT and fertilized embryos were comparable (Figure 2A),

which indicates more complete chromatin structure re-

programming in the blastocyst stage or that only properly
4 Stem Cell Reports j Vol. 17 j 1–13 j July 12, 2022
reprogrammed embryos can develop to the blastocyst

stage. These results suggest that the chromatin state of

SCNT embryos needs to be reprogrammed to a state that

is consistent with that of the fertilized embryos and then

simulates the fertilized embryos for development.

To investigate the influence of nucleosome positioning

defects on gene expression and SCNT embryonic develop-

ment, we analyzed the difference in nucleosome remodel-

ing between fertilized and SCNT embryos for each gene.

We characterized all genes based on the NDR scores of pro-

moters using k-means clustering, which revealed 7 clusters

with differential NDR dynamics between fertilized and

SCNT embryos (referred to as C1–C7; Figure 2B). The NDR
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scores of genes in C1 were low in both fertilized and SCNT

embryos; genes in C2 showed weaker NDRs in SCNT em-

bryos starting from 4 hpa; genes in C3 showed significantly

stronger NDRs in SCNTembryos at 6 hpa; NDRs of genes in

C4 became weaker after 1 hpi in SCNT embryos and were

then rebuilt at 6 hpa; NDRs of genes in C5, C6, and C7

were stable in both fertilized andSCNTembryos (Figure 2B).

We next analyzed the expression level of the genes in each

cluster in SCNT embryos and found that the gene expres-

sion level was generally positively correlated with the

NDR scores (Figures S2A and S2B) (Wu et al., 2016).

To investigatewhether the differentNDR scores are related

to the abnormal development of SCNT embryos, we per-

formed Gene Ontology (GO) analysis for the genes in each

cluster. The results showed that the genes in C4 were associ-

ated with the proteasomal protein catabolic process, ncRNA

metabolic process, protein folding, regulation of spindle or-

ganization, and regulation of spindle assembly (Figure 2C).

In addition, the genes in C1 and C2 were mainly associated

with the regulation of body fluid levels or response to

wounding,whichare the functionof somatic cells; the genes

in C3, C5, and C6were associated with the regulation of ion

transmembrane transport and development of various or-

gans, which are essential for postimplantation embryonic

development; and C70 genes were associated with DNA

repair and nuclear division, which are essential for the

fundamental activity of cells (Figures S2C–S2H).

ZGA after fertilization is very important for subsequent

embryonic development, and similar events also occur in

SCNT embryos. Previous studies have shown that ZGA is

abnormal during SCNT embryonic development, and

some genes are not successfully activated (Matoba and

Zhang, 2018).We compared the NDR scores of ZGA-related

genes around TSSs of fertilized and SCNT embryos at the 6

hpa, 12 hpa, early-2-cell, and late-2-cell stages. Interest-

ingly, we found that the NDR scores of SCNT embryos

were significantly lower than those of fertilized embryos

(Figure 2D), implying that at the promoters of ZGA-related

genes, TFs could not successfully access DNA because of the

high nucleosome occupancy. These results indicate that

incomplete ZGAmay be related to the abnormal formation

of NDRs at promoters in SCNT embryos.

Taken together, our results suggest that the nucleosome

reconfiguration of SCNT embryos is obviously different

from that of fertilized embryos, especially in the ZGA stage,

which may be responsible for the low developmental rate

of SCNT embryos.

Nucleosome positioning in donor cells is a potential

barrier for the regulation of transcription during

SCNT-mediated reprogramming

Since nucleosome remodeling plays an important role in

the reprogramming of fertilized embryos, as well as in
SCNT embryos, we next tried to explore the reasons for

the abnormal nucleosome reconstruction in SCNT em-

bryos, which led to the failure of reprogramming. We pair-

wise compared the transcriptome of donor cells, ICM in

SCNT embryos, and ICM in fertilized embryos and identi-

fied 2,656 differentially expressed genes (DEGs) (frag-

ments per kilobase of transcript per million mapped reads

[FPKM] >5 in any sample, fold change >4 and false discov-

ery rate [FDR] <0.05 were used as cutoff for DEGs) that

may be related to the reprogramming process and classi-

fied these genes into four groups (Figures 3A and S3A).

Of these DEGs, 823 genes were silenced in both SCNT

and fertilized embryos (the relative expression level was

high in donor cells and low in both SCNT and fertilized

embryos [defined as HLL genes], n = 823). GO analysis

revealed that they were mainly enriched in CC-specific

biological processes such as regulation of angiogenesis

and epithelial cell proliferation (Figures 3A and 3B).

Although most of the highly expressed genes in donor

cells were silenced in SCNT embryos, there was still a class

of genes that failed to be repressed in SCNT embryos (the

relative expression level was high in both donor cells

and SCNT embryos but was low in fertilized embryos

[defined as HHL genes], n = 397) (Figure 3A). HHL genes

were associated with the development of reproductive

organs, which need to be repressed in early embryonic

development (Figure 3B). The majority of DEGs were acti-

vated in both SCNT and fertilized embryos (the relative

expression level was low in donor cells and high in both

SCNT and fertilized embryos [defined as LHH genes], n =

1,307), and these genes were significantly enriched in

cell-cycle-related biological processes, such as DNA repli-

cation and chromosome segregation (Figures 3A and

3B). Compared to those in fertilized embryos, genes

from the last group were not successfully activated in

SCNT embryos (the relative expression level was low in

both donor cells and SCNT embryos but was high in fertil-

ized embryos [defined as LLH genes], n = 487), which

possibly played important roles in embryonic develop-

ment (Figures 3A and 3B).

Next, we examined the potential mechanism for the

abnormal expression of HHL and LLH genes in SCNT em-

bryos. We mapped the nucleosome profiles of the defined

four groups of genes in SCNT embryos at each stage (Fig-

ure S3B). Interestingly, we found that the NDR scores of

HHL genes were always higher than those of HLL genes,

even in donor cells (Figures 3C and S3B), which indicates

that the open chromatin state in donor cells may prevent

the silencing of some somatic cell-specific genes. The

NDR scores of LHH genes were also higher than those of

LLH genes (Figures 3C and S3B), suggesting that the closed

chromatin state also impedes the activation of embryo-spe-

cific genes. These results suggest that genes with more
Stem Cell Reports j Vol. 17 j 1–13 j July 12, 2022 5



Figure 3. Aberrant nucleosome occupancy at promoters in donor cells causes incorrect reprogramming upon SCNT
(A) Heatmap showing the relative gene expression level for differentially expressed genes (DEGs) (fold change [FC] > 4, adjusted p value
<0.05, FPKM >5 in at least one stage) obtained by a pairwise comparison between donor cells, SCNT ICM, and fertilized ICM embryos. A total
of 2,656 DEGs were classified into 4 clusters by unsupervised hierarchical clustering. HLL, the relative expression level is high in donor cells
and is low in both NT ICM and NF ICM embryos. HHL, the relative expression level is both high in donor cells and NT ICM embryos but is low
in NF ICM embryos. LHH, the relative expression level is low in donor cells and is high in both NT ICM and NF ICM embryos. LLH, the relative
expression level is both low in donor cells and NT ICM embryos but is high in NF ICM embryos.
(B) Gene Ontology analysis of the 4 groups classified in (A).
(C) Boxplot showing the NDRs around TSSs of 4 groups (A) of genes in donor cells, late-2-cell and ICM stage of SCNT embryos (*p < 0.05;
**p < 0.01; ***p < 0.001).
(D) Boxplot showing the NDRs around TSSs of genes located at FRRs, PRRs, and RRRs based on NDR scores in donor cumulus cells and SCNT
embryos at each stage. FRRs, PRRs, and RRRs indicate fully reprogrammed regions, partially reprogrammed regions, and reprogramming
resistant regions, respectively (defined by Matoba et al., 2014) (*p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001).
See also Figure S3 and Table S4.
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pronounced NDRs at promoters in donor cells were more

likely to be activated during the development of SCNT

embryos.
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Reprogramming resistant regions (RRRs), which cannot

be expressed normally in 2-cell SCNT embryos, impeded

the development of SCNT embryos and were mainly



Figure 4. Incorrect nucleosome occupancy
at enhancers is a factor in abnormal gene
expression
(A) Boxplot showing the nucleosome occu-
pancy at ICM-specific enhancers of LHH and
LLH genes classified in Figure 3A between
fertilized and SCNT embryos in the ICM stage
(*p < 0.05).
(B) Nucleosome profiles at CC enhancers
(above) and ICM enhancers (below) of all
genes at each stage sample.
(C) Boxplot showing the nucleosome occu-
pancy at CC enhancers and ICM enhancers of
CC, ICM SCNT, and ICM fertilized embryos
(****p < 0.0001).
See also Figure S4 and Table S2.
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enriched for H3K9me3 in donor cells (Matoba et al., 2014).

To test our results further, we mapped the nucleosome pro-

files of promoters located at fully reprogrammed regions

(FRRs), partially reprogrammed regions (PRRs) and RRRs

and calculated the NDR scores for them. Consistent with

our previous results, FRRs had the highest NDR scores in

all stages, while RRRs had almost no NDRs, and PRR values

were in the middle (Figures 3D and S3C). These results

further confirmed that genes with more obvious NDRs in

donor cells were more easily activated during the ZGA

process.

Taken together, these results suggest that nucleosome

occupancy at promoters is comparatively stable during

SCNT-mediated reprogramming and that stable nucleo-

some position is a potential epigenetic barrier for gene

activation or silencing.

Nucleosome occupancy at enhancers affects gene

expression

In addition to promoters, enhancers play an important

role in regulating gene expression. To study whether the

aberrant nucleosome occupancy at enhancers results in
abnormal gene expression in SCNT embryos, we identified

CC, late-2-cell, and ICM enhancers by H3K4me1 and

H3K27ac peaks in fertilized embryos (Figures S4A

and S4B). Combined with the nucleosome profiles, these

data showed that the nucleosome occupancy at ICM en-

hancers of LLH genes was significantly higher than that

of LHH genes in the ICM stage of SCNT embryos instead

of fertilized embryos (Figures 4A, S4C, and S4D), which

implied that high nucleosome occupancy in enhancer re-

gions was also involved in the aberrant gene expression

in SCNT embryos. However, we did not observe similar re-

sults at late-2-cell enhancers (Figure S4D), which may be

due to the incomplete establishment of the enhancers at

this stage (Wu et al., 2016). To investigate the nucleosome

positioning dynamics in enhancer regions, wemapped the

nucleosome profiles of CC enhancers and ICM enhancers

in donor cells and the 0 hpa, late-2-cell, and ICM stages

of SCNT embryos and found that nucleosome occupancy

at CC enhancers was rebuilt at later developmental stages

of SCNT embryos but was still lower than that at the ICM

of fertilized embryos, which indicated that the silenced

state of CC enhancers was not completely reestablished
Stem Cell Reports j Vol. 17 j 1–13 j July 12, 2022 7



Figure 5. Histone acetylation is associated with nucleosome establishment in mouse SCNT embryos
(A) Boxplot showing the H3K27ac and H3K9ac levels of donor cells for promoters of genes in the early-2-cell-differential (left) (classified
in Figure S5A) and late-2-cell-differential NDR clusters (right) (classified in Figure S5B) (****p < 0.0001).
(B) Graph showing the H3K27ac (left) and H3K9ac (right) levels on the promoters of genes in the 4 groups classified in Figure 3A in donor
cells.
(C) Graph showing the H3K27ac (left) and H3K9ac (right) levels in the promoters of genes in different promoter NDR clusters (classified in
Figure S5C) in donor cells.
(D) Graph showing the H3K27ac (left) and H3K9ac (right) levels in the promoters of genes in different promoter NDR clusters (classified in
Figure S5D) in donor cells.
See also Figure S5 and Table S5.
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in SCNT embryos (Figures 4B and 4C). However, nucleo-

some occupancy at ICM enhancers was reduced to a level

that was even lower than that in the ICM of fertilized

embryos during SCNT embryonic development, which

suggests amore open chromatin state in these enhancer re-

gions in SCNT embryos (Figures 4B and 4C). These results

suggest that nucleosome occupancy at enhancer regions

is more dynamic but also results in abnormal gene expres-

sion in SCNT embryos.

Histone acetylation correlates with nucleosome

repositioning in SCNT embryos

Next, we investigated the potential factors that affect

nucleosome repositioning during the reprogramming of

SCNT embryos. Our recent study has shown that histone

acetylation influences the establishment of NDRs in

male PN after fertilization (Wang et al., 2022). Therefore,

we defined NT-specific high NDR genes (NT-high) and

NT-specific low NDR genes (NT-low) by comparing the

NDR scores of promoters between SCNT and fertilized em-

bryos at the early-2-cell or late-2-cell stage (Figures S5A and
8 Stem Cell Reports j Vol. 17 j 1–13 j July 12, 2022
S5B). We compared the levels of H3K9ac and H3K27ac of

these genes in donor cells and found that the level of

histone acetylation was extremely high in the NT-high

gene promoters defined by both early-2-cell and late-2-

cell embryos (Figure 5A). These results suggest that histone

acetylation in donor cells is related to NDR reprogramming

in SCNT embryos.

To further investigate the effect of histone acetylation on

the dynamics of nucleosome positioning, we compared the

levels of H3K9ac and H3K27ac in the four groups of DEGs

(classified in Figure 3A) in donor cells and found that the

levels of H3K9ac and H3K27ac in HHL genes, which

demonstrated higher NDR scores, were significantly higher

than those of HLL genes (Figure 5B), indicating that the for-

mation of a closed chromatin state of these genes may be

hampered by enriched histone acetylation in donor cells.

Instead, the levels of H3K9ac and H3K27ac between LHH

and LLH genes exhibited no significant difference in donor

cells (Figure 5B), whichmay be because the influence weak-

ened in blastocyst stage or other epigenetic modifications

are involved in the regulation of these genes.
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To further confirm our conjecture, we classified selected

genes with low promoter NDR scores at 6 hpa/hpf in both

SCNT and fertilized embryos, which revealed 4 clusters

with differential NDR dynamics at 12 hpa/hpf between

SCNT and fertilized embryos (Figures S5C–S5F). For the 4

clusters (called LLHH/LLLH/LLHL/LLLLgenes, respectively),

here, ‘‘L’’ indicated that theNDRscores aroundTSSswere low

and ‘‘H’’ indicated that the NDR scores around TSSs were

high. The four letters each represented the NDR scores at 6

hpa of SCNT embryos, 6 hpf of fertilized embryos, 12 hpa

of SCNT embryos, and 12 hpf of fertilized embryos

(Figures S5C and S5D). We found that genes with higher

levels of H3K27ac andH3K9ac in donor cells tended to rees-

tablish stronger NDRs at 12 hpa/hpf (Figures 5C, 5D, S5G,

and S5H). In addition, we observed the H3K27ac, H3K9ac,

and H3K9me3 levels in the 7 clusters of genes (classified in

Figure 2B) in donor cells and consistently found that histone

acetylation was closely related to promoter NDRs in SCNT

embryos (Figure S5I). Taken together, these results suggest

that histone acetylation is related to nucleosome reposition-

ing during the reprogramming of SCNT embryos.

DISCUSSION

Although some epigenetic barriers have been explored in

SCNT embryos and cloning efficiency has been improved

to a certain extent, the birth rate of cloned embryos is

much lower than that of fertilized embryos (Chen et al.,

2020; Gao et al., 2018; Inoue et al., 2010; Liu et al.,

2016a; Matoba et al., 2014; Matoba and Zhang, 2018;

Yang et al., 2021). During the reprogramming of SCNTem-

bryos, it is not clear how nucleosome remodeling occurs

and whether there is a difference compared with fertilized

embryos. In this study, we mapped genome-wide nucleo-

some profiles during early mouse SCNT embryonic devel-

opment. We found that the nucleosome remodeling of

SCNT embryos is different from that of fertilized embryos.

In addition, we investigated the possible causes of aberrant

nucleosome occupancy reprogramming in SCNT embryos

and found that histone acetylation was associated with

nucleosome repositioning in SCNT embryos.

Because the effects ofMNase-associated bias on the deter-

mination of nucleosome positioning are still debated (Al-

lan et al., 2012; Chung et al., 2010), the data are strongly

affected by the efficiency of MNase digestion. We estab-

lished multiple duplicates in each stage and normalized

theULI-MNase-seq data by bioinformatics analysis tomini-

mize the impact. When comparing different samples by

calculating the promoter NDR scores, we found that the

nucleosomes were rearranged rapidly after the donor cells

were injected into the enucleated oocytes, with the typical

NDRs of promoters disappearing at 1 hpi and continually

rebuilt until 6 hpa in SCNT embryos (Figure 1B). In
addition, when comparing the SCNT and fertilized em-

bryos based on the promoter NDR scores, we found that

the nucleosome arrangement of donor cells seemed to re-

turn to a state similar to that of MII oocytes, which are in

the metaphase stage, and then simulated the process of

nucleosome remodeling in fertilized embryos (Figure 2A).

The cytoplasm of oocytes can reprogram the chromatin

of sperm, with the protamine replaced by histones rapidly

after fertilization (Wang et al., 2022). Histone replacement

also occurs in SCNTembryos (Wen et al., 2014), whichmay

promote the rapid nucleosome position changes. This pro-

cess may rely on the function of some maternal factors

such as ATP-dependent chromatin remodelers in the cyto-

plasm of oocytes (Konev et al., 2007). Furthermore, the

rapid remodeling was also found during the reprogram-

ming of 3D chromatin structure in SCNT embryos, and

the 3D chromatin structure of donor cells can be converted

to themetaphase-like state within 1 h after nuclear transfer

(Chen et al., 2020). The change of cell-cycle phase may be

an inducer of the chromatin remodeling. Whether loss of

function of these cell-cycle-related factors in oocyte cyto-

plasm can disturb the rapid nucleosome position reprog-

ramming deserves further investigation.

Considering the resolution limits of ULI-MNase-seq, it is

difficult to map the nucleosome profiles of a single gene, so

we defined different gene groups for analysis. Silent genes

often show high nucleosome occupancy at promoters, and

strong promoter NDRs are usually linked to gene activation

(Levitsky et al., 2020; Tao et al., 2014; Zhang et al., 2014).

Our recent study showed abnormal H3K9ac in SCNT em-

bryos resulting in reduced 2-cell genome activation (Yang

et al., 2021). Our analysis suggested that the aberrant high

nucleosome occupancy at promoters in donor cells impeded

the activationof corresponding genes in SCNTembryos, and

the nucleosome repositioning of this part of the genes was

possibly regulatedbyhistoneacetylation,ofwhich thegenes

with high histone acetylation levels in promoters tend to

form stronger NDRs and be activated. However, the genes

that had lower nucleosome occupancy at promoters, which

weremoreopen chromatin,maybemainly affected by other

epigeneticmodifications to direct nucleosome repositioning

and make its chromatin close or remain open. The develop-

mental rateofSCNTembryosmaybe improvedby increasing

the promoter histone acetylation level of the silent genes in

thedonorcells andpushingNDRformationnormallyduring

SCNT embryonic development. However, due to the wide

range of effects of histone deacetylase inhibitors, there is

noappropriatemethod toachieve this.ATP-dependentchro-

matin remodeling complexes are required for the formation

of precise nucleosome-positioning patterns (Gkikopoulos

et al., 2011; Konev et al., 2007; Tolstorukov et al., 2013),

and knockdown or overexpression of these remodelers in

donor cellsmay aid in the correctionof aberrantnucleosome
Stem Cell Reports j Vol. 17 j 1–13 j July 12, 2022 9
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patterns. More precise regulation can be achieved by the

dCas9 system in conjunction with nucleosome remodeling

complexes (e.g., SWI/SNF) to rescue specific regions of aber-

rant nucleosome occupancy. Pioneer factors are able to bind

within condensed chromatin and establish permissive chro-

matin states for gene activation (Zaret and Carroll, 2011). A

previous study has shown that promoter nucleosome

organization before genome activation can predict future

gene activation, which can be used to speculate potential

pioneer factors or chromatin remodelers (Zhang et al.,

2014). Overexpression of these pioneer factors that are

aberrantlyexpressed inSCNTembryosmaybenefit theestab-

lishment of precise nucleosome-positioning patterns and

improve SCNTefficiency. These may be interesting research

topics in the future. Overall, our study provides insight into

nucleosome reconfiguration during early SCNT embryonic

development.
EXPERIMENTAL PROCEDURES

Animals and mouse embryo collection and somatic

cell nuclear transfer
A detailed description is provided in the supplemental experi-

mental procedures.

H2B-RFP overexpression followed by immunostaining

in SCNT embryos, and sample harvest for ULI-MNase-

seq and chromatin immunoprecipitation sequencing

(ChIP-seq)
A detailed description is provided in the supplemental experi-

mental procedures.

Isolation of PN in SCNT embryos
At 0.5 hpi, 1 hpi, and 0.5 hpa, 1 hpa, 1.5 hpa, 2 hpa, 3 hpa, and 4

hpa, the embryos were placed in HCZB medium containing

Hoechst 33342 dye to visualize the PN. At 6 hpa and 12 hpa, the

PN were visible and did not need to be stained. The PN were iso-

lated by a Piezo-drill micromanipulator puncturing zona pelluci-

dae. Isolated PNwerewashed thoroughly in 0.5%BSA-PBS to avoid

contamination and then placed in lysis buffer for ULI-MNase-seq.

ULI-MNase-seq
The ULI-MNase libraries were generated according to a previous

protocol (Wang et al., 2022). A detailed description is provided in

the supplemental experimental procedures.

ULI-NChIP-seq
The ULI-NChIP procedure was performed as previously described

(Liu et al., 2016b). A detailed description is provided in the supple-

mental experimental procedures.

ULI-MNase-seq data processing
ULI-MNase-seq reads were aligned to the mouse genome build

mm9 using the bwa (version 0.7.12) mem command. Reads with
10 Stem Cell Reports j Vol. 17 j 1–13 j July 12, 2022
a mapping quality (MAPQ) less than 10 and duplicated reads

were removed from downstream analyses. To create nucleosome

profiles, we identified the centers of all paired-end reads and

extended them to 146-bp lengths. To normalize the effect of

sequencing depth, we scaled all of the nucleosome profiles to

500 million reads in total. To generate the length distribution

plot, we randomly sampled 1 M paired-end reads of each sample.

To examine the reproducibility of the MNase-seq libraries, we

generated nucleosome profiles for all replicates and calculated

the correlation of normalizednucleosomeoccupancy between bio-

logical replicates using promoter regions (defined as 2 kb upstream

and downstream of TSSs) of Refseq genes. As the replicates were

highly correlated with one another (Pearson’s correlation >0.9),

we pooled the biological replicates together for each stage. We

generated the averaged nucleosome profiles around TSS regions us-

ing the plotprofile function from deepTools. For PCA, nucleosome

signals of promoter regions were summarized by the bigWigAvera-

geOverBed function from UCSC utilities. Then, the signals were

subjected to the prcomp function in R, and the principal-compo-

nent analysis (PCA) values were plotted by the ggplot2 package.

The NDR score was defined previously: NDR = (Max(+1, �1) �
center)/(max(all) � min (all)), where +1 represents plus 1 nucleo-

some, which is the maximum of the normalized nucleosome

profile from +50 to +250 bp of the TSS or motif center; �1 repre-

sents minus 1 nucleosome, which is the maximum of the normal-

ized nucleosome profile from �250 to �50 bp of the TSS or motif

center; the center region, which is defined as the mean of the

normalized nucleosome profile from �50 to 50 bp; all represents

all of the profiles, which represent �2 to +2 kb of the TSS or �1

to +1 kb of the motif center.

The enrichment of nucleosome regions on genomic elements,

including promoters, exons, introns, long interspersed nuclear

elements (LINEs), short interspersed nuclear elements (SINEs),

and long terminal repeats (LTRs), was calculated using observed

probability versus expected probability. The observed probability

was calculated using the lengths of nucleosome regions that

covered the designated genomic elements versus the lengths of

total nucleosome regions, and the expected probability was calcu-

lated using the total lengths of designated genomic regions versus

the length of the whole genome.

NDR clustering for differentially reprogrammed genes between

NTand normal fertilization (NF) 12 hpa was conducted as follows.

First, genes were restricted to those with NDR differences less than

0.1 between NT and NF 6 hpa. Second, NDR differences (between

NT and NF 12 hpa) greater than 0.1 were defined as differentially

reprogrammed; otherwise, they were defined as similar reprog-

rammedbetweenNTandNF. Finally, differentially and similarly re-

programmed genes were further classified according to their NDR

levels: NDR >0.1 was defined as ‘‘H,’’ and NDR <0 was defined as

‘‘L.’’ By applying the above criteria, we defined four classes:

LLHH and LLLL represent similar reprogrammed genes, while

LLHL and LLLH represent differentially reprogrammed genes.
Bulk RNA-seq data processing and ChIP-seq data

analysis
A detailed description is provided in the supplemental experi-

mental procedures.
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Statistics and reproducibility
For all of the presented boxplots, the center represents the median

value, and the lower and upper lines represent the 5% and 95%

quantiles, respectively. Significant differences between different

groups were determined using the Wilcoxon rank-sum test, and

p < 0.05 was considered statistically significant. MNase-seq and

ChIP-seq experiments were performed two to five times for each

group, and the precise numbers of replicates are summarized in

Table S1.

Data and code availability
The accession number for the sequencing data reported in this pa-

per is GSA: CRA005944. These data have been deposited in the

Genome Sequence Archive (Chen et al., 2021; CNCB-NGDCMem-

bers and Partners, 2022) under project PRJCA007996. The shared

URL for review is https://ngdc.cncb.ac.cn/gsa/s/9nIdm06Y. All of

the MNase-seq and ChIP-seq data generated in this study are sum-

marized in Table S2. TheMNase-seq data of fertilized embryos were

downloaded from the GEO database (GSE140877) (Wang et al.,

2022). RNA-seq data were downloaded from the GEO database

(GSE66390 and GSE195760). All of the other data supporting the

findings of this study are available from the corresponding author

upon reasonable request.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/

10.1016/j.stemcr.2022.05.020.
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