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REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author): 

Xu and co-authors performed genome-wide profiling of H3K9me3 in cumulus-derived SCNT 
embryos and identified how the H3K9me3 marks were inherited from the donor cells in a 
stage-specific manner. Importantly, the H3K9me3 marks most affected the transcription of 
minor ZGA genes, which lead to developmental arrest at the 2-cell stage, compromising 
subsequent activation of repetitive elements, especially LTRs. These are important findings 
to characterize the epigenomic feature of SCNT embryos, but given the data from numerous 
mouse SCNT studies to date, including the author groups’, these results are to be expected. 
The most important finding in this study may be the indistinct H3K9me3 deposition pattern 
between ICM and TE in SCNT blastocysts, which was caused by downregulation of specific 
transcription factors including Max and Mcrs1. The role of Mcrs1 was particularly important; 
overexpression of Mcrs1 in SCNT embryos normalized the distinct H3K9me3 patterns of 
ICM and TE in blastocysts, and indeed significantly improved clonal efficiency. 
Overall, cloning experiments and genome-wide H3K9me3 analysis are accurate, and 
conclusions were correctly drawn from the results obtained. However, since the Mcrs1 
results are particularly impactful in the SCNT as well as developmental biology areas, it will 
be important to confirm whether the same results can be obtained using other somatic 
donors, such as immature Sertoli cells or fibroblasts. It is not necessary to reproduce all the 
results with other somatic donor type(s), but specifically, the indistinct H3K9me3 deposition 
pattern of ICM and TE and the effect of Mcrs1 overexpression on it should be confirmed. 
Another question that arises from the results of this paper is why Max and Mcrs1 are 
downregulated in SCNT embryos. According to the authors view, this was not related to 
H3K9me3. It needs to be examined whether this can be explained in terms of SCNT biology. 
If possible, it should be shown in the experimental results, and if difficult, it should at least be 
mentioned in the discussion. 

Minot points: 
1. Line 63: For a paper describing the barrier of H3K9me3 to cell fate change, we 
recommend citing a more recent paper, Hada et al. Genes Dev 2020 (PMID: 34992147) 
2. Line 118 (Figure 1F): "0%" should be included on the Y axis in some way. 
3. Line 147: Why was MII oocytes analyzed for comparison? This is an epigenetic status 
before activation and SCNT embryos do not contain the MII chromosomes. 
4. Line 243: ICM or TE, which is more responsible for the indistinct H3K9me deposition 
between them in SCNT blastocysts, when compared with the pattern in fertilized embryos? 
5. Line 265: Why were Max, Mcrs1 and Mycn repressed in SCNT embryos? By H3K9me3? 
6. Line 303: Max OE result would better be presented as a supplemental data. 
7. Fig. 2C: It is better to mention that the data was from fertilized embryos, because the title 
of Figure 2 means that the contained figures show SCNT data. 
8. Fig. S3 (legend): Although mentioned in the Methods section, it would better mention in 
the legend that the data were from GSE108711. 

Reviewer #2 (Remarks to the Author): 

In SCNT, H3K9me3 in donor cells has been widely recognized as a barrier to SCNT-
mediated reprogramming since the discovery of highly improved developmental rate of 



SCNT embryos upon Kdm4d overexpression (Matoba et al. 2014). However, the success 
rate is still limited. The authors previously reported the dynamics of H3K9me3 in normal 
early mouse embryos (Wang et al. 2018), and in a continuation of that work, Xu et al. 
profiled H3K9me3 distribution in SCNT embryos. H3K9me3 was aberrantly enriched at 
minor ZGA genes and affected their expression, as expected from the papers published 
before (there are several papers showing that Dux and its target minor ZGA genes are 
downregulated in SCNT embryos in a H3K9me3-dependent manner). The authors then 
nicely showed that H3K9me3 distribution in ICM and TE are severely compromised in SCNT 
blastocysts. The lack of H3K9me3 deposition at the genomic regions containing Mcrs1- and 
Max-binding motifs as well as their downregulated expression prompted the authors to test 
the effect of Mcrs1 or Max OE in SCNT embryos. Mcrs1 OE in SCNT embryos significantly 
improved the development of SCNT embryos, suggesting that Mcrs1 might be involved in 
reprogramming H3K9me3 for proper lineage allocation. 
I see that the provided datasets for SCNT embryos would be widely useful, with unexpected 
and interesting findings on SCNT blastocysts. However, I feel that the results presented are 
limited only to support the authors' conclusions. I believe that a more unbiased and impartial 
data analysis would strengthen the message of this paper and therefore suggest the 
following points to improve the manuscript. 

Major points 
1. Is there any plausible explanation/discussion why only a small fraction of minor ZGA 
genes were affected in their expression in SCNT embryos although H3K9me3 was generally 
deposited on these genes? Also, it will be better to mention that the affected genes at minor 
ZGA are the Dux-target genes. 

2. It is totally unclear how Mcrs1 functions in H3K9me3 reprogramming. The authors show 
that H3K9me3 deposition was compromised at Mcrs1-binding sites in SCNT blastocysts. 
However, the effect of Mcrs1 OE on the remodeling of H3K9me3 at the Mcrs1-binding sites 
is not shown. It is at least necessary to investigate if Mcrs1 OE preferentially alters 
H3K9me3 levels at its target sites as Mcrs1 OE tended to decrease rather than increase 
H3K9me3 levels (Fig. 6I). 

3. Fig. 6G-I - Effects of Mcrs1 OE on lineage-specific H3K9me3 should be shown as in Fig. 
4B, and it will be important to quantitatively show how much H3K9me3 levels are corrected. 

4. Related to the comments above, it is highly possible that Mcrs1 OE exerts beneficial 
effects on SCNT embryo development indirectly affecting H3K9me3 enrichment and that the 
observed corrected distribution of H3K9me3 can be a secondary effect. In this context, there 
might be a possibility that Mcrs1 directly induce or repress key cell fate determination genes. 
Further data analysis and discussion considering these possibilities would be necessary. 

5. Fig. 3B – The effect of Kdm4b OE was limited to minor ZGA gene loci although it induces 
the global loss of H3K9me3 levels. To understand the effect of Kdm4b OE on the 
development of SCNT embryos, an analysis for genome-wide H3K9me3 levels, including the 
intergenic regions, repetitive elements and all gene loci, would be necessary. Along the 
same lines, the authors can investigate the effect of Kdm4b OE at the reprogramming-
resistant YY1-binding sites (Fig. S3E). 

Minor points 
1. Fig.1F – Please include a plot based on the comparison of H3K9me3 distribution between 
fertilized embryos and donor cells (i.e., data for fertilized embryo H3K9me3 overlapped with 



CC). With this additional plot, it will be much easier to see the donor-derived defective 
distribution of H3K9me3 in SCNT embryos. 

2. Fig. 2D – Please include the donor cell H3K9me3 data. This will enable to see how much 
de novo deposition of H3K9me3 was suppressed by Suv39h2 KD. 

3. Fig. S3 - H3K9me3-reprogrammed or unreprogrammed regions at 6 and 14 hpa and the 
2-cell stage should be shown by heatmaps as in Fig. S3E. Also, as the statement “We then 
classified H3K9me3 regions based on whether they could be reprogrammed until 14 hpa” 
seems to be inconsistent with the data shown. Please rephrase it or describe more clearly. 

4. Please indicate bin/gene numbers in each figure when applicable. 

5. Fig. 4A,B - Inclusion of 8-cell and morula H3K9me3 data from fertilized and SCNT 
embryos will be necessary to see the defects in H3K9me3 reprogramming in SCNT 
blastocysts (although Fig. S1E shows high similarity between SCNT morula and ICM/TE). 

6. Fig. 4C and S4B - What is the difference between plots highlighted in red, blue and gray? 

7. Fig. 5E,F - It is uncertain how ICM and TE cells were isolated from Mcrs1 MO embryos 
although no blastocysts were formed (Fig. 5B). 

8. Immunofluorescence on Mcrs1 and Max during early development would be informative in 
respect to their roles on lineage allocation. 

9. Line 265 - Some description of the current knowledge on the function of Max, Mcrs1 and 
Mycn would be helpful as it is unclear why the authors focused on them in terms of 
epigenetic reprogramming. 

Reviewer #3 (Remarks to the Author): 

H3K9me3-marked domains present a barrier to reprogramming to pluripotency for both 
mouse and human somatic cell nuclear transfer (SCNT). It is known that overexpression of 
H3K9me3 can dramatically improve the blastocyst formation rate of SCNT. In this paper, the 
authors showed how H3K9me3 is programmed during the early development of SCNT 
embryos. By comparing with fertilized embryos, widespread failure of H3K9me3 
reprogramming is observed at early stages, resulting in defective activation of minor ZGA 
genes and repeats. The finding is consistent with the previous studies. Furthermore, 
abundant de novo H3K9me3 is found at CpG islands (CGIs) and promoters. Moreover, they 
identified Mcrs1 as a regulator to help configure lineage-specific H3K9me3 in ICM and TE, 
and overexpression of Mcrs1 can improve the development rate of SCNT embryos. 

The study made a number of interesting observations and involved a substantial amount of 
work on SCNT embryos. The H3K9me3 data here, together that the datasets generated in 
fertilized embryos from the same lab, also provide an important resource for understanding 
the role of H3K9me3 in epigenetic reprogramming in embryogenesis. It helps elucidate the 
mechanisms underlying previous observations on how KDM facilitates SCNT reprogramming 
and confirmed the previous model that a key role of KDM is to remove somatic K9me3 and 
to facilitate the activation of minor ZGA genes. One caveat of the current paper is that at 
times conclusions in the paper were not well supported, or data were not closely connected 



to the conclusions. Some of the data and analyses were difficult to understand. The 
identification of Mcrs1 as a facilitator for SCNT development is interesting, although the 
evidence of how H3K9me3 reprogramming is related to Mcrs1 is still unclear. Please see 
detailed comments below. 

Major comment: 

1. The abstract needs to be better and more accurately phrased. It is unclear what the 
authors meant by H3K9me3 being “persistently redundant” throughout SCNT development. 
From my reading from the manuscript, K9me3 undergoes dynamic reprogramming in SCNT 
embryos. It would be misleading the say that “with most marks inherited from donor cells”. 
This also contradicts the authors’ statement that “H3K9me3 marks that overlapped with CCs 
largely disappeared between 1-8C stages (page 5). 

2. The overlap with CC can be used as a reference to infer the inheritance of H3K9me3 but 
cannot be overstated, given K9me3 in any two cell types would have a certain degree of 
overlap due to the preferential enrichment of H3K9me3 at repeats. Such “background” 
overlap should be considered when estimating the level of inheritance from CC. 

3. The similar H3K9me3 patterning between ICM and TE in SCNT embryos is striking. Can 
the authors provide validation to rule out cross-contamination? 

4. Figure 1E, the loss and gain of H3K9me3 in SCNT development at each stage seem 
substantial. This seems to contradict to the statement that H3K9me3 is relatively stable after 
ZGA based on this figure. 

5. The author showed Suv39h2 knockdown could reduce de novo established H3K9me3 at 
CGIs in Figures 2E and F. However, the reduction of H3K9me3 is rather weak and is unclear 
if this is reproducible. Moreover, does Suv39h2 knockdown impact SCNT development? 

6. Figure 6I, the authors only showed a few snapshots for Mcrs1 OE results. It is unclear to 
what extent can Mcrs1 overexpression restore H3K9me3 patterning in SCNT embryos. Fig. 
6G seems to support this idea. However, I suggest the authors to map the K9me3 data to 
figure 4B which would more clearly demonstrate this result. 

7. Fig. 4C. Why is K9me3 fertilized embryo/SCNT predominantly greater than 0 (x-axis), 
while we can clearly see both up and down of H3K9me3 in Fig. 4B? 

8. Fig. 4B. Could H3K9me3 in SCNT reflect H3K9me3 state at a preceding stage due to 
delayed development, which may explain why it is so different from that in fertilized 
embryos? 

9. Can the authors comment/speculate on the function of de novo H3K9me3 at CGIs? 

10. It is unclear if the K9me3 effects by Mcrs1 is direct or indirect, especially given Mcrs1 
and Max MO injection can affect Suv39h1. This should be commented. 

11. Figure 4B, it is interesting that a large proportion of H3K9me3 established in fertilized 
embryos was not properly established in SCNT embryos either. These regions should also 
be discussed. 



12. Page 8, Line 219, the delayed activation of repeats only correlates with DNA 
methylation, not “caused”, at least based on data in this paper. Such overstatements are not 
limited to this example. 

13. Fig. 3I. Why K9me3 increased upon Kdm4b OE at L2C for MERVL? Please clarify. 

14. Fig. 3J. Why many MERVLs showed more K9me3 in fertilized embryos compared to 
SCNT embryos (X-axis, >0)? In addition, it seems the upregulated and downregulated 
MERVLs are comparable. 

Minor comment: 

1. Supplemental figures in general are too small to read. 

2. Figure 1C, 14hpa showed more H3K9me3 increase than 6hpa. What are the regions with 
increased H3K9me3? 

3. Figure 1E, more H3K9me3 disappeared at 2C than that at later stages in SCNT embryos. 
Could the author examine what are these regions? 

4. SCNT embryos are a mixture of embryos capable to successfully develop to blastocyst 
and that not capable to do so. Although it is difficult to conduct H3K9me3 at single 
blastomere levels, it is necessary to discuss how this would affect the paper’s conclusions in 
Discussion. 

5. Fig. 1B, the K9me3 enrichment is quite low at Zscan4 and MERVL in both CC and 
fertilized embryos in 1-2C embryos, contrary to the authors’ statements. This should be 
clarified. 

6. Figure 1D appeared earlier than Figure 1C. 

7. Does KDM4D overexpression rescue MERVL expression defects too in SCNT embryos? 

8. Figure 2C, the aphidicolin-treated sample showed only one pronucleus? 

9. Line 358. A citation is missing. 

10. Lines 370-375. It is unclear what the authors meant by “artificial activation” when 
referring to the Kdm4a's role in MII oocytes. 
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Point to point response: 1 

2 

We appreciate the reviewers’ time and effort in reviewing our manuscript, "Unreprogrammed 3 

H3K9me3 prevents minor ZGA and lineage commitment in SCNT embryos”. Their constructive 4 

feedback would enable us to substantially improve our work. We performed additional 5 

experiments and computational analyses based on the suggestions of reviewers. The major 6 

changes were summarized as follows. 7 

 We performed additional analyses to further dissect how Mcrs1 benefits lineage-specific 8 

H3K9me3 deposition in SCNT blastocysts. 9 

 We examined the protein expression trend of Max and Mcrs1 during fertilized and SCNT 10 

embryos development and found decreased Max and Mcrs1 signals in SCNT morulae and 11 

blastocysts. 12 

 We validated the reproducibility of siSuv39h2 to block the de novo H3K9me3 deposition 13 

in 6hpa SCNT embryos using CUT&RUN. 14 

 We added analysis about the function of Kdm4b OE on H3K9me3 deposition and 15 

retrotransposon expression. 16 

 We improved textual quality of the revised manuscript by describing more carefully 17 

about the data, adding additional methodological details, and providing more thoughtful 18 

discussion to show the advance of the data for the research filed. 19 

20 

21 

We have listed the point-to-point response to the comments raised by all three reviewers. We hope 22 

that with this sufficient revision, our study would be suitable to be published in Nature 23 

Communications. The reviewer’s comments are in blue followed by our response in black.24 

_______________________________________________________________________________25 

Reviewers’ Comments to the Authors:26 

Reviewer #1: 27 

Xu and co-authors performed genome-wide profiling of H3K9me3 in cumulus-derived SCNT 28 

embryos and identified how the H3K9me3 marks were inherited from the donor cells in a stage-29 

specific manner. Importantly, the H3K9me3 marks most affected the transcription of minor ZGA 30 

genes, which lead to developmental arrest at the 2-cell stage, compromising subsequent activation 31 

of repetitive elements, especially LTRs. These are important findings to characterize the 32 

epigenomic feature of SCNT embryos, but given the data from numerous mouse SCNT studies to 33 

date, including the author groups’, these results are to be expected. The most important finding 34 

in this study may be the indistinct H3K9me3 deposition pattern between ICM and TE in SCNT 35 

blastocysts, which was caused by downregulation of specific transcription factors including Max 36 

and Mcrs1. The role of Mcrs1 was particularly important; overexpression of Mcrs1 in SCNT 37 
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embryos normalized the distinct H3K9me3 patterns of ICM and TE in blastocysts, and indeed 38 

significantly improved clonal efficiency. 39 

Major points: 40 

1. Overall, cloning experiments and genome-wide H3K9me3 analysis are accurate, and conclusions 41 

were correctly drawn from the results obtained. However, since the Mcrs1 results are particularly 42 

impactful in the SCNT as well as developmental biology areas, it will be important to confirm 43 

whether the same results can be obtained using other somatic donors, such as immature Sertoli 44 

cells or fibroblasts. It is not necessary to reproduce all the results with other somatic donor type(s), 45 

but specifically, the indistinct H3K9me3 deposition pattern of ICM and TE and the effect of Mcrs1 46 

overexpression on it should be confirmed. 47 

We thank the reviewer for seeing the value of our H3K9me3 datasets in cumulus-derived SCNT 48 

embryos. To confirm whether the Mcrs1 results can be obtained using other somatic donors, we 49 

performed the SCNT procedure using immature Sertoli cells and examined H3K9me3 in Sertoli-50 

derived SCNT ICM and TE (Figure R1a). As expected, compared with fertilized embryos, Sertoli-51 

derived SCNT blastocysts also exhibited an inappreciable distinction between ICM and TE on 52 

H3K9me3 establishment (Figure R1a). Consistently, we then examined and found poor enrichment 53 

of lineage-specific H3K9me3 at TF binding sites in Sertoli-derived SCNT ICM and TE (Figure R1b). 54 

However, we observed quite a few TFs whose binding sites were highly enriched with abnormal 55 

H3K9me3 signal in Sertoli-derived SCNT ICM/TE, which is contrary to cumulus-derived SCNT (Figure 56 

R2c, d). Meanwhile, Mcrs1 did not rank high in the TF candidates list. These results suggest an 57 

alternative regulatory mechanism underlying Sertoli cell-mediated reprogramming of H3K9me3, 58 

which might be independent of Mcrs1.59 

For further verification, we examined the expression level of Mcrs1 during Sertoli-derived SCNT 60 

embryo development. The expression of Mcrs1 initiates in 2-cell fertilized embryos, whose 61 

activation is seriously repressed and delayed to the 8-cell stage in cumulus-derived SCNT embryos 62 

(Figure S5A). By contrast, our data showed that Mcrs1 is already sufficient expressed in 2-cell and 63 

4-cell Sertoli-derived SCNT embryos (Figure R1e). Moreover, H3K9me3 in Mcrs1 overexpressed (OE) 64 

Sertoli-derived SCNT blastocysts persisted close to the control ones (Figure R1e). Notably, Mcrs165 

OE dramatically strengthened the lineage differentiation of H3K9me3 deposition on various TF 66 

binding sites, yet leading the Sertoli-derived SCNT blastocysts to a direction opposite that of the 67 

fertilized ones (Figure R1f). Furthermore, Mcrs1 OE have no obvious effect on Sertoli-derived 68 

cloning efficiency (figure R1h). These results indicate that Mcrs1 is highly related to lineage-specific 69 

H3K9me3 establishment, but excess Mcrs1 may also impede the proper deposition of H3K9me3 70 

and the regulation of Mcrs1 varies in different somatic cell-mediated reprogramming.71 
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72 

Figure R1. Distinct regulation of Mcrs1 in Sertoli-derived SCNT reprogramming. 73 

a. PCA of H3K9me3 in ICM and TE of fertilized, cumulus-derived SCNT and Sertoli-derived SCNT embryos. 74 
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b-d. Volcano plots showing the H3K9me3 signal on TF binding sites in ICM and TE of fertilized and Sertoli-75 

derived SCNT embryos. 76 

c. Bar plot showing the relative expression level of Mcrs1 during Sertoli-derived SCNT embryo development. 77 

RT-qPCR analysis was performed in fertilized and Sertoli-derived SCNT embryos. The relative expression 78 

levels of Mcrs1 relative to H2afz were compared between two groups at the same stage. Data are presented 79 

as the means ± SEM. ns, no significance. *p < 0.05, **p < 0.01, and ****p < 0.0001 by Student’s t-test for 80 

comparison. 81 

f. Unrooted dendrogram of H3K9me3 signals in ICM and TE of fertilized and Sertoli-derived SCNT embryos 82 

(control and Mcrs1 OE groups). 83 

g. Volcano plots showing the H3K9me3 signal on TF binding sites in ICM and TE of fertilized and Sertoli-84 

derived SCNT embryos (control and Mcrs1 OE groups). 85 

h. Bar plot showing the birth rate of full-term Sertoli-derived SCNT pups after Mcrs1 OE. N indicates the 86 

number of transferred 2-cell embryos. R indicates the number of replicates. Data are presented as the means 87 

± SEM. ns, no significance. 88 

89 

2. Another question that arises from the results of this paper is why Max and Mcrs1 are 90 

downregulated in SCNT embryos. According to the authors view, this was not related to H3K9me3. 91 

It needs to be examined whether this can be explained in terms of SCNT biology. If possible, it 92 

should be shown in the experimental results, and if difficult, it should at least be mentioned in the 93 

discussion. 94 

After examining the H3K9me3 levels on the Mcrs1, Max, and Mycn loci in both SCNT and fertilized 95 

embryos, we observed no significant differences. However, analysis of other histone modifications 96 

and DNA methylation levels revealed that abnormal H3K27me3 in SCNT embryos (as evident in 97 

data from another unpublished project in our group, as shown in Figure R2) may be responsible 98 

for the defective expression of these genes. Nevertheless, other factors that directly or indirectly 99 

inhibit their expression cannot be entirely ruled out. We have added the statement in the 100 

discussion part of the revised manuscript.101 

102 

Figure R2. Unreprogrammed H3K27me3 may repress the activation of Max, Mcrs1, and Mycn. 103 

Genome Browser view of H3K27me3 signals around the Mcrs1, Max, and Mycn loci in the fertilized (green) 104 

and SCNT (red)embryos. The signals are presented as the RPKM of the H3K27me3 signals. 105 

106 

Minor points:107 
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1. Line 63: For a paper describing the barrier of H3K9me3 to cell fate change, we recommend citing 108 

a more recent paper, Hada et al. Genes Dev 2020 (PMID: 34992147)109 

We appreciate the reviewer for the suggestion. The paper has been cited in the revised manuscript.110 

111 

2. Line 118 (Figure 1F): "0%" should be included on the Y axis in some way.112 

We thank the reviewer’s suggestion. We have updated the Y-axis in the revised Fig. 1F. Moreover, 113 

to better understand the correlation of the H3K9me3 dynamics between CC, SCNT, and fertilized 114 

embryos, we have added the line showing the overlap of H3K9me3 between fertilized embryos 115 

and CC in this figure.116 

117 

3. Line 147: Why was MII oocytes analyzed for comparison? This is an epigenetic status before 118 

activation and SCNT embryos do not contain the MII chromosomes.119 

In this section, we propose the hypothesis that SCNT embryos are affected by residual Suv39h2 in 120 

the oocyte cytoplasm and build up de novo H3K9me3, as shown not only by CGI (Figure S2F) but 121 

also by the function of genes similar to oocyte (Figure S2G), which lead to the simulation of the 122 

chromatin state in fertilized embryos and that de novo H3K9me3 on the promoter regions of these 123 

genes is useful for suppressing gene function in late developmental stages. We have revised the 124 

statement in the revised manuscript.125 

126 

4. Line 243: ICM or TE, which is more responsible for the indistinct H3K9me deposition between 127 

them in SCNT blastocysts, when compared with the pattern in fertilized embryos?128 

To answer the question, we investigated H3K9me3 in fertilized and SCNT at the morula stage 129 

(revised Figure 4C) and found numerous differentially marked H3K9me3 regions between them (eg. 130 

Cluster2, 4, and 7). Also, we observed a rather high similarity between SCNT morula, ICM, and TE. 131 

These suggest that the abnormal H3K9me3 deposition in SCNT ICM/TE may already exist at the 132 

morula stage. Besides, we noticed that fertilized TE tended to acquire a more significant amount 133 

of lineage-specific H3K9me3 than ICM (figure S4C). However, in SCNT blastocysts, these H3K9me3 134 

are either not established in TE or removed in ICM. Thus, TE-specific H3K9me3 deficiency might 135 

contribute more to the indistinct H3K9me3 deposition in SCNT blastocysts.136 

137 

5. Line 265: Why were Max, Mcrs1 and Mycn repressed in SCNT embryos? By H3K9me3?138 

As discussed in the 2nd major point, we examined the epigenetic status at the loci of Max, Mcrs1,139 

and Mycn (Figure R2), and found that they were all covered by higher H3K27me3 signals in SCNT 140 

embryos, which may repress their expression.141 

142 

6. Line 303: Max OE result would better be presented as a supplemental data.143 



6

We thank the reviewer for the suggestion. We have added the statistical result of the 144 

developmental efficiency of Max OE SCNT embryos in the revised Figure S6E.145 

146 

7. Fig. 2C: It is better to mention that the data was from fertilized embryos, because the title of 147 

Figure 2 means that the contained figures show SCNT data.148 

We appreciate the reviewer’s thoughtful suggestion. We have modified the title of Figure 2C and 149 

also clarified that the data was from fertilized embryos in the figure legend of the revised 150 

manuscript.151 

152 

8. Fig. S3 (legend): Although mentioned in the Methods section, it would better mention in the 153 

legend that the data were from GSE108711.154 

We appreciate the reviewer’s advice and have added the statement in the figure legend of the 155 

revised manuscript as suggested.156 
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_______________________________________________________________________________157 

Reviewer #2:158 

In SCNT, H3K9me3 in donor cells has been widely recognized as a barrier to SCNT-mediated 159 

reprogramming since the discovery of highly improved developmental rate of SCNT embryos upon 160 

Kdm4d overexpression (Matoba et al. 2014). However, the success rate is still limited. The authors 161 

previously reported the dynamics of H3K9me3 in normal early mouse embryos (Wang et al. 2018), 162 

and in a continuation of that work, Xu et al. profiled H3K9me3 distribution in SCNT embryos. 163 

H3K9me3 was aberrantly enriched at minor ZGA genes and affected their expression, as expected 164 

from the papers published before (there are several papers showing that Dux and its target minor 165 

ZGA genes are downregulated in SCNT embryos in a H3K9me3-dependent manner). The authors 166 

then nicely showed that H3K9me3 distribution in ICM and TE are severely compromised in SCNT 167 

blastocysts. The lack of H3K9me3 deposition at the genomic regions containing Mcrs1- and Max-168 

binding motifs as well as their downregulated expression prompted the authors to test the effect 169 

of Mcrs1 or Max OE in SCNT embryos. Mcrs1 OE in SCNT embryos significantly improved the 170 

development of SCNT embryos, suggesting that Mcrs1 might be involved in reprogramming 171 

H3K9me3 for proper lineage allocation. 172 

I see that the provided datasets for SCNT embryos would be widely useful, with unexpected and 173 

interesting findings on SCNT blastocysts. However, I feel that the results presented are limited only 174 

to support the authors' conclusions. I believe that a more unbiased and impartial data analysis 175 

would strengthen the message of this paper and therefore suggest the following points to improve 176 

the manuscript. 177 

178 

Major points 179 

1. Is there any plausible explanation/discussion why only a small fraction of minor ZGA genes were 180 

affected in their expression in SCNT embryos although H3K9me3 was generally deposited on these 181 

genes? Also, it will be better to mention that the affected genes at minor ZGA are the Dux-target 182 

genes. 183 

We thank the reviewer for pointing this out. Indeed, only 10% of minor ZGA genes were completely 184 

repressed in SCNT embryos (revised Figure S3G). Our data showed that H3K9me3 in CC is highly 185 

correlated with the repression of minor ZGA genes in SCNT embryos. However, the majority of 186 

H3K9me3-marked regions in CCs showed reduced H3K9me3 signal and were identified as 187 

reprogrammable H3K9me3 regions (revised Figure S3B), which suggested that these H3K9me3 188 

modifications may not be strong enough to directly and completely block the transcription of the 189 

marked ZGA genes. In addition, a certain number of SCNT embryos can develop towards blastocyst 190 

despite with defect of ZGA, suggesting the presence of multiple compensation mechanisms during 191 

early development. Moreover, we strongly agree with the reviewer that the affected minor ZGA 192 

genes are Dux-target genes and that the H3K9me3 deposition on these minor ZGA genes is also 193 

non-negligible. We have added these statements in the revised manuscript. 194 

195 

2. It is totally unclear how Mcrs1 functions in H3K9me3 reprogramming. The authors show that 196 
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H3K9me3 deposition was compromised at Mcrs1-binding sites in SCNT blastocysts. However, the 197 

effect of Mcrs1 OE on the remodeling of H3K9me3 at the Mcrs1-binding sites is not shown. It is at 198 

least necessary to investigate if Mcrs1 OE preferentially alters H3K9me3 levels at its target sites as 199 

Mcrs1 OE tended to decrease rather than increase H3K9me3 levels (Fig. 6I). 200 

We appreciate the reviewer’s suggestion. We investigated H3K9me3 levels at Mcrs1 binding sites 201 

in ICM and TE after Mcrs1 OE. We found that Mcrs1 OE led to strengthened H3K9me3 enrichment 202 

on Mcrs1 targets in both lineages and partially recovered the differential H3K9me3 allocation in 203 

SCNT blastocysts (Figure R3). These results have been updated in the revised Figures 6H and 6I. 204 

205 

Figure R3. H3K9me3 levels on binding sites of Mcrs1 in ICM and TE after Mcrs1 OE. 206 

a. Box plot showing H3K9me3 levels on Mcrs1 binding sites in ICM and TE of SCNT, fertilized, and Mcrs1 OE 207 

SCNT blastocysts. 208 

b. Genome Browser view of H3K27me3 signals around the Mcrs1 binding sites in the fertilized (green), SCNT 209 

(red) and Mcrs1 OE SCNT (orange) embryos. The signals are presented as the RPKM of the H3K27me3 signals. 210 

211 

3. Fig. 6G-I - Effects of Mcrs1 OE on lineage-specific H3K9me3 should be shown as in Fig. 4B, and 212 

it will be important to quantitatively show how much H3K9me3 levels are corrected. 213 

We appreciated the reviewer’s suggestion. To confirm this, we showed the data of Mcrs1 OE ICM 214 

and TE as in Figure 4B. We found that about 33% of H3K9me3 regions were successfully corrected 215 

by Mcrs1 OE (Figure R4a). We focused on H3K9me3-marked protein-coding genes to further 216 
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investigate the biological function of Mcrs1. Importantly, Mcrs1 positively regulated H3K9me3 on 217 

multiple genes encoding histone modifiers, such as Trim28, Dnmt3a, Kmt2c, and Ezh2 (Figure R4c, 218 

upper panel). These indicate that in addition to directly inducing H3K9me3 deposition (Figure R3), 219 

Mcrs1 may also regulate lineage-specific H3K9me3 in an indirect manner, by affecting genes 220 

related to lineage commitment. However, the lineage-specific H3K9me3 deposition in promoters 221 

of some developmental genes which are critical for lineage commitment can’t be rescued by Mcrs1 222 

OE (eg. Gata3, Gata6, Fgfr1) (Figure R4b, lower panel), which indicate there are other critical 223 

factors need to be validated. We have updated the discussion in the revised manuscript and the 224 

analysis in the revised Figures S6I and S6J. 225 

226 

Figure R4. Mcrs1 OE rescued H3K9me3 levels on binding sites of Mcrs1 in ICM and TE after Mcrs1 OE. 227 

a. Heat map showing the scaled H3K9me3 signals in ICM and TE of fertilized and SCNT (control and Mcrs1228 

OE) embryos. The regions were classified the same as in Figure 4B. 229 

b. Go-term analysis of genes marked by Mcrs1 OE-rescued and un-rescued H3K9me3. 230 

231 

4. Related to the comments above, it is highly possible that Mcrs1 OE exerts beneficial effects on 232 

SCNT embryo development indirectly affecting H3K9me3 enrichment and that the observed 233 

corrected distribution of H3K9me3 can be a secondary effect. In this context, there might be a 234 

possibility that Mcrs1 directly induce or repress key cell fate determination genes. Further data 235 

analysis and discussion considering these possibilities would be necessary. 236 

We agree with the reviewer that Mcrs1 may affect the enrichment of H3K9me3 both directly and 237 

indirectly (Figures R3 and R4). On the other hand, we analyzed the functions of the genes affected 238 

by knocking down Mcrs1 and Max in fertilized embryos (Figure 5F). The lack of Mcrs1239 

downregulated numerous genes related to various epigenetic modifications in addition to 240 

H3K9me3, indicating the global regulatory functions of Mcrs1 on the epigenome. We have updated 241 
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the analysis and discussion in the revised manuscript. 242 

243 

5. Fig. 3B – The effect of Kdm4b OE was limited to minor ZGA gene loci although it induces the 244 

global loss of H3K9me3 levels. To understand the effect of Kdm4b OE on the development of SCNT 245 

embryos, an analysis for genome-wide H3K9me3 levels, including the intergenic regions, repetitive 246 

elements and all gene loci, would be necessary. Along the same lines, the authors can investigate 247 

the effect of Kdm4b OE at the reprogramming-resistant YY1-binding sites (Fig. S3E). 248 

We appreciate the reviewer’s suggestion. We investigated the H3K9me3 levels in 14hpa and L2C 249 

SCNT embryos after Kdm4b OE and found that Kdm4b globally removed SCNT-specific H3K9me3, 250 

without bias of certain genomic regions (Figure R5a, b). As the reviewer suggested, we examine 251 

the H3K9me3 levels around the binding sites of Yy1 and found that the unrpgH3K9me3 regions 252 

were successfully removed after Kdm4b OE (Figure R5c). We have updated the figures in the 253 

revised manuscript. 254 
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255 

Figure R5. Kdm4b OE eliminated genome-wide excessive H3K9me3 in SCNT embryos. 256 

a. Heatmap showing the H3K9me3 signal in SCNT embryos (control and Kdm4b OE) before 2C, only regions 257 

overlapped with the H3K9me3 peaks in CC were presented. The regions were clustered by the H3K9me3 258 

signal using the k-means function into 5 groups. 259 

b. Bar plot showing the enrichment of H3K9me3 peaks in LINE, LTR and promoter regions. Each cluster 260 

corresponds to the one in a. 261 

c. Heatmap showing the relative H3K9me3 signal around the Yy1 binding sites. 262 

263 

Minor points 264 

1. Fig.1F – Please include a plot based on the comparison of H3K9me3 distribution between 265 
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fertilized embryos and donor cells (i.e., data for fertilized embryo H3K9me3 overlapped with CC). 266 

With this additional plot, it will be much easier to see the donor-derived defective distribution of 267 

H3K9me3 in SCNT embryos. 268 

We appreciate the reviewer’s suggestion and have added the data showing the overlap of 269 

H3K9me3 between fertilized embryos and CC in the revised Figure 1F. 270 

271 

2. Fig. 2D – Please include the donor cell H3K9me3 data. This will enable to see how much de novo 272 

deposition of H3K9me3 was suppressed by Suv39h2 KD. 273 

We would like to clarify that the control and siSuv39h2 data were generated by CUT&RUN, while 274 

the others were generated via ULI-NChIP-seq. We separately presented the H3K9me3 signals in CC 275 

and SCNT embryos generated by different methods (Figure R6). Notably, we observed a 276 

comparable de novo H3K9me3 level in 6hpa SCNT embryos by NChIP-seq (Figure R6a) and 277 

CUT&RUN (Figure R6b). Based on this, we could confirm that de novo H3K9me3 was appreciably 278 

suppressed by Suv39h2 KD. However, the signals of inherited and erased H3K9me3 seemed to vary 279 

from the sequencing methods. Thus, we thought it inappropriate to put them in the same figure. 280 

For verification of the influence of Suv39h2 KD on de novo H3K9me3, we have additionally 281 

repeated the KD experiments twice and the results were consistent. We have updated the result 282 

in the revised Figure 2D. 283 

284 

Figure R6. Suv39h2 KD considerably reduced de novo H3K9me3 in 6hpa SCNT embryos. 285 

a. Box plot showing the H3K9me3 signals in CC and 6hpa SCNT embryos at de novo, inherited and erased 286 

H3K9me3 regions. The data were generated by NChIP-seq. ****p < 0.0001 by the Wilcoxon rank-sum 287 

test. 288 

b. Box plot showing the H3K9me3 signals in control and siSuv39h2 SCNT embryos at de novo, inherited 289 

and erased H3K9me3 regions. ****p < 0.0001 by the Wilcoxon rank-sum test. ns, no significance. 290 

291 

3. Fig. S3 - H3K9me3-reprogrammed or unreprogrammed regions at 6 and 14 hpa and the 2-cell 292 

stage should be shown by heatmaps as in Fig. S3E. Also, as the statement “We then classified 293 

H3K9me3 regions based on whether they could be reprogrammed until 14 hpa” seems to be 294 
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inconsistent with the data shown. Please rephrase it or describe more clearly. 295 

We have shown the heatmap of H3K9me3-reprogrammed and unreprogrammed regions in the 296 

revised Figure S3B. To avoid misunderstanding, we have rephrased the statement in the revised 297 

manuscript. 298 

299 

4. Please indicate bin/gene numbers in each figure when applicable. 300 

We have submitted all available data for bar, point, and heatmap plots as source data for each 301 

figure. 302 

303 

5. Fig. 4A,B - Inclusion of 8-cell and morula H3K9me3 data from fertilized and SCNT embryos will 304 

be necessary to see the defects in H3K9me3 reprogramming in SCNT blastocysts (although Fig. S1E 305 

shows high similarity between SCNT morula and ICM/TE). 306 

We thank the reviewer’s suggestion. We have included the H3K9me3 data of fertilized and SCNT 307 

morulae and found numerous differentially marked H3K9me3 regions between them (eg. Cluster 308 

2, 4, and 7) (revised Figure 4C). The result supported that the defects in H3K9me3 reprogramming 309 

may already exist at the morula stage, as H3K9me3 in SCNT morula showed a similar pattern with 310 

SCNT ICM/TE. 311 

312 

6. Fig. 4C and S4B - What is the difference between plots highlighted in red, blue and gray? 313 

We are sorry for the omission. The red plots represent the potential TFs that may be related to 314 

defective differential H3K9me3 deposition in SCNT blastocysts. The blue plots represent well-315 

known chromatin architecture-related and H3K9me3-related factors. The gray plots represent 316 

other TFs. We have added the statement in the revised legend. 317 

318 

7. Fig. 5E,F - It is uncertain how ICM and TE cells were isolated from Mcrs1 MO embryos although 319 

no blastocysts were formed (Fig. 5B). 320 

We thank the reviewer for pointing this out. We first tried the recommended 1 mM MO but 321 

couldn’t get any blastocyst. For RNA-seq sample collection, we performed a concentration 322 

gradient test of both Max and Mcrs1 Morpholinos. We finally selected 0.3 mM Max MO and 0.2 323 

mM Mcrs1 MO as the appropriate condition, since they resemble fertilized embryos until the 324 

morula stage and meanwhile keep the blastocyst rate to about 30% (Figure R7). We have added 325 

the statement in the legend and method section of the revised manuscript. 326 
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327 

Figure R7. Test of Max and Mcrs1 MO concentration for sample collection. 328 

a, b. Line charts showing the developmental rate of fertilized embryos injected with different Max (left) and 329 

Mcrs1 (right) MO concentrations. 330 

c. Representative images of Max and Mcrs1 MO-injected embryos at embryonic day 3.5 (E3.5). Scale bar, 100 331 

μm. 332 

333 

8. Immunofluorescence on Mcrs1 and Max during early development would be informative in 334 

respect to their roles on lineage allocation. 335 

We appreciate the reviewer for the suggestion. We examined the expression pattern of Max 336 

(Proteintech, 10426-1-AP) and Mcrs1 (Sigma, HPA039057) in fertilized and SCNT embryos (Figure 337 

R8). According to our immunostaining results, although both Max and Mcrs1 were already 338 

accumulated during early cleavages, they showed decreased protein expression levels in SCNT 339 

embryos at both morula and blastocyst stages. This further suggested that there might be other 340 

factors correlated with Max/Mcrs1 that were also dysregulated during SCNT lineage segregation. 341 

These results were updated in the revised Figure S5B. 342 
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343 

Figure R8. Immunofluorescence of Max and Mcrs1 in fertilized and SCNT early embryos.344 

a. Quantification of Max and Mcrs1 immunofluorescence signal in fertilized and SCNT embryos. Data are 345 

presented as the means ± SEM. Each dot represents one nuclear. *p < 0.05 and ****p < 0.0001 by Student’s 346 

t-test for comparison.347 

b. Representative images of immunofluorescence of Max and Mcrs1 in fertilized and SCNT morulae and 348 

blastocysts. BF, bright field. DAPI stands for DNA in blue and Max/Mcrs1 is in green.349 

350 

9. Line 265 - Some description of the current knowledge on the function of Max, Mcrs1 and Mycn 351 

would be helpful as it is unclear why the authors focused on them in terms of epigenetic 352 

reprogramming. 353 

We thank the reviewer’s suggestion. We have updated a brief review of previous studies on these 354 

TFs in the revised manuscript. 355 
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_______________________________________________________________________________356 

Reviewer #3:357 

H3K9me3-marked domains present a barrier to reprogramming to pluripotency for both mouse 358 

and human somatic cell nuclear transfer (SCNT). It is known that overexpression of H3K9me3 can 359 

dramatically improve the blastocyst formation rate of SCNT. In this paper, the authors showed 360 

how H3K9me3 is programmed during the early development of SCNT embryos. By comparing with 361 

fertilized embryos, widespread failure of H3K9me3 reprogramming is observed at early stages, 362 

resulting in defective activation of minor ZGA genes and repeats. The finding is consistent with the 363 

previous studies. Furthermore, abundant de novo H3K9me3 is found at CpG islands (CGIs) and 364 

promoters. Moreover, they identified Mcrs1 as a regulator to help configure lineage-specific 365 

H3K9me3 in ICM and TE, and overexpression of Mcrs1 can improve the development rate of SCNT 366 

embryos. 367 

368 

The study made a number of interesting observations and involved a substantial amount of work 369 

on SCNT embryos. The H3K9me3 data here, together that the datasets generated in fertilized 370 

embryos from the same lab, also provide an important resource for understanding the role of 371 

H3K9me3 in epigenetic reprogramming in embryogenesis. It helps elucidate the mechanisms 372 

underlying previous observations on how KDM facilitates SCNT reprogramming and confirmed the 373 

previous model that a key role of KDM is to remove somatic K9me3 and to facilitate the activation 374 

of minor ZGA genes. One caveat of the current paper is that at times conclusions in the paper were 375 

not well supported, or data were not closely connected to the conclusions. Some of the data and 376 

analyses were difficult to understand. The identification of Mcrs1 as a facilitator for SCNT 377 

development is interesting, although the evidence of how H3K9me3 reprogramming is related to 378 

Mcrs1 is still unclear. Please see detailed comments below. 379 

380 

Major comment: 381 

1. The abstract needs to be better and more accurately phrased. It is unclear what the authors 382 

meant by H3K9me3 being “persistently redundant” throughout SCNT development. From my 383 

reading from the manuscript, K9me3 undergoes dynamic reprogramming in SCNT embryos. It 384 

would be misleading the say that “with most marks inherited from donor cells”. This also 385 

contradicts the authors’ statement that “H3K9me3 marks that overlapped with CCs largely 386 

disappeared between 1-8C stages (page 5). 387 

We are sorry for the confusion. We do agree with the reviewer that H3K9me3 underwent dynamic 388 

reprogramming in SCNT embryos, according to Figures 1E and 1F. Meanwhile, we noticed that 389 

H3K9me3 covered more regions in SCNT embryos than in fertilized ones at each corresponding 390 

stage (except 2C) (Figure 1C) and SCNT-specific H3K9me3 regions always dominated (Figure 1D). 391 

This led us to believe that H3K9me3 is highly dynamic as well as redundant during SCNT embryo 392 

development. To avoid misleading, we change the ‘persistently redundant’ to ‘excess’ in the 393 

revised manuscript and replaced the ‘with most marks inherited from donor cells’ with ‘with most 394 

marks showed SCNT-specific deposition’ 395 
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396 

2. The overlap with CC can be used as a reference to infer the inheritance of H3K9me3 but cannot 397 

be overstated, given K9me3 in any two cell types would have a certain degree of overlap due to 398 

the preferential enrichment of H3K9me3 at repeats. Such “background” overlap should be 399 

considered when estimating the level of inheritance from CC. 400 

We thank the reviewer for pointing this out. To consider the “background” overlap between the 401 

two cell types, we updated Figure 1F with the addition of fertilized data. H3K9me3 peaks also show 402 

nearly 50% overlap between CC and fertilized embryos after the 2-cell stage, which is similar to 403 

SCNT embryos. On the other hand, the overlap level with CC is extremely high before the 2-cell 404 

stage in SCNT embryos, which can reflect the H3K9me3 inherited from CC was gradually removed. 405 

We have changed the statement in the revised manuscript. 406 

407 

3. The similar H3K9me3 patterning between ICM and TE in SCNT embryos is striking. Can the 408 

authors provide validation to rule out cross-contamination? 409 

Our protocol for ICM and TE separation is fixed in all previous subjects, including profiling of histone 410 

modifications in mouse and human pre-implantation embryos (Liu et al., 2016; Wang et al., 2018; 411 

Xu et al., 2022). Also, the same separation protocol was also used in fertilized ICM/TE separation, 412 

which shows a distinct H3K9me3 pattern. We listed and compared the expression levels of typical 413 

lineage-specific markers in ICM and TE of both fertilized and SCNT. The result showed that the 414 

lineage-biased expression trend is consistent in SCNT embryos, which further supported that the 415 

potential cross-contamination may have little impact on our analysis (Figure R9). We have provided 416 

a detailed description in the method section of our manuscript at “Sample Harvest for ChIP-seq, 417 

Smart-seq2”: To eliminate tight cell-cell junctions, the zona pellucidae removed blastocyst were 418 

incubated in Ca2+-free CZB medium for 20 minutes. ICM (12-15 μm) and TE (18-20 μm) were then 419 

separated by micromanipulation using needles with an inner diameter of 20 μm, according to their 420 

distinct morphology and spatial position. Spatially, since TE comprises the outer layer of a 421 

blastocyst while ICM lies inside, the cells separated at first were basically TE, with a much flabbier 422 

cell-cell junction than that of ICM. Morphologically, TE possesses more smooth cell membrane 423 

surface and mostly larger cell size. To ensure the accuracy of our manual separation to the greatest 424 

extent, any cell with an indistinct phenotype that might misguide our judgment was discarded.425 
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426 

Figure R9. Consistent expression trend of lineage-specific markers in ICM and TE of fertilized and SCNT 427 

embryos.428 

Box plot showing the expression levels of lineage-specific markers in ICM and TE of fertilized and SCNT 429 

embryos. *p < 0.05, ** p < 0.01, ***p < 0.001 and ****p < 0.0001 by Student’s t-test for comparison. ns, no 430 

significance.431 

432 

4. Figure 1E, the loss and gain of H3K9me3 in SCNT development at each stage seem substantial. 433 

This seems to contradict to the statement that H3K9me3 is relatively stable after ZGA based on 434 

this figure. 435 

We are sorry for the misleading, here we want to say the total amount of H3K9me3 is relatively 436 

stable after ZGA, for the amount of established and disappeared H3K9me3 is much the same based 437 

on Figure 1E. The identical fraction of established and disappeared H3K9me3 domains during 438 

embryonic development after the 2-cell stage is also consistent with our observation in the 439 

fertilized embryos (Wang et al., 2018). To avoid misunderstanding, we have removed the 440 

statement about ‘H3K9me3 is relatively stable after ZGA’ in the revised manuscript. 441 

442 

5. The author showed Suv39h2 knockdown could reduce de novo established H3K9me3 at CGIs in 443 

Figures 2E and F. However, the reduction of H3K9me3 is rather weak and is unclear if this is 444 

reproducible. Moreover, does Suv39h2 knockdown impact SCNT development? 445 
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To validate the reproducibility of siSuv39h2, we performed two batches of knockdown 446 

experiments and assessed the H3K9me3 levels in Control and siSuv39h2 6hpa SCNT embryos using 447 

CUT&RUN. The results were consistent with our previous findings (Figure R10). We merged the 448 

data of two replicates in the revised manuscript. Besides, as observed previously in fertilized 449 

embryos (Burton et al., 2020), siSuv39h2 did not affect SCNT development. 450 

451 
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Figure R10. Knockdown of Suv39h2 led to a reduction of the H3K9me3 signal at CGIs.452 

a. Box plot showing the H3K9me3 signal (log2 transformed RPKM) in de novo, inherited and erased 453 

H3K9me3 regions in siSuv39h2 and control SCNT embryos at 6 hpa. P value by the Wilcoxon rank-sum 454 

test.455 

b. Distributions of H3K9me3 signal around CpG-islands in siSuv39h2 and control SCNT embryos at 6 hpa.456 

c. Genome Browser view of H3K9me3 around the Wwp2 gene locus in siSuv39h2 and control SCNT 457 

embryos at 6 hpa.458 

d. Box plot showing the blastocyst rate of SCNT E4 embryos after knocking down Suv39h2. The data are 459 

represented as the means ± SEMs. ns, no significance.460 

e. Representative images of E4 SCNT embryos after knocking down Suv39h2. Scale bar, 100 μm.461 

462 

6. Figure 6I, the authors only showed a few snapshots for Mcrs1 OE results. It is unclear to what 463 

extent can Mcrs1 overexpression restore H3K9me3 patterning in SCNT embryos. Fig. 6G seems to 464 

support this idea. However, I suggest the authors to map the K9me3 data to figure 4B which would 465 

more clearly demonstrate this result. 466 

We appreciate the reviewer’s suggestion. We have mapped the Mcrs1 OE data to Figure 4B and 467 

represented the heatmap (Figure R3). We also investigated the change of H3K9me3 levels on 468 

Mcrs1 binding sites after Mcrs1 OE (Figure R4). We also updated the analysis in the revised 469 

manuscript. Please also review our discussion in the 2nd and 3rd major points of Reviewer#2. 470 

471 

7. Fig. 4C. Why is K9me3 fertilized embryo/SCNT predominantly greater than 0 (x-axis), while we 472 

can clearly see both up and down of H3K9me3 in Fig. 4B? 473 

We thank the reviewer’s question. We would like to clarify that not all the clusters of H3K9me3 in 474 

Figure 4B exhibit enrichment of binding sites of transcription factors, which usually bind regulatory 475 

regions, such as promoters. We analyzed the genomic distribution of the 7 clusters of H3K9me3 476 

shown in Figure 4B (Figure S4B). SCNT embryos showed the deficient establishment of H3K9me3 477 

regions in clusters 4 and 6, which are enriched in promoter regions in fertilized embryos. On the 478 

contrary, SCNT embryos possessed higher H3K9me3 signals in cluster 5, which are enriched in LINE 479 

and LTR regions. These are consistent with the results in figure 4C (revised figure 4D) which showed 480 

higher enrichment of H3K9me3 on TF binding site in fertilized embryos.  481 

482 

8. Fig. 4B. Could H3K9me3 in SCNT reflect H3K9me3 state at a preceding stage due to delayed 483 

development, which may explain why it is so different from that in fertilized embryos? 484 

We thank the reviewer’s suggestion. We can’t exclude the hypothesis that some H3K9me3 defect 485 

is due to the delayed development, but the reprogramming of SCNT embryos is largely different 486 

from fertilized embryos, for the SCNT embryos need to remove the somatic epigenetic marks 487 

during development. According to the unrooted cluster analysis in Figure S1E, the H3K9me3 488 

pattern is largely different between SCNT and fertilized embryos, which can’t be explained only by 489 

the delayed development. Also, we have added morula H3K9me3 data from fertilized and SCNT 490 

embryos in the revised Figure 4C. We observed a dramatically high similarity of H3K9me3 between 491 
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SCNT morula and ICM/TE samples. Notably, Cluster 2, 4, 6, and 7 are regions where SCNT morulae 492 

failed to establish/remove H3K9me3, and the deficiency was maintained in blastocysts. The data 493 

suggested that the defects in H3K9me3 reprogramming already exist at the morula stage. 494 

495 

9. Can the authors comment/speculate on the function of de novo H3K9me3 at CGIs? 496 

Previous research addressed the biological significance of de novo HK9me3 catalyzed by Suv39h2 497 

in fertilized embryos (Burton et al., 2020). De novo H3K9me3 appeared immediately after 498 

fertilization on the paternal nuclei, and paternally enriched H3K9me3 regions displayed open 499 

chromatin configuration during early cleavages. Depletion of Suv39h2 led to an increased 500 

proportion of accessible promoters at the 8-cell stage, indicating that de novo H3K9me3 at 501 

paternal genome primes genomic regions for chromatin compaction at later developmental stages. 502 

503 

10. It is unclear if the K9me3 effects by Mcrs1 is direct or indirect, especially given Mcrs1 and Max 504 

MO injection can affect Suv39h1. This should be commented. 505 

We have performed further analysis to dissect how Mcrs1 affects H3K9me3 allocation. Mcrs1 OE 506 

in SCNT embryos led to strengthened H3K9me3 signals on Mcrs1 targeting regions in both lineages 507 

which may show the direct function. Mcrs1 also influenced the expression or epigenetic state of 508 

various epigenetic modifiers, including H3K9me3 modifiers which indicates the indirect function 509 

of Mcrs1. We have added these analyses and discussions to the revised manuscript. Please also 510 

review our results and discussion in the 2nd and 3rd major points of Reviewer#2 (Figures R3, 4). 511 

512 

11. Figure 4B, it is interesting that a large proportion of H3K9me3 established in fertilized embryos 513 

was not properly established in SCNT embryos either. These regions should also be discussed. 514 

As discussed in the 7th point of the reviewer’s major comments and the 3rd major point of 515 

reviewer#2, we analyzed the genomic distribution of the 7 clusters of H3K9me3 shown in Figure 516 

4B (Figure S4B). H3K9me3 from clusters 4 and 6 were unestablished in SCNT embryos. These 517 

H3K9me3 regions were specifically enriched in promoters and marked genes related to 518 

developmental maturation and embryonic organ development (Figures S6K, L). This indicates that 519 

these dysregulated H3K9me3 regions may be correlated with abnormal gene regulation during 520 

lineage commitment. 521 

522 

12. Page 8, Line 219, the delayed activation of repeats only correlates with DNA methylation, not 523 

“caused”, at least based on data in this paper. Such overstatements are not limited to this example. 524 

We thank the reviewer for pointing this out. The statement has been altered as suggested in the 525 

revised manuscript. 526 

527 

13. Fig. 3I. Why K9me3 increased upon Kdm4b OE at L2C for MERVL? Please clarify. 528 
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In Figure 3H, the H3K9me3 signal of MERVL increased at the L2C and 4C stages of fertilized 529 

embryos. Based on Figure 3G, we speculate that the activation and suppression (H3K9me3 530 

increased) of MERVL in SCNT embryos is delayed compared to fertilized embryos, which can be 531 

partially rescued by Kdm4b OE. We further analyzed the effect of Kdm4b OE on H3K9me3-related 532 

methyltransferases. The result showed that the H3K9me3 signal was decreased on the Setdb1533 

locus at 14hpa (Figure R11a). Correspondingly, the expression of Setdb1 was partially restored at 534 

the 2C stage (Figure R11b). This might be one of the direct reasons why the H3K9me3 signal on 535 

MERVL increased at the L2C stage after Kdm4b OE. However, we acknowledge that further 536 

research is needed to further understand the underlying mechanisms. 537 

538 

Figure R11. Kdm4b OE is correlated to an increased expression level of Setdb1. 539 

a. Genome Browser view showing H3K9me3 signal around Setdb1 locus in Kdm4b OE and control SCNT 14hpa 540 

embryos. 541 

b. Bar plot showing the expression of Setdb1 in fertilized, SCNT and Kdm4b OE embryos.542 

543 

14. Fig. 3J. Why many MERVLs showed more K9me3 in fertilized embryos compared to SCNT 544 

embryos (X-axis, >0)? In addition, it seems the upregulated and downregulated MERVLs are 545 

comparable. 546 

We are sorry that the X-axis and Y-axis were wrongly stated. The right ones are updated in the 547 

revised manuscript with “log2(H3K9me3 of SCNT/Fertilized)” and “log2(expression of SCNT 548 

L2C/Fertilized L2C)”, respectively. Generally, the number of H3K9me3-marked MERVLs is much 549 

more abundant in SCNT embryos especially at the L1C stage (X-axis > 0). 550 

551 

Minor comment: 552 
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1. Supplemental figures in general are too small to read. 553 

The font size in the supplemental figure has been zoomed in as suggested. 554 

555 

2 & 3. Figure 1C, 14hpa showed more H3K9me3 increase than 6hpa. What are the regions with 556 

increased H3K9me3? Figure 1E, more H3K9me3 disappeared at 2C than that at later stages in SCNT 557 

embryos. Could the author examine what are these regions? 558 

Figure S1C shows that the H3K9me3 peaks at 14hpa remained enriched in LTR and LINE regions, 559 

without an increase in other genomic regions. We further examined the average length and 560 

number of H3K9me3 peaks from CC to 2-cell SCNT embryos (Figure R12). The results indicate that 561 

the increased H3K9me3 peaks at 14hpa were mainly due to the lengthening of peaks, rather than 562 

an enlarged number of peaks. At the 2-cell stage, the H3K9me3 peaks were removed and 563 

shortened (Figure R12). We propose that this is the overlapping result of the processes of 564 

H3K9me3 removal from the donor nuclei and the establishment of H3K9me3 imitating the 565 

fertilized embryo. In Figure 2, we demonstrated that after SCNT activation, Suv39h2 affected the 566 

de novo establishment of H3K9me3, and this process was likely to continue until 14 hpa. In addition, 567 

it can be seen from the fertilized embryo that H3K9me3 establishment before the 2-cell stage is 568 

continuous (Figure 1C), while H3K9me3 from CC is constantly removed. Another possibility is that 569 

the cell cycle stage of 6 hpa and 14 hpa cells is different, but since we do not have direct 570 

experimental verification, this part of the hypothesis is not included in this paper. 571 

572 

Figure R12. The dynamic number and length of H3K9me3 peaks in CC and SCNT embryos. 573 

a. The changes of the number (blue box) and mean length (orange line) of H3K9me3 peaks in CC, 6hpa, 14hpa 574 

and 2C SCNT embryos. 575 

b. Genome Browser view showing the length of H3K9me3 peaks in CC, 6hpa, 14hpa and 2C SCNT embryos. 576 

577 

4. SCNT embryos are a mixture of embryos capable to successfully develop to blastocyst and that 578 

not capable to do so. Although it is difficult to conduct H3K9me3 at single blastomere levels, it is 579 

necessary to discuss how this would affect the paper’s conclusions in Discussion. 580 
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We strongly agree with the reviewer that the examination of H3K9me3 in SCNT embryos is still a 581 

mixed result regardless of the developmental capacity. Singe-cell-based ChIP-seq technology will 582 

help us focus only on the samples showing unreprogrammed epigenomes. Moreover, given that 583 

the deficient lineage-specific H3K9me3 deposition may already appear in SCNT morulae (or maybe 584 

even earlier), the single-blastomere investigation can greatly empower us to confirm such 585 

speculation. Moreover, multi-omic single-cell technologies will further improve our understanding 586 

of the regulatory mechanisms of the potential TFs related to lineage-specific H3K9me3 587 

establishment. We have added the statement in the Discussion part of the revised manuscript. 588 

589 

5. Fig. 1B, the K9me3 enrichment is quite low at Zscan4 and MERVL in both CC and fertilized 590 

embryos in 1-2C embryos, contrary to the authors’ statements. This should be clarified. 591 

We believe this owes to the rather strong H3K9me3 signals at MERVL loci after the 4-cell stage 592 

(Figure R13). When we enlarge this image, we can find the H3K9me3 enrichment in CC, which is 593 

similar to that in 6hpa and 14hpa SCNT embryos 594 

595 

Figure R13. H3K9me3 signals at Zscan4d and MERVL loci in fertilized and SCNT embryos before the 2-cell stage.596 

597 

6. Figure 1D appeared earlier than Figure 1C. 598 

The reviewer may have missed our statement about “Notably, we observed consistently more 599 

H3K9me3-occupied regions in SCNT embryos at various stages than in fertilized embryos; these 600 

marks may block not only ZGA but also reprogramming at later stages (Figures 1B and 1C).” which 601 

is before figure 1D. 602 

603 

7. Does KDM4D overexpression rescue MERVL expression defects too in SCNT embryos? 604 

We downloaded the data of SCNT 2C transcriptome after Kdm4d OE from a previous study 605 

(GSE59073) (Matoba et al., 2014) (Figure R14). The result supported that expression defects of 606 

MERVL and MT2 were rescued by Kdm4d OE. 607 
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608 

Figure R14. Kdm4d OE increased the expression level of MERVL and MT2 in SCNT 2-cells.609 

610 

8. Figure 2C, the aphidicolin-treated sample showed only one pronucleus? 611 

We thought the reviewer mean Figure S2C. Because the pronucleus in SCNT embryos is pseudo-612 

pronucleus, the size is not very consistent. The aphidicolin-treated sample shown in Figure S2C 613 

contains 2 pseudo-pronuclei, with the bigger one at the upper and the smaller one at the lower 614 

part of the signal region. 615 

616 

9. Line 358. A citation is missing. 617 

We appreciate the reviewer and have cited the reference in the revised manuscript. 618 

619 

10. Lines 370-375. It is unclear what the authors meant by “artificial activation” when referring to 620 

the Kdm4a's role in MII oocytes. 621 

SCNT embryos are activated by in vitro Sr2+ treatment to initiate embryo development, thus we 622 

call it “artificial activation” to distinguish SCNT from fertilized embryos.623 
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REVIEWERS' COMMENTS

Reviewer #1 (Remarks to the Author): 

I appreciate the authors for responding to my comments, by conducting the necessary 
experiments, analyzing them accurately, and making the conclusion carefully. Especially the 
SCNT experiments using immature Sertoli cells are of great importance. They found that 
Sertoli cell-derived SCNT embryos showed an inappreciable distinction between ICM and 
TE on H3K9me3 establishment as cumulus-derived SCNT embryos. However, it became 
apparent that the Sertoli and cumulus clones were critically different in the involvement of 
Mcrs1 in epigenetic errors associated with SCNT. Even though this important discovery was 
made, the revised version does not mention the results of these Sertoli cell clone 
experiments at all. For example, the abstract only shows the results from the cumulus cell 
clone, which would lead misunderstanding of the readers; they would consider the 
involvement of Mcrs1 to be a phenomenon common to all mouse SCNT experiments in 
general, despite the fact that it is donor-cell specific. 
Therefore, I strongly recommend the authors to include this important Sertoli cell clone 
results in the revised version, adequately describing what are common between the two 
types of SCNT and what are different between them. Although this would involve rewriting 
the Abstract and Results, I believe this is essential for an accurate understanding of mouse 
clones by the researchers in the developmental biology field. 

Reviewer #2 (Remarks to the Author): 

The authors have appropriately addressed the reviewers' concerns. Thus, I support the 
publication of this paper in Nature Communications. I believe that the data presented in 
Figure R1 in the response letter provide valuable insights into the SCNT field and should be 
included in the final manuscript. 

Reviewer #3 (Remarks to the Author): 

The authors did an excellent job in revising the paper, which well addressed my previous 
concerns. I support the publication of this manuscript with some minor comments below. 

1. Figure R13, a somewhat zoomed-out snapshot should be provided to show the 
background K9me3 levels in neighbor regions, without which it is difficult to know if 
H3K9me3 showed by the authors is true signals or background fluctuations. 
2. Comment 6. It would be helpful to show the restored H3K9me3 upon Mcrs1 using 
heatmaps, in addition to boxplots, with appropriate negative controls. This is a rather 
surprising result and requires careful analyses with the right controls to make sure that the 
conclusion is correct. In addition, Figure 6I needs to show the original Mcrs1 binding track in 
addition to the Mcrs1 peak. 



Dear Editor,

We appreciate your and the reviewers’ time and effort in reviewing our manuscript. We have 

summarized our response to reviewers and also revised our manuscript accordingly. All the 

other files and information are prepared according to the Author Checklist. 

We have listed the point-to-point response to the comments raised by all three reviewers. We 

hope that with this sufficient revision, our study would be suitable to be published in Nature 

Communications. We have highlighted the revised contents in the revised manuscript. The re-

viewer’s comments are in blue followed by our response in black.

___________________________________________________________________________

Reviewers’ Comments to the Authors:

Reviewer #1:

I appreciate the authors for responding to my comments, by conducting the necessary experiments, 

analyzing them accurately, and making the conclusion carefully. Especially the SCNT experiments 

using immature Sertoli cells are of great importance. They found that Sertoli cell-derived SCNT 

embryos showed an inappreciable distinction between ICM and TE on H3K9me3 establishment as 

cumulus-derived SCNT embryos. However, it became apparent that the Sertoli and cumulus clones 

were critically different in the involvement of Mcrs1 in epigenetic errors associated with SCNT. 

Even though this important discovery was made, the revised version does not mention the results of 

these Sertoli cell clone experiments at all. For example, the abstract only shows the results from the 

cumulus cell clone, which would lead misunderstanding of the readers; they would consider the 

involvement of Mcrs1 to be a phenomenon common to all mouse SCNT experiments in general, 

despite the fact that it is donor-cell specific.

Therefore, I strongly recommend the authors to include this important Sertoli cell clone results in 

the revised version, adequately describing what are common between the two types of SCNT and 

what are different between them. Although this would involve rewriting the Abstract and Results, I 

believe this is essential for an accurate understanding of mouse clones by the researchers in the 

developmental biology field.

We appreciate the reviewer’s suggestion. In the revised manuscript, we have included the results 

from the Sertoli cell clone.

Reviewer #2:

The authors have appropriately addressed the reviewers' concerns. Thus, I support the publication 

of this paper in Nature Communications. I believe that the data presented in Figure R1 in the re-

sponse letter provide valuable insights into the SCNT field and should be included in the final man-

uscript.

We appreciate the reviewer’s positive response to our revision. We have included the data and rela-

tive information from Fig. R1 in the revised manuscript.

Reviewer #3 (Remarks to the Author):



The authors did an excellent job in revising the paper, which well addressed my previous concerns. 

I support the publication of this manuscript with some minor comments below.

1. Figure R13, a somewhat zoomed-out snapshot should be provided to show the background 

K9me3 levels in neighbor regions, without which it is difficult to know if H3K9me3 showed by the 

authors is true signals or background fluctuations.

We thank the reviewer for pointing this out. We displayed the H3K9me3 signal of the zoomed-out 

region within 300 kb surrounding Zscan4d, and the H3K9me3 signal of whole chromosome 7 where 

Zscan4d is located (Fig. R1). As shown, we observed a significant enrichment of H3K9me3 on the 

SCNT in the locus of Zscan4d and MERVL, compared to the background signal in other regions.

Fig. R1 | H3K9me3 signals at Zscan4d and MERVL loci in fertilized and SCNT embryos before the 2-cell stage. 

(a) 300 kb zoomed-out. (b) Whole chromosome 7.

2. Comment 6. It would be helpful to show the restored H3K9me3 upon Mcrs1 using heatmaps, in 

addition to boxplots, with appropriate negative controls. This is a rather surprising result and re-

quires careful analyses with the right controls to make sure that the conclusion is correct. In addition, 

Figure 6I needs to show the original Mcrs1 binding track in addition to the Mcrs1 peak.

We apologize for providing the wrong figure number in Comment 6. In fact, we presented a heatmap 

of changes in H3K9me3 on Mcrs1 binding peaks and found that approximately 33% of H3K9me3 

were successfully corrected by Mcrs1 OE (Fig. R2a). The majority of the uncorrected regions were 

used as negative controls. This indicates that only a small portion of H3K9me3 can be rescued by 

Mcrs1 overexpression, but these regions have important regulatory functions (Fig.R2b). Addition-

ally, we have added a Mcrs1 binding signal track from the public database in the revised Fig.6I (Fig. 

R2c).



Fig.R2 | Mcrs1 OE rescued H3K9me3 levels on the binding sites of Mcrs1 in ICM and TE.

(a) Heat map showing the scaled H3K9me3 signals in ICM and TE of fertilized and SCNT (control and Mcrs1 OE) 

embryos. The regions were classified the same as in Fig. 4b. (b) Go-term analysis of genes marked by Mcrs1 OE-

rescued and un-rescued H3K9me3. (c) Genome Browser view of H3K9me3 signals around the Mcrs1 binding sites 

in the fertilized (green), SCNT (red), Mcrs1 OE SCNT (orange) embryos, and the Mcrs1 binding track (grey, pub-

lished in GSE51746). The signals are presented as the RPKM.
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