
Article

Shugoshin 2A stabilizes heterochromatin complexes to suppress the 2-cell-
like state in embryonic stem cells

Panpan Shi,1,2,5 Kairang Jin,1,2,5 Guoxing Yin,1,2,5 and Lin Liu1,2,3,4,6,*
1State Key Laboratory of Medicinal Chemical Biology, Nankai University, Tianjin 300350, China
2Frontiers Science Center for Cell Responses, College of Life Sciences, Nankai University, Tianjin 300071, China
3Tianjin Union Medical Center, Nankai University, Tianjin 300000, China
4Haihe Laboratory of Cell Ecosystem, Tianjin 300020, China
5These authors contributed equally
6Lead contact

*Correspondence: liulin@nankai.edu.cn

https://doi.org/10.1016/j.stemcr.2026.102824

SUMMARY

Two-cell (2C)-specific transcripts important for maternal zygotic transition, such as Zscan4 and endogenous retrovirus (MERVL), are

sporadically expressed in approximately 1%–5% of an embryonic stem cell (ESC) population to maintain ESC and telomere homeostasis.

However, the molecular mechanisms regulating the 2-cell-like state in ESCs are not fully understood. Here, we show that Sgo2a is an

important suppressor of the 2-cell-like state and telomere length. Loss of Sgo2a reduces the enrichment of heterochromatic H3K9me3

on 2C genes, including Dux, Zscan4 gene clusters and downstream enhancers, resulting in activation of a 2-cell-like state. However, chro-

mosome breakage was detected in Sgo2a-deficient ESCs. Mechanistically, SGO2A promotes the interaction between RIF1 and KAP1, reg-

ulates KAP1 ubiquitination, and maintains KAP1 stability at heterochromatin, repressing 2-cell genes. These results reveal a critical role

for Sgo2a in suppressing the 2C-like state to maintain the homeostasis and genome stability of ESCs.

INTRODUCTION

Zygotic genome activation (ZGA) for the maternal-zy-

gotic transition is essential for mammalian embryo

development. ZGA occurs at the late 1- and 2-cell

stages during early embryo development in mice and is

regulated by epigenetic remodeling and transcription

factors (Eckersley-Maslin et al., 2018; Jukam et al.,

2017; Wu et al., 2016; Xu and Xie, 2018; Xu et al.,

2021). The 2C-specific markers Zscan4 and endogenous

retrovirus (MERVL) are expressed sporadically in ap-

proximately 1%–5% of an embryonic stem cell (ESC)

population (Falco et al., 2007; Macfarlan et al., 2012;

Zalzman et al., 2010). Early 2C embryos and 2C-like

cells display similar transcriptomes, chromatin accessi-

bility landscapes, and regulatory architectures (Baker

and Pera, 2018; Hendrickson et al., 2017; Macfarlan

et al., 2012; Peaston et al., 2004; Rodriguez-Terrones

et al., 2018; Wu et al., 2016). 2C-like cells can be a

good model for understanding ZGA and totipotency.

Many factors, such as DUX (De Iaco et al., 2017; Grow

et al., 2021; Hendrickson et al., 2017; Whiddon et al.,

2017), USP17L (Shi et al., 2025), ZSCAN4 (Yang et al.,

2024; Zhang et al., 2019), DPPA2 and DPPA4 (De Iaco

et al., 2019; Eckersley-Maslin et al., 2019; Yan et al.,

2019), NELFA (Hu et al., 2020), and rRNA biogenesis

(Yu et al., 2021), have been found to activate the

transcription of the 2C-like state or ZGA. In contrast,

heterochromatin and modifiers, including KAP1 (De

Iaco et al., 2017; Percharde et al., 2018), RIF1 (Dan

et al., 2014; Yoshizawa-Sugata et al., 2021), HP1

(Maksakova et al., 2013), H3K9me3 (Dan et al., 2014;

Le et al., 2021), and modifiers (e.g., SETDB1 [Wu et al.,

2020]), suppress the 2C-like state and ZGA, which is

important for maintaining the homeostasis of ESCs

and ZGA.

Shugoshin (SGO) is a conserved centromere protein

that plays a crucial role in centromere cohesion and

chromosome separation during mitosis and meiosis

(Kawashima et al., 2007; Kerrebrock et al., 1995;

Kitajima et al., 2004; Marston et al., 2004; Rabitsch

et al., 2004; Salic et al., 2004; Tsukahara et al., 2010;

Vanoosthuyse et al., 2007; Watanabe, 2005). SGO2 is

essential for the formation of highly concentrated

chromatin in the subtelomere region, repressing the

transcription of subtelomeric genes in Schizosaccharomy-

ces pombe (Kanoh, 2018). SGO2 preferentially localizes

at subtelomeres during the G2 phase and is essential

for the formation of a highly condensed subtelomeric

chromatin body ‘‘knob.’’ The absence of SGO2 leads to

derepression of subtelomeric genes and premature DNA

replication at subtelomeric late origins in the fission

yeast S. pombe (Tashiro et al., 2016). In S. pombe, Sgo2-

deficient cells exhibit changes in mitosis and meiosis,

such as chromosomal bidirectional defects and sister

chromatid unidirectional changes (Rabitsch et al., 2004;

Vanoosthuyse et al., 2007; Vaur et al., 2005).

In mammals, SGO regulates cohesin, kinetochore-

microtubule attachments, and chromosomal instability

during meiosis (Sun et al., 2022). SGO2 is necessary to
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protect centromere cohesion during meiosis I in mice but

is not essential for mitosis (Llano et al., 2008). Centro-

meric cohesins at meiosis I are protected by SGO2 from

separating-enzyme-mediated division, ensuring that sis-

ter chromatids remain together until they separate in

meiosis II (El Yakoubi et al., 2017). Without SGO2, ten-

sion attachments cannot be established during meta-

phase of meiosis II and sister chromatids are randomly

separated (Llano et al., 2008). In human oocytes,

impaired SGO2 localization also weakens cohesion integ-

rity and may lead to the increased incidence of aneu-

ploidy observed in human oocytes with advanced

maternal age (Mihalas et al., 2024). Additionally, SGO2

is an emerging differentially expressed molecule that

can regulate RAB1A expression by inhibiting its ubiquiti-

nation during tumorigenesis (Lv et al., 2022). Here, we

report critical functions of SGO2A in regulating the tran-

scription of the 2C state and maintaining chromosome

stability in mouse ESCs.

RESULTS

Sgo2a is dynamically distributed in mESCs

Sgo2a is an inhibitor of gene replication and transcrip-

tion (Tashiro et al., 2016). Sequencing data from early

embryos revealed that the Sgo2a transcript level rapidly

decreased at the 2-cell stage (Figure S1A) (Zhou et al.,

2021), especially at the early 2-cell stage (Figure S1B)

(Zhang et al., 2016). In the translation landscape re-

vealed by Ribo-seq (Ribosome profiling sequencing),

the expression level of SGO2A in early 2-cell-stage em-

bryos is also significantly decreased (Figure S1C) (Xiong

et al., 2022). Minor ZGA in mice occurs from the S phase

of the zygote to the G1 phase of the 2C embryo (Abe

et al., 2018; Zhang et al., 2020). The 2C-like cells that ex-

press typical genes in 2C embryos, such as Zscan4 and

MERVLs, are found in approximately 1%–5% of an ESC

population (Falco et al., 2007; Macfarlan et al., 2012;

Zalzman et al., 2010). To explore the potential functions

of Sgo2a in 2C-like cells, we sorted Zscan4-positive

(Zscan4+) and Zscan4-negative (Zscan4− ) ESCs via flow

cytometry of tdTomato-Zscan4 ESCs (Figures 1A and

1B) but did not detect differences in the RNA expression

levels of Sgo2a in Zscan4+ and Zscan4− ESCs (Figure 1C),

which is consistent with the analysis of published data

(Figure S1D) (Akiyama et al., 2015; Hormoz et al.,

2016). However, the expression of the SGO2A protein

was dynamic and negatively correlated with ZSCAN4

protein levels in Zscan4-marked cells (Figure 1D)

(Zhang et al., 2016). By observing the localization of

SGO2A in ESCs, we found that some SGO2A proteins

seem to be localized on heterochromatin at interphase

in ESCs (Figure 1E) and partly colocalized with telomere

restriction fragment 1 (TRF1), which is indicative of telo-

mere localization (Figure 1F). In dividing cells at mitosis,

SGO2A was located at the end of the chromosome

(Figure 1E) and strongly colocalized with TRF1

(Figure 1F), suggesting that SGO2A may be involved in

telomere regulation. To explore the potential functions

of Sgo2a in mESCs, we performed gene knockout experi-

ments. The gene editing strategy was to delete the exon

located at positions 17,555–17,640 of the genome

(Figure S1E). After clone screening (Figure S1F), gene

sequencing comparison (Figure S1G), and western

blot detection (Figure S1H), Sgo2a was successfully

knocked out.

Sgo2a deficiency affects multiple biological processes

After the Sgo2a gene was knocked out, the size of cell

clones became smaller (Figure S2A), and the cell cycle

slightly changed (Figure S2B). We performed RNA

sequencing (RNA-seq) of Sgo2a-knockout ESCs compared

with wild-type (WT) ESCs and obtained reliable results,

with robust repeatability (Figure S2C). Knockout of Sgo2a

affected the expression of pluripotency genes Oct4,

Dppa2, Lin28a, etc. (Figures S2D–S2F) and multiple func-

tional processes (Figures S3A and S3B). Sgo2a deficiency

did not affect the expression of key telomerase genes (Terc

and Tert) (Figures S3C–S3E). Notably, however, telomeres

were longer in Sgo2a knockout ESCs than in WT control

ESCs, as measured by qPCR (Figure S4A) (Callicott and

Womack, 2006), quantitative fluorescence in situ hybridiza-

tion (Q-FISH) (Poon et al., 1999) (Figures S4B and S4C), or

TRF (Figure S4D). Moreover, chromosome breakage and

telomere loss were detected after Sgo2a was knocked out

(Figure S4B, S4E, and S4F). These data suggest that Sgo2a

promotes telomere stability through telomerase-indepen-

dent pathways.

Sgo2a deficiency derepresses 2C genes

ZSCAN4, a key upstream factor that promotes the ac-

tivation of 2C genes (Yang et al., 2024; Zhang et al.,

2019), can extend telomeres through a telomerase-inde-

pendent recombination mechanism and promote

genomic stability (Zalzman et al., 2010). Therefore, we hy-

pothesized that the knockout of Sgo2a might activate the

Zscan4 gene. The overall transcription levels of 2C genes,

including Dux, Zscan4, Usp17l, and Obox6 (Figure 2B),

indeed increased in Sgo2a knockout ESCs (Figure 2A),

and typical retrotransposons, including MERVLs

(Figure 2C), were also upregulated. We further verified

the upregulation of 2C genes after Sgo2a knockout via

qPCR (Figure 2D) and western blot (Figure 2E). Further-

more, we knocked out Sgo2a in tdTomato-Zscan4 ESCs

(Figures S5A–S5C). Consistent results revealed that
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Figure 1. Sgo2a is dynamically expressed in mESCs

(A) Sorting diagram of Zscan4-positive cells. tdTomato-labeled Zscan4+ cells.

(B) Flow cytometry sorting of Zscan4+ and Zscan4− ESCs based on tdTomato in control and tdTomato-labeled Zscan4-expressing ESCs.

(C) Expression levels of Sgo2a mRNA determined by qPCR, with Zscan4− ESCs serving as controls. Zscan4+ and Zscan4− ESCs were sorted via

flow cytometry (n = 3 independent experiments). The data are shown as the means ± SDs (two-tailed Student’s t test).

(D) Immunofluorescence of SGO2A in ESCs. SGO2A (green) was revealed by a specific antibody, and ZSCAN4 was revealed by red fluo-

rescence. Scale bar, 10 μm. (Right) Fluorescence statistics of ZSCAN4 and SGO2A. The fluorescence intensity of ZSCAN4 was divided into

three grades: strong, medium, and low, and the corresponding fluorescence intensity of SGO2A was calculated (n = 3 independent ex-

periments). The data are shown as the means ± SDs (two-tailed Student’s t test); **p < 0.01, ***p < 0.001.

(E) Immunofluorescence of SGO2A in ESCs at interphase and during division. SGO2A (green) was revealed by a specific antibody, and the

DNA was stained with DAPI. Scale bar, 10 μm.

(F) Co-immunostaining and fluorescence microscopy for SGO2A (red) and TRF1 (green) in ESCs. DNA was stained with DAPI. Scale bar,

10 μm. (Right) SGO2A and TRF1 immunofluorescence colocalization statistics (n = 3 independent experiments). The data are shown as the

means ± SDs (two-tailed Student’s t test); ***p < 0.001.
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Figure 2. Sgo2a deficiency derepresses 2C genes

(A) Gene set enrichment analysis (GSEA) revealed that upregulated genes were highly enriched in the 2C gene set by RNA sequencing after

Sgo2a knockout. WT served as a control.

(B) Heatmap of 2C genes after Sgo2a knockout. The colors from blue to red in ascending order represent gene expression from low to high.

(C) Changes in the expression of retrotransposons, including MERVs, as determined via RNA-seq analysis following Sgo2a knockout.

(legend continued on next page)
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ZSCAN4 was upregulated significantly (Figure S5D), and

flow cytometry analysis revealed a significant increase in

the proportion of Zscan4+ cells (Figure S5E). These results

suggest that Sgo2a is an important suppressor of 2C genes.

SGO2A suppresses 2C genes by regulating H3K9me3

enrichment

Furthermore, Sgo2a knockout reduced the number of large

bright foci of condensed heterochromatin in ESCs

(Figure 3A). We examined the levels of heterochromatin-

associated histone modifications via western blotting and

revealed that H3K9me3 protein levels were noticeably

reduced in Sgo2a-deficient ESCs (Figure 3B). Immunofluo-

rescence microscopy confirmed that H3K9me3 levels and

heterochromatin foci were similarly reduced, as deter-

mined by DAPI staining (Figure 3C). Moreover, the coim-

munoprecipitation (Co-IP) results indicated that SGO2A

interacted with H3K9me3 (Figure 3D).

We speculated that SGO2A might affect the transcription

of 2C genes through regulating H3K9me3 and heterochro-

matin organization. To test this hypothesis, CUT&Tag ex-

periments for H3K9me3 were performed in WT ESCs

compared with Sgo2a-deficient ESCs. Consistent with the

results of western blot (Figure 3B), the enrichment of

H3K9me3 on the genome was reduced due to the knockout

of Sgo2a (Figure S6A). The knockout of Sgo2a alters the

enrichment of H3K9me3 on the 2C genes (Figure 3E). Simi-

larly, it also significantly influences the signal intensity of

H3K9me3 on LTR (Li et al., 2023) (Figure S6B), ERVs

(Fueyo et al., 2022; Macfarlan et al., 2012; Rowe et al.,

2013) (Figures S6C and S6D), and special sequences

(Walsh et al., 1998) (Figure S6E) near the genes. Although

the binding to the special sequences such as the down-

stream poly-cytosine of Rps9 may be unstable (Figure S6F

[Barral et al., 2022; Zhang et al., 2024] and Figure S6G

[Enriquez-Gasca et al., 2023; Gaurav et al., 2025; Palma

et al., 2025; Pinzon-Arteaga et al., 2024; Spencley et al.,

2023; Wen et al., 2023]), this might precisely be the most

genuine manifestation of the heterogeneity and dynamics

of H3K9me3 in mESCs. The strong H3K9me3 signal on Dux

decreased sharply in Sgo2a-deficient ESCs (Figure 3F). A pre-

vious study showed that the activation of 2C genes is

related to the altered enrichment of H3K9me3 in the

Zscan4 gene cluster and downstream enhancers

(Figure S6H) (Le et al., 2021). On the basis of chromatin

interaction data from 2-cell embryos, enhancers located

downstream of the ∼ 2-Mb region of the Zscan4 gene

play a significant role in the activation of Zscan4 (Le

et al., 2021). Our CUT&Tag data demonstrated that

knockout of Sgo2a in ESCs actually reduced the enrichment

of H3K9me3 on the Zscan4 gene cluster and the enhancer

(Figure 3G).

SGO2A regulates the ubiquitination of KAP1

To explore how SGO2A regulates H3K9me3, we analyzed

the transcriptome of the H3K9 methylation complex or

modifiers via RNA-seq (Dan et al., 2014). No significant

changes in the number of members of the complex were

detected in Sgo2a-deficient ESCs (Figures S6I and S6J). How-

ever, the protein level of KAP1, which maintains the H3K9

methylation complex, was decreased in Sgo2a knockout

ESCs (Figure 4A). Moreover, overexpression of KAP1 in

Sgo2a knockout ESCs rescued the loss of H3K9me3

(Figure 4B). These results suggest that decreased KAP1 pro-

tein levels could be involved in the decrease in H3K9me3 in

Sgo2a-knockout ESCs. Next, we tested how SGO2A regu-

lates KAP1 protein levels. Inhibition of protein synthesis

by cycloheximide (CHX) demonstrated that KAP1 degrada-

tion occurred only slightly in WT cells, which is consistent

with the results of previous studies (Le et al., 2021). Howev-

er, loss of Sgo2a accelerated KAP1 degradation (Figure 4C).

Given that KAP1 can be regulated by ubiquitination (Le

et al., 2021), we used MG132 to inhibit the degradation

of ubiquitinated proteins. KAP1 exhibited more obvious

accumulation in Sgo2a-deficient ESCs than in WT ESCs

treated with MG132 (Figure 4D), indicating that the low

levels of KAP1 induced by Sgo2a deficiency are caused by

ubiquitination. The subsequent ubiquitination experi-

ment again verified that SGO2A deficiency led to increased

ubiquitination of KAP1 (Figure 4E). Moreover, Co-IP exper-

iments demonstrated the interaction of these two proteins

(Figure 4F). Therefore, SGO2A stabilizes the KAP1 protein

via deubiquitination.

The reduction in H3K9me3 caused by KAP1

degradation is the key mechanism by which SGO2A

regulates 2C genes

KAP1 is involved in heterochromatin maintenance and

the inhibition of 2C genes, including Zscan4, in ESCs

(Maksakova et al., 2013). KAP1 can also exert transcrip-

tional inhibition by maintaining H3K9me3 marks at en-

hancers (Rowe et al., 2013). Recently, KAP1 was shown to

regulate the enrichment of H3K9me3 on the Zscan4 gene

cluster and downstream enhancers (Le et al., 2021). These

(D) qPCR results showing the changes in 2C genes after Sgo2a knockout (n = 3 independent experiments). The data are shown as the

means ± SDs (two-tailed Student’s t test); **p < 0.01, ***p < 0.001.

(E) Western blot showing the changes in ZSCAN4 and MERVL after Sgo2a knockout. The right graph shows the quantification of ZSCAN4 and

MERVL compared with β-ACTIN (n = 3 independent experiments). The data are shown as the means ± SDs (two-tailed Student’s t test);

***p < 0.001.
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findings indicate that KAP1 plays a significant role in the

regulation of 2C genes. Kap1 overexpression in Sgo2a-defi-

cient ESCs abrogated the increased expression of 2C genes,

further demonstrating that KAP1 is a key intermediate fac-

tor in the regulation of 2C genes by Sgo2a (Figures 5A

and 5B).

To further investigate how KAP1 regulates 2C genes in

Sgo2a-deficient ESCs, we conducted CUT&Tag analysis.

The enrichment of KAP1 in the genome was significantly

reduced in Sgo2a-deficient ESCs (Figure 5C), which was

consistent with the western blot results (Figure 4A). The

signal of KAP1 on the 2C genes also showed a significant

decrease after Sgo2a knockout (Figure 5D), suggesting a reg-

ulatory effect on the 2C genes. Specifically, similar to

H3K9me3, KAP1 was strongly enriched on Dux, and its

enrichment was reduced due to the knockout of Sgo2a.

(Figure 5E). Unlike specific binding at Dux, KAP1 shows a

weaker signal at Zscan4 (Figure 5F) (Le et al., 2021). However,

Figure 3. SGO2A regulates the enrichment of H3K9me3 on Dux, the Zscan4 gene cluster, and downstream enhancers

(A) Immunofluorescence of SGO2A in WT and Sgo2a-deficient ESCs. Scale bar, 10 μm. (Right) Statistics of heterochromatin foci (n = 3

independent experiments).

(B) Western blot showing the changes in histone modification after Sgo2a knockout. The right graph shows the quantification of histone

modifications compared with H3 (n = 3 independent experiments). ns, not significant; ***p < 0.001.

(C) Immunofluorescence of H3K9me3 in WT and Sgo2a-deficient ESCs. H3K9me3 (red) was revealed by a specific antibody, and the DNA was

stained with DAPI. Scale bar, 10 μm. (Right) Fluorescence statistics of H3K9me3 (n = 3 independent experiments).

(D) CoIP verified the interaction of SGO2A with H3K9me3. IgG served as a negative control.

(E) CUT&Tag data displaying H3K9me3 enrichment on the whole 2C gene on the basis of the mm10 mouse genome after Sgo2a knockout.

(F) IGV plot displaying H3K9me3 enrichment on the Dux gene cluster on the basis of the mm10 mouse genome in WT and Sgo2a-deficient

ESCs.

(G) IGV plot displaying the enrichment of H3K9me3 on Zscan4 gene cluster and the downstream enhancer. The location of the enhancer

refers to the published data from Rongrong Le et al., Cell Stem Cell 2021.
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Figure 4. SGO2A regulates the stability of the heterochromatin complex component KAP1

(A) Western blot showing changes in heterochromatin complex member protein levels after Sgo2a knockout. The right graph shows the

quantification of heterochromatin complex members compared with β-ACTIN (n = 3 independent experiments).

(B) Western blot showing the level of H3K9me3 in the WT, Sgo2a knockout (KO), and Sgo2a KO-Kap1 OE cell lines. Sgo2a KO-Kap1 OE refers

to the overexpression of Kap1 in Sgo2a KO cell lines. The right graph shows the quantification of H3K9me3 compared with H3 (n = 3

independent experiments).

(C) Western blot analysis revealed that Sgo2a knockout accelerated the degradation of KAP1. CHX was added at 20 mg/mL, and samples

were collected every 4 h. Right graph showing the quantification of the expression of the heterochromatin complex member KAP1

compared with that of β-ACTIN (n = 3 independent experiments).

(D) Accumulation of KAP1 by treatment with MG132, as detected by western blotting. MG132 was added at 10 μM, and samples were

collected every 1 h. (Right) Quantification of the expression of the heterochromatin complex member KAP1 compared with that of β-ACTIN

(n = 3 independent experiments).

(E) Western blot showing the ubiquitination level of KAP1 in the WT and Sgo2a-KO cell lines.

(F) CoIP experiments validating the interaction of SGO2A with KAP1. IgG served as a negative control.

The statistical data are shown as the means ± SDs (two-tailed Student’s t test); *p < 0.05, **p < 0.01, ***p < 0.001.
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the decrease in H3K9me3 at Zscan4 resulting from KAP1

degradation serves as a powerful impetus for the burst of

Zscan4 and its downstream enhancers (Figure 5F) (Le et al.,

2021). The activation of Zscan4 further mediates the open-

ing of heterochromatin, promoting the transcription of 2C

genes (Yang et al., 2024). The reinforcing feedback loop be-

tween 2C genes (e.g., Dux and Usp17l [Shi et al., 2025])

and Zscan4 drives a transcriptional burst of 2C genes.

SGO2A strengthens the interaction between KAP1 and

RIF1

SGO2A has also been shown to prevent ubiquitination

degradation to maintain substrate stability in cancer cells

(Lv et al., 2022). Additionally, KAP1 is protected by RIF1

in ESC cells (Dan et al., 2014). We asked whether this pro-

tection is broken by the absence of SGO2A. Our data re-

vealed that SGO2A interacted with both KAP1 (Figure 6A)

Figure 5. KAP1 is an important intermediate regulatory factor for SGO2A in the regulation of 2C genes

(A) qPCR results showing the transcription levels of 2C genes in the WT, Sgo2a knockout (KO), and Sgo2a KO-Kap1 OE cell lines. Sgo2a KO-

Kap1 OE refers to the overexpression of Kap1 in Sgo2a KO cell lines (n = 3 independent experiments). The data are shown as the means ± SDs

(two-tailed Student’s t test); *p < 0.05, **p < 0.01, ***p < 0.001.

(B) Western blot showing the protein level of ZSCAN4 in the WT, Sgo2a KO, and Sgo2a KO-Kap1 OE cell lines. Sgo2a KO-Kap1 OE refers to the

overexpression of Kap1 in Sgo2a KO cell lines. The right graph shows KAP1 and ZSCAN4 compared with ACTIN (n = 3 independent ex-

periments). The data are shown as the means ± SDs (two-tailed Student’s t test); ***p < 0.001.

(C) CUT&Tag data displaying KAP1 enrichment on whole genes on the basis of the mm10 mouse genome in WT and Sgo2a-deficient ESCs.

(D) IGV plot displaying KAP1 enrichment on 2-cell genes on the basis of the mm10 mouse genome in WT and Sgo2a-deficient ESCs.

(E) IGV plot displaying KAP1 and H3K9me3 enrichment on Dux on the basis of the mm10 mouse genome in WT and Sgo2a-deficient ESCs.

(F) IGV plot displaying the enrichment of KAP1 and H3K9me3 on the Zscan4 gene cluster and downstream enhancers.
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Figure 6. SGO2A promotes the interaction between KAP1 and RIF1

(A and B) Co-IP experiments validating the interaction of SGO2A with KAP1 (A) and RIF1 (B).

(C) Co-IP experiments validating the interaction of KAP1 with RIF1. IgG served as a negative control.

(D) Immunofluorescence was used to verify the colocalization of SGO2A, KAP1, and RIF1; scale bar, 10 μm. (Right) Immunofluorescence

colocalization statistics (n = 2 independent experiments).

(E) Co-IP experiments verified the interaction of KAP1 with RIF1 in the WT and Sgo2a-KO cell lines. The cells were treated with MG132 at a

concentration of 10 μM for 3 h to ensure that the Kap1 protein levels in the WT and Sgo2a KO cell lines were consistent.

(legend continued on next page)
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and RIF1 (Figure 6B). We also confirmed the interaction

between KAP1 and RIF1 (Figure 6C). Immunofluorescence

colocalization also suggested interactions among the

three proteins (Figure 6D). Therefore, SGO2A, RIF1, and

KAP1 can interact with each other, which could be

critical for heterochromatin assembly and condensation

in mouse ESCs.

We tested whether the absence of SGO2A abrogates the

interaction between RIF1 and KAP1. We conducted Co-IP

experiments using WT and Sgo2a-knockout cell lines.

The interaction between RIF1 and KAP1 was weakened

in Sgo2a knockout ESCs compared with WT ESCs

(Figure 6E), and the interaction between RIF1 and KAP1

was restored by replenishment with SGO2A (Figure 6F).

These results support the notion that SGO2A can enhance

the interaction between RIF1 and KAP1, thus maintaining

the stability of KAP1. In conclusion, SGO2A maintains

KAP1 stability and enriches H3K9me3 on Zscan4 gene clus-

ters and downstream enhancers to suppress 2C genes

(Figure 6G).

DISCUSSION

We identified a critical role for SGO2A in regulating the

2C state in mESCs. Moreover, SGO2A regulates the

enrichment of H3K9me3 on Dux, the Zscan4 gene clus-

ter, and downstream enhancers, thus suppressing 2C

genes in mESCs. This regulation is achieved by regulating

KAP1 ubiquitination and interacting with RIF1. In ESCs,

KAP1 acts primarily as a transcriptional suppressor (Rowe

et al., 2013), which is involved in heterochromatin main-

tenance and the inhibition of 2C genes, including Zscan4

(Dan et al., 2014; Maksakova et al., 2013). RIF1 inhibits

the expression of Zscan4 and ERVs by maintaining H3

lysine 9 trimethylation (H3K9me3) (Dan et al., 2014; Li

et al., 2017; Yoshizawa-Sugata et al., 2021). The stable

maintenance of the H3K9 methylation complex depends

on RIF1 binding to important components of the

methylation complex, including KAP1, SUV39H1, het-

erochromatin protein α, G9A, and GLP, to prevent their

degradation (Dan et al., 2014). SGO2A plays an impor-

tant role in enhancing the interaction of RIF1 and

KAP1, thereby mediating heterochromatin maintenance

and inhibition of the 2C state. Although we are not

sure which E3 ligase is involved in this regulatory pro-

cess, it is likely that SGO2A enables the RIF1 complex

to bind tightly, spatially shield the ubiquitination sites

of KAP1, and prevent E3 ubiquitin-protein ligases from

binding to KAP1, thereby stabilizing KAP1. Multiple E3

ligases may be involved in the process by which

SGO2A regulates the stability of KAP1. It is also possible

that KAP1 undergoes self-regulation, which is worthy of

further in-depth study or is a special topic for research.

Further experiments are needed to test the potential un-

derlying mechanisms in the future.

We observed that 2C genes located in the subtelomere re-

gion, such as the Zscan4 gene cluster, Tcstv3, and some

ERVs (endogenous retroviruses), were upregulated in

Sgo2a-deleted ESCs. ZSCAN4 can regulate telomere elonga-

tion and genomic stability in ESCs (Zalzman et al., 2010).

In addition, TRF1 (van Steensel and de Lange, 1997),

KAP1 (Wang et al., 2021), and RIF1 (Dan et al., 2014) are

involved in telomere regulation and SGO2A colocalizes

with KAP1, RIF1, and TRF1, suggesting that SGO2A itself

is an important factor in telomere regulation. The suppres-

sion of Zscan4 by SGO2A may regulate telomere homeosta-

sis. Sgo2a deficiency leads to chromosome breakage and

thus genome instability.

qPCR data and public data both indicate that the tran-

scriptional level of Sgo2a is not significantly different

between Zscan4+ and Zscan4− cells. However, the expres-

sion of the SGO2A protein was dynamic and negatively

correlated with ZSCAN4 protein levels in Zscan4+ cells

(Figure 1D) (Zhang et al., 2016). Posttranslational modifica-

tions, such as ubiquitination, are likely involved. Although

there are no current studies reporting the ubiquitination of

SGO2A, through UbiBrowser 2.0 (Wang et al., 2022), a

comprehensive database for proteome-wide known and

predicted ubiquitin ligase/deubiquitinase-substrate inter-

actions in eukaryotic species, we predicted five potential

ubiquitin E3 ligases (FBXO5, FBXO43, BTRC, MARCHF5,

and MARCHF7) for SGO2A, indicating that SGO2A may

be subject to ubiquitination degradation under certain

circumstances. This may alter SGO2A protein levels in

heterogeneous ESCs, such that reduced SGO2A protein

levels resulted in elevated expression of ZSCAN4 in ap-

proximately 1%–5% of ESCs, whereas the SGO2A protein

level remained high in the majority of ESCs not in 2C state.

There might be specific posttranslational modifications

(Ciechanover et al., 1990; Cui et al., 2025; Min et al.,

2010) that regulate the protein level of SGO2A or other

(F) The interaction between KAP1 and RIF1 was verified by Co-IP after SGO2A OE was replenished in Sgo2a-KO cell lines. The cells were

treated with MG132 at a concentration of 10 μM for 3 h to ensure that the KAP1 protein levels in the WT and Sgo2a KO cell lines were

consistent.

(G) Model map of Sgo2a regulation of the 2C genes: SGO2A can maintain KAP1 stability by enhancing the interaction between RIF1 and

KAP1, thereby affecting the enrichment of H3K9me3 on Zscan4 gene clusters and downstream enhancers to achieve regulation of the 2C

genes.
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posttranscriptional regulatory mechanisms (Aranega and

Franco, 2024; Weber et al., 1989; Yamamoto et al., 2023),

which warrants further investigation. The characteristics

of the SGO2A expression pattern could underlie the molec-

ular basis of the dynamic activation of 2C genes.

Limitations of the study

Our data reveal the molecular mechanism of SGO2A inhi-

bition of 2C genes in ESCs. We show that SGO2A stabilizes

the substrate KAP1 by enhancing the interaction between

RIF1 and KAP1. We cannot rule out the possibility that

SGO2A directly regulates KAP1 deubiquitination. Addi-

tionally, SGO2A has been shown to localize to centro-

meres. Here, we found that SGO2A can also colocalize

with TRF1 at telomeres, and this colocalization differs be-

tween the interphase and division phase, suggesting its dy-

namic regulatory roles at telomeres. The underlying molec-

ular mechanism remains to be further explored in the

future.

METHODS

ES cell culture

E3 and J1 cell lines were used in this study. E3 ESCs were

cultured on MEF feeder cells (Ye et al., 2021), whereas J1

ESCs were cultured on gelatin. The culture medium of

ESCs consisted of 15% fetal bovine serum (ES quality, Hy-

Clone) supplemented with penicillin (100 U/mL) and

streptomycin (100 μg/mL), LIF (1000 U/mL) (ESGRO,

Chemicon), nonessential amino acids, β-mercaptoethanol

(0.1 mM), L-glutamine (1 mM), and knockout DMEM

(Gibco). ESCs were cultured in a sterile incubator at 37◦C

in 5% CO2. The cells were stored in liquid nitrogen and

rapidly thawed in a 37◦C water bath for recovery. The cells

were passaged every 2 days at a 1:8 ratio. The cells were

in good condition without Mycoplasma or bacterial

contamination.

Generation of knockout ESCs via sgRNA (single-guide

RNA )

sgRNAs were designed for the Sgo2a knockout experiment

via the online design sgRNA (https://www.zlab.bio/guide-

design-resources). The sequences of the sgRNAs were as

follows:

Sgo2a-sgRNA-F: CACCGAATACTTAGCTGGCATGAAC

Sgo2a-sgRNA-R: AAACGTTCATGCCAGCTAAGTATTC

Single-stranded sgRNA was annealed into double-

stranded sgRNA, and a knockdown vector was subse-

quently constructed. The annealing procedure was 95◦C

for 30 s, 72◦C for 2 min, 56◦C for 2 min, 37◦C for 2 min,

25◦C for 2 min, and storage at 4◦C. The resulting double-

stranded DNA is subsequently inserted into the knockout

vector. The plasmids were transfected into ESCs via the

Lonza nuclear transfer apparatus. After 24 h, 1.5 μg/mL pu-

romycin was added for screening, and the Sgo2a knockout

cell clone was subsequently selected for culture identifica-

tion. Stable Sgo2a knockout ESCs were then selected with

1.5 μg/mL puromycin for 1 week.

Gene expression detection

The primers were designed via Primer 5 software, where

qPCR primers (Table S1) were used to detect changes in

2C genes. Trans1-T1 phage-resistant chemically competent

cells (Trans, CT111-01) were used to express exogenous

genes. Positive clones were screened by ampicillin and

PCR. The Kap1 plasmid was provided by Yang Jiao in our

laboratory. The plasmid was transfected into ESCs with

Hieff Trans Liposomal Transfection Reagent (Yeasen,

40802ES02) according to the manufacturer’s instructions.

The RNA was extracted 48 h later via the RNeasy Plus

Mini Kit (QIAGEN, 74134) for reverse-transcription PCR

(RT-PCR) detection.

RT-qPCR

Total RNA was extracted with the RNeasy Plus Mini Kit

(QIAGEN, 74134). The concentration of total RNA was

determined with a NanoDrop 2000 (Thermo Scientific).

1 μg of RNA was reverse transcribed to cDNA via M-MLV

reverse transcriptase (Thermo Scientific, 28025021).

cDNA was subsequently quantified via a real-time PCR sys-

tem (Life Technologies). The primers used for the qPCR

analysis are listed in Table S1.

Co-IP

SGO2A antibody was added to the prepared sample, which

was subsequently incubated overnight at 4◦C with gentle

agitation to form the immune complex. The antibody

mixture (immune complex) was transferred to a tube con-

taining the prewashed protein A agarose bead pellet and

incubated for 3 h at 4◦C with constant gentle agitation.

The pelleted beads were separated by centrifugation, and

the supernatant was discarded. The pellet was washed

with 600 μL of cell lysis buffer three times and resuspended

in 80 μL of SDS buffer, followed by pipetting up and down

several times to mix the sample. The sample was boiled for

6 min, after which SDS-PAGE was performed to determine

the efficiency of the immunoprecipitation.

Western blot

Protein extracts were prepared with NP40 lysis buffer supple-

mented with the protease inhibitor PMSF and cocktail. The

prepared protein samples were subjected to polyacrylamide

gel electrophoresis. The transferred polyvinylidene fluoride

membrane was blocked with 5% skim milk at room temper-

ature (RT) for 2 h. The primary antibody was incubated with
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the transferred membrane at 4◦C overnight, and the second-

ary antibodies were incubated at RT for 1 h. The primary an-

tibodies included rabbit anti-ZSCAN4 (1:2,000, Sigma-

Aldrich, AB4340), rabbit anti-ACTIN (1:10,000, ABclonal,

AC026), rabbit anti-H3 (1:5,000, Abcam, ab1791-100 μg),

rabbit anti-RIF1 (1:3,000, Abcam, ab13422), rat anti-TRF1

(1:2,000, Abcam, ab192629), rabbit anti-KAP1 (1:3,000,

GeneTex, GTX102226), mouse anti-SUV39H1 (1:3,000, Ab-

cam, ab12405), anti-HP1 (1:2000, Millipore, 05–689), anti-

SETDB1 (1:2,000, Abcam, ab12317), G9A (1:2,000, CST,

3306S), GLP (1:1,000, R&D, PP-B0422-00), rabbit anti-

H3K9me3 (1:2,000, Abcam, ab8898), rabbit anti-

H3K27me3 (1:2,000, Millipore, 07-449), H3K9ac (1:2,000,

Abcam, ab32129, 100 μL), goat anti-mouse IgG, horseradish

peroxidase (HRP)-conjugated (Horseradish Peroxidase)

(1:10,000, Abways Technology W, AB0102) or goat anti-rab-

bit HRP(1:10,000, Abways Technology W, AB0101). The

SGO2A polyclonal antibody was produced by GenScript

and targeted the short peptide KRQCVPLNLTEPSLRSKMRR

(Gomez et al., 2007), and the antibody used was diluted

1:2,000.

Immunofluorescence microscopy

The samples were fixed at 4◦C for 20 min in 4% paraformal-

dehyde (PFA), washed three times with PBS, permeabilized

for 25 min, and sealed at RT for 2 h. The primary antibody

was incubated overnight at 4◦C, and the secondary anti-

body was incubated at RT for 1 h. The antibodies used

were as follows: rabbit anti-SGO2A (1:200) and rat anti-

TRF1 (1:200). The nuclei were stained with DAPI (1:200).

The images were acquired by a CCD camera equipped

with a laser scanning confocal microscope (Leica, TCS SP8).

Determination of the relative fluorescence intensity

To measure the fluorescence intensity via ImageJ, the mea-

surement parameters were first set. The specific steps are as

follows: Analyze-set measurements. Then, the area, mean,

integrated density, etc. are selected. After that, the fluores-

cence image is opened, the fluorescent group is selected,

and the menu bar Plugins-Analyze. By removing the back-

ground fluorescence signal in gray value using the same

threshold values among all images, we can estimate the

relative fluorescence intensity of each nucleus.

TRF measurement

TRF analysis was performed via a commercial kit (Telo

TAGGG Telomere Length Assay, cat no. 12209136001,

Roche). The cells were pretreated with RNase A and protein-

ase K (PCR Grade, 03115879001; Roche Life Science), fol-

lowed by extraction with phenol:chloroform:isoamyl

alcohol. A total of 3 μg of DNA was digested overnight

with MboI endonuclease (NEB) at 37◦C and subjected to

electrophoresis via a CHEF Mapper pulsed-field electropho-

resis system (Bio-Rad). Telomere length was quantified by

TeloTool software.

Telomere Q-FISH

Telomere length was estimated via telomere Q-FISH as

described previously (Poon et al., 1999). The cells were

incubated with 0.3 μg/mL nocodazole for 3 h to enrich

metaphases. Metaphase-enriched cells were subjected to

hypotonic treatment with a 75 mM KCl solution, fixed

with methanol:glacial acetic acid (3:1), and spread onto

clean slides. Telomeres were denatured at 80◦C and hybrid-

ized with a Cy3-labeled (CCCTAA)3 peptide nucleic acid

(PNA) telomere probe (0.5 μg/mL) (Panagene, Korea). Chro-

mosomes were stained with 0.5 μg/mL DAPI. Fluorescence

from chromosomes and telomeres was digitally imaged on

a Zeiss Axio Imager Z2 with Cy3/DAPI filters via AxioCam

and AxioVision software. Telomere length, shown as telo-

mere fluorescence intensity, was integrated via the TFL-

TELO program (a gift kindly provided by Peter Lansdorp).

RNA-seq library construction

The RNA was disrupted at high temperature via the addition

of divalent cations. First-strand cDNA was synthesized using

the segmented mRNA as a template. Second-strand cDNA

was then synthesized by adding dNTPs, DNA polymerase

I, and RNase. Then, the DNA ends were converted to flat

ends, and the 3′ end was adenylated. The NEBNext Adaptors

connector was connected and ready for hybridization. The

AMPure XP system (Beckman Coulter, Beverly, USA) was

used to purify the library fragments. The target fragment

was then ligated with 3 μL of USER enzyme (NEB, USA) at

37◦C for 15 min, followed by 5 min at 95◦C, after which

PCR was performed. The PCR products were purified via

the AMPure XP system. After quality assessment, the library

was sequenced on an Illumina HiSeq platform.

CUT&Tag library construction

CUT&Tag was performed as previously described (Kaya-

Okur et al., 2019), with minor modifications. Briefly,

100,000 cells per sample replicate were washed in wash

buffer and then immobilized on 10 μL of concanavalin

A-coated beads (Bangs Laboratories, BP531). The cells were

incubated with the primary antibody H3K9me3 (1:100, Ab-

cam, ab8898) at RT for 2 h on a shaker. The sections were

incubated with a goat anti-rabbit IgG secondary antibody

(1:100, Vazyme, Ab206-01-AC) at RT for 1 h. The cells

were cleared on a magnetic rack and incubated with the

addition of pA-Tn5 at RT for 1 h. The cells were subse-

quently washed with 700 μL of Dig-300 buffer, resuspended

in 300 μL of tagmentation buffer, and incubated at 37◦C for

1 h. A total of 10 μL of 0.5 M EDTA, 3 μL of 10% SDS, 2.5 μL

of 20 mg/mL proteinase K, and 2 μL of spike-in DNA were

added to the tube after being fully mixed and incubated at
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37◦C overnight. DNA was purified via phenol/chloroform/

isoamyl alcohol extraction. The samples were subsequently

amplified via PCR via the TruePrep Index Kit V4 for Illumina

(Vazyme, TD204) and cleaned with VAHTS DNA Clean

Beads (Vazyme, N411-01). Library quality was assessed on

an Agilent Bioanalyzer 2100 system, and the library prepara-

tions were sequenced on an Illumina HiSeq platform.

Data analysis

CUT&Tag reads were aligned to the mouse mm10 genome

via Bowtie2 (Langdon, 2015) with the default options. Bam

files were obtained via SAMtools (v.1.9). Scatterplots, corre-

lation plots, and heatmaps are displayed via deepTools

(Ramirez et al., 2014). Figures illustrating these continuous

tag counts over selected genomic intervals were created in

the IGV browser (Thorvaldsdottir et al., 2013).

RNA-seq raw reads were first aligned to the mouse refer-

ence genome (mm10) via STAR software (Liao et al., 2014)

with the default parameters. Expression matrix was gener-

ated by Featurecounts software (Dobin and Gingeras,

2015). DEGs (Differentially Expressed Genes) were calcu-

lated via the R package dEseq2 (Love et al., 2014), and the

expression levels were represented by the FPKM. DEGs)

were defined on the basis of the fold change in expression

levels and false discovery rate (FDR) values. If the absolute

fold change was >2 and the FDR value was <0.05, genes

were considered to be differentially expressed. To compare

the functions of the DEGs, we used the Metascape website

(https://metascape.org/gp/index.html#/main/step1).

Functional annotation

Gene Ontology (GO) enrichment analysis of differentially

expressed genes was implemented via the clusterProfiler R

package (Yu et al., 2012) and DAVID (https://david.

ncifcrf.gov/), in which gene length bias was corrected.

GO terms with corrected p values less than 0.05 were

considered significantly enriched in the DEGs. Bar plots

were drawn via ggpubr and ggplot.

Quantification and statistical analysis

For qPCR, statistical tests were performed on the data from

three biological replicates via a two-tailed unpaired t test.

For statistical analyses of significance, a two-tailed un-

paired t test was used. *p < 0.05, **p < 0.01, ***p < 0.001,

and ****p < 0.0001 were considered statistically significant.

The error bars represent the standard deviation of the mean

of three independent experiments.
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Supplemental Information 

Supplemental Figure S1. Dynamic expression of Sgo2a in early mouse 

embryos and ESCs, and the Sgo2a knockout strategy. (A) IGV plot 

displaying the expression level of Sgo2a in early mouse embryos(Zhou et al., 

2021). (B) RNA-Seq data showing the expression level of Sgo2a in early 

mouse embryos(Zhang et al., 2016). (C) Ribo-seq image showing the 

translational landscape of Sgo2a in early embryos(Xiong et al., 2022). (D) 

Expression levels of Sgo2a in Zscan4+ and Zscan4- ESCs determined via 

RNA-Seq(Akiyama et al., 2015; Hormoz et al., 2016). (E) Sgo2a gene editing 
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sites and sgRNA display. An exon (17555--17640) is knocked out. (F) Nucleic 

acid gel electrophoresis showing the genetic test results of Sgo2a knockout. 

(G) DNA sequencing results showing that the exon (17555--17640) of Sgo2a 

was knocked out. (H) SGO2A knockout was detected via Western blot. 
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Supplemental Figure S2. Sgo2a deficiency affects the cell cycle and 

pluripotency. (A) Clonal display of WT and Sgo2a-deficient ESCs. Scale bar, 

100μm. (B) Cell cycle measurement of WT and Sgo2a-deficient ESCs. (C) 

RNA-Seq data were used to analyze the consistency between repeated 

samples. (D) Heatmap showing the downregulation of pluripotent genes. The 

colors from blue to red in ascending order represent gene expression from low 

to high. (E) IGV plot displaying the expression level of Lin28a in WT and Sgo2a 

knockout ESCs. (F) Western blot showing changes in LIN28A protein levels 

after Sgo2a knockout. The right graph shows LIN28A compared with β-ACTIN 

(n=3 independent experiments). Data were shown as means ± SD (two-tailed 

Student’s t-test). *P < 0.05. 
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Supplemental Figure S3. Sgo2a knockout influences other biological 

processes. (A-B) RNA-Seq analysis of life processes affected by Sgo2a 

knockout. (C) IGV plot displaying the expression levels of Terc and Tert in WT 

and Sgo2a knockout ESCs. (D) qPCR results showing the expression levels of 

Terc and Tert in WT and Sgo2a knockout ESCs (n=3 independent 

experiments). Data were shown as means ± SD (two-tailed Student’s t-test). (E) 

Western Blot results showing the expression levels of TERT in WT and Sgo2a 

knockout ESCs. The right graph shows TERT compared with β-ACTIN (n=3 

independent experiments). Data were shown as means ± SD (two-tailed 

Student’s t-test).  
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Supplemental Figure S4. Sgo2a deficiency lengthens telomeres. (A) 

qPCR was used to detect changes in telomere length following the knockout of 

Sgo2a (n=3 independent experiments). Data were shown as means ± SD 

(two-tailed Student’s t-test); ***P < 0.001. (B) Micrographs showing telomeres 

by Q-FISH. White arrow, chromosome breakage. Red arrow, telomere loss. 

Scale bar, 100μm. (C) Telomere length analysis via TFL-TELO software. The 

green lines indicate the median telomere length. The average length ± SD is 

given above. *P < 0.05; ***P < 0.001. (D) TRF by Southern blot demonstrating 

telomere length variation. (E) The frequency of chromosome breakage (n=20 

spreads). (F) The frequency of telomere loss (n=20 spreads).  
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Supplemental Figure S5. Sgo2a deficiency increases the proportion of 

Zscan4+ cells. (A) Nucleic acid gel electrophoresis showing the genetic test 

results of Sgo2a knockout. (B) Clonal display of WT and Sgo2a-deficient ESCs. 

Scale bar, 100μm. (C) Sgo2a knockout was detected via Western blot. (D) 

Western blot showing the changes in ZSCAN4 after Sgo2a knockout. Right 

graph showing the quantification of ZSCAN4 compared with β-ACTIN (n=3 

independent experiments). Data were shown as means ± SD (two-tailed 

Student’s t-test); ***P < 0.001. (E) Flow cytometry analysis of the proportion of 

Zscan4+ cells. 
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Supplemental Figure S6. SGO2A regulates H3K9me3 but does not affect 

the transcription of the H3K9 methylation complex and modifiers. (A) IGV 

shows the enrichment of H3K9me3 throughout the entire genome. (B) IGV 

shows the LTR within the TES-2kb region of Dux family. (C-D) IGV shows the 

transposable elements within the TES-2kb region of Zscan4 (C) and Zfp352 

(D), as well as the strong signal of H3K9me3. (E) IGV reveals the peak signal 

of H3K9me3 near Rps9. (F) Comparative analysis of the H3K9me3 signal near 

Rps9. The public data are derived from published literature(Barral et al., 2022; 

Zhang et al., 2024). (G) Analysis of the H3K9me3 signal near Rps9. The public 
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data are derived from published literature(Enriquez-Gasca et al., 2023; Gaurav 

et al., 2025; Palma et al., 2025; Pinzon-Arteaga et al., 2024; Spencley et al., 

2023; Wen et al., 2023). (H) IGV plot displaying the enrichment of H3K9me3 

on the Zscan4 gene cluster and downstream enhancer(Le et al., 2021). Purple 

represents WT ESC; Green represents Dcaf11 OE ESC. (I-J) Detection of 

H3K9me3 methylation-related genes by RNA-Seq in WT and Sgo2a-deficient 

ESCs.  
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Suppemental Table S1. Primers for RT‒PCR. 

Usp17l-F 

Usp17l-R 

TCCTTCCCAGAAGAGACTGGA 

AGCAACCACCATGTCTCCAA 

Zscan4-F 

Zscan4-R 

AAATGCCTTATGTCTGTTCCCTATG 

TGTGGTAATTCCTCAGGTGACGAT 

Tcstv1-F 

Tcstv1-R 

TGAACCCTGATGCCTGCTAAGACT 

AGATGGCTGCAAAGACACAACTGC 

MERVL-F 

MERVL-R 

AAGGGGTGGATTGTAGTGGC 

GTCACTGGTGAGCCTTCCAA 

 

Supplemental Methods 
 
Generation of knockout (KO) ESCs via SgRNA 

sgRNAs were designed for the Sgo2a knockout experiment via the online 

design sgRNA (https://www.zlab.bio/guide-design-resources). The sequence 

of the sgRNAs was as follows: 

Sgo2a-sgRNA-F: CACCGAATACTTAGCTGGCATGAAC 

Sgo2a-sgRNA-R: AAACGTTCATGCCAGCTAAGTATTC 

Single-stranded SgRNA was annealed into double-stranded sgRNA, and a 

knockdown vector was subsequently constructed. The annealing procedure 

was 95°C for 30 s, 72°C for 2 min, 56°C for 2 min, 37°C for 2 min, 25°C for 2 

min, and storage at 4°C. The resulting double-stranded DNA is subsequently 

inserted into the knockout vector. The plasmids were transfected into ESCs via 

the Lonza nuclear transfer apparatus. After 24 h, 1.5 μg/ml puromycin was 

added for screening, and the Sgo2a knockout cell clone was subsequently 

selected for culture identification. Stable Sgo2a knockout ESCs were then 

selected with 1.5 μg/ml puromycin for one week. 

 

Telomere restriction fragment (TRF) measurement 

TRF analysis was performed via a commercial kit (Telo TAGGG Telomere 

Length Assay, cat no. 12209136001, Roche). The cells were pretreated with 
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RNase A and proteinase K (PCR Grade, 03115879001; Roche Life Science), 

followed by extraction with phenol:chloroform:isoamyl alcohol. A total of 3 μg of 

DNA was digested overnight with MboI endonuclease (NEB) at 37 °C and 

subjected to electrophoresis via a CHEF Mapper pulsed-field electrophoresis 

system (Bio-Rad). Telomere length was quantified by Telo Tool software. 

 

Telomere quantitative fluorescence in situ hybridization (Q-FISH) 

Telomere length was estimated via telomere Q-FISH as described 

previously(Poon et al., 1999). The cells were incubated with 0.3 μg/ml 

nocodazole for 3 h to enrich metaphases. Metaphase-enriched cells were 

subjected to hypotonic treatment with a 75 mM KCl solution, fixed with 

methanol:glacial acetic acid (3:1), and spread onto clean slides. Telomeres 

were denatured at 80 °C and hybridized with a Cy3-labeled (CCCTAA)3 

peptide nucleic acid (PNA) telomere probe (0.5 μg/ml) (Panagene, Korea). 

Chromosomes were stained with 0.5 μg/ml DAPI. Fluorescence from 

chromosomes and telomeres was digitally imaged on a Zeiss Axio Imager Z2 

with Cy3/DAPI filters via AxioCam and AxioVision software. Telomere length, 

shown as telomere fluorescence intensity, was integrated via the TFL-TELO 

program (a gift kindly provided by Peter Lansdorp). 

 

Western blot 

Protein extracts were prepared with NP40 lysis buffer supplemented with the 

protease inhibitor PMSF and cocktail. The prepared protein samples were 

subjected to polyacrylamide gel electrophoresis. The transferred PVDF 

membrane was blocked with 5% skim milk at room temperature for 2 h. The 

primary antibody was incubated with the transferred membrane at 4°C 

overnight, and the secondary antibodies were incubated at room temperature 

for 1 h. The primary antibodies included rabbit anti-Zscan4 (1:2000, 

Sigma‒Aldrich, AB4340), rabbit anti-Actin (1:10000, ABclonal, AC026), goat 

anti-mouse HRP (1:10000, ABWAYS TECHNOLOGY W, AB0102) or goat 

anti-rabbit HRP (1:10000, ABWAYS TECHNOLOGY W, AB0101). The Sgo2a 

polyclonal antibody was produced by GenScript and targeted the short peptide 

KRQCVPLNLTEPSLRSKMRR(Gomez et al., 2007), and the antibody used 

was diluted 1:2000. 
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