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ABSTRACT

Cohesin is a ring-shaped protein complex that comprises the SMC1, SMC3, and a-kleisin proteins,
STAG1/2/3 subunits, and auxiliary factors. Cohesin participates in chromatin remodeling, chromosome
segregation, DNA replication, and gene expression regulation during the cell cycle. Mitosis-specific a-
kleisin factor RAD21 and meiosis-specific a-Kleisin factor REC8 are expressed in embryonic stem cells
(ESCs) to maintain pluripotency. Here, we demonstrated that RAD21 and REC8 were involved in
maintaining genomic stability and modulating chromatin modification in murine ESCs. When the
kleisin subunits were depleted, DNA repair genes were downregulated, thereby reducing cell viability
and causing replication protein A (RPA) accumulation. This finding suggested that the repair of exposed
single-stranded DNA was inefficient. Furthermore, the depletion of kleisin subunits induced DNA
hypermethylation by upregulating DNA methylation proteins. Thus, we proposed that the cohesin
complex plays two distinct roles in chromatin remodeling and genomic integrity to ensure the

maintenance of pluripotency in ESCs.
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INTRODUCTION

Embryonic stem cells (ESCs), which have unique properties such as pluripotency and unlimited self-
renewal, exhibit unique expression patterns of genes related to chromosome topology, chromatin
modification, and genomic integrity (1, 2). Cohesin is a ring-shaped protein complex composed of
several subunits, structural maintenance of chromosome (SMC) family proteins, a-kleisin proteins,
stromal antigen (STAG) proteins, and accessory factors (3-11). Furthermore, cohesin has two different
combinations of subunits depending on the cell division stage: mitosis-specific subunits (RAD21) and
meiosis-specific subunits (REC8 and RAD21L). During mitosis, the cohesin complex includes SMCla,
SMC3, RAD21, STAGI, and STAG2. Unlike the mitotic cohesin complex, SMC1f, which is the
homolog of SMCla, REC8, RAD21L, and STAG3, mainly functions in the chromosomes during
meiosis (Fig. 1A) (12). The cohesin complex with REC8 appears on the chromosome during the
prophase in meiosis I, and the complex remains until meiosis 11, whereas the cohesin complex including
RAD21L localizes along chromosome arms from the leptotene to the middle pachytene stage in
prophase | and disappears after the late pachytene stage (12-14). RAD21 is also expressed during
meiotic cell division (15, 16). The kleisin RAD21 is detected before early prophase | and disappears in
early prophase I. Afterward, it reappears on chromosomes after the mid-late pachytene stage during the
prophase stage of meiosis | (15, 16).

Our study revealed the role of the a-kleisin factors of the cohesin complex, REC8, and RAD21
in both chromatin modification and maintenance of genome integrity. Unlike in differentiated cells such
as mouse embryonic fibroblast (MEF) cells, mitotic cohesin complex subunits and meiotic cohesin
complex subunits are expressed in pluripotent states (17). Our findings demonstrated that the a-kleisin
factors are constitutively expressed to function as safeguards of genome integrity throughout the entire
cell cycle in ESCs and that the involvement of REC8 and RAD21 is important to modulate chromatin

remodeling in the ESC cycle.

RESULTS

The a-kleisin subunits RAD21 and RECS8 are abundantly expressed in mouse ESCs throughout
the cell cycle

To explore the expression dynamics of a-kleisin factors during the cell cycle, we synchronized ESCs
and MEFs at the G1/S phase via the double thymidine block and released them from the G1/S phase
(Fig. 1B). Our findings indicated that the a-kleisin factors REC8 and RAD21 were constitutively
expressed regardless of the cell cycle phase of the ESCs (Fig. 1C). However, in contrast to ESCs, MEFs
expressed RAD21, not RECS8, during cell cycle progression. Particularly, cohesin builds cohesion
during DNA replication because sister chromatids are generated by replication during the S phase (18).
Therefore, we further focused on the expression levels of cohesin factors during the S phase (i.e., 2.5 h

after the cell cycle arrest is released by the double thymidine block). The expression of RAD21 in ESCs
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at the protein and RNA levels exhibited 1.71- and 4.57-fold differences relative to MEFs, respectively
(Fig. 1D). Additionally, REC8 was expressed at the protein and RNA levels in ESCs but not in MEFs
(Fig. 1D-F) (17). Furthermore, the RNA expression levels of the factors in ESCs were different from
those in MEFs. RNA sequencing and real-time PCR (RT-PCR) analyses revealed that the a-kleisin
factors were expressed in ESCs but not in MEFs (Fig. 1E, F). Additionally, the RNA expression levels
of diverse factors involved in meiotic or mitotic cohesin subunits in ESCs were higher than those in
MEFs (Fig. 1E, F).

In the Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis, we demonstrated that
RECS8 or RAD21 depletion could differentially regulate numerous genes in ESCs (Supplementary Fig.
1 and 2). Therefore, we classified KEGG pathways according to the number of genes whose expression
levels were differentially regulated by REC8 or RAD21 depletion. Furthermore, the depletion of each

cohesin factor enables the differentiation of ESCs into specific cell-type lineages (19).

Depletion of cohesin decreases DNA repair efficiency
In ESCs, homologous recombination (HR) is a major DNA repair system, and the factors involved in
the HR-mediated repair system are highly expressed compared with those in MEFs, which result from
the prolonged S phase and rapid cell cycle progression (17, 20, 21). Furthermore, we found that the
replication protein A (RPA) focal number in ESCs was higher than that in MEFs, and the cohesin
intensity of ESCs was higher than that of MEFs (Fig. 2A, B). When cohesin factors were depleted, there
was an increase in the number of RPA foci, which bind to single-stranded DNA to prevent the strand
from forming a secondary structure (Fig. 2C, D, I, Supplementary Fig. 3A-C). We observed that the
expression of each factor decreased under the depleted condition. Particularly, REC8 and RAD21
expression decreased by 55%—70% and 70%—80%, respectively (Fig. 2C, D, G, H, Supplementary Fig.
3A, B, D, E). Furthermore, the average number of RPA foci in REC8-depleted ESCs was approximately
27.26, whereas the average number of RPA foci in RAD21-depleted ESCs was approximately 36. The
RPA focal number under the REC8 depletion condition was 1.7~2 times that of the control (Fig. 2C, G,
Supplementary Fig. 3A, C). Accordingly, the number of RPA foci increased dramatically in the RAD21-
depleted ESCs by as much as 2.33-2.8-fold compared with that of the control (Fig. 2D, I,
Supplementary Fig. 3B, C). Likewise, siRAD21-treated MEF cells exhibited higher RPA focal numbers
than the siControl cells. The RPA focal number was significantly increased to 37 in RAD21-depleted
cells (Fig. 2E, F, J). Conversely, the RPA focal number in REC8-depleted cells was 1.2, which was
similar to the siControl cells (RPA foci in siControl cell = 1.36).

To confirm the role of the cohesin complex in DNA damage repair and replication stress, we
depleted either RAD21 or REC8 in ESCs treated with hydroxyurea (HU). This impedes DNA
replication by inhibiting ribonucleotide reductase (RNR), which converts ribonucleotides into

deoxyribonucleotides (Fig. 2K) (22). Cohesion occurs in DNA replication to hold sister chromatids (17,
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18, 23-26). Thus, we used HU to induce the stalling of DNA replication and impede cell cycle
progression to arrest at the S phase. The expression of the kleisin subunits decreased, which resulted
from the depletion of the factors after treating the cells with siRNA against REC8 or RAD21
(Supplementary Fig. 3F). In ESCs, RPA focus formation significantly increased upon RECS depletion
with HU and RAD21 depletion with HU (Fig. 2L-N). When the cells were treated with HU only, the
RPA focal number was approximately 66.97. Conversely, RPA focal formation increased when both
kleisin subunits were depleted (approximately 80.5 foci in REC8-depleted cells and 92.9 foci in
RAD21-depleted cells).

Depletion of cohesin decreases cell viability by reducing HR-mediated DNA repair efficiency

To confirm cell viability under cohesin depletion and ectopic expression, cell viability was analyzed
with thiazole orange (TO) and propidium iodide (PI) staining. Three siRNA candidates against RECS8
or RAD21 were applied to validate their depletion efficiency through protein analysis and cell viability
test (Supplementary Fig. 4, siREC8 #1 and siRAD21 #1 were used in this study). We then transfected
the cells with pDR-GFP and pCBA-Scel to confirm the efficiency of homologous recombination (HR),
which is considered an error-free DNA repair system. The HR efficiency of the siControl cells was
10.1%, whereas those of the REC8- and RAD2I-depleted stem cells were 4.42% and 4.28%,
respectively (Supplementary Fig. 5A). Furthermore, cell viability was not affected by the depletion or
ectopic expression of REC8 in MEFs (Supplementary Fig. 5B-E). Live cells accounted for 91.9% of all
cells under the control condition, whereas viability decreased in the REC8- or RAD21-depleted ESCs
(Fig. 3A-D). Specifically, when the RECS8 level decreased, the live ESC population decreased to
approximately 84% of the total cells; when RAD21 was depleted, the normal cell population was 74.4%.
Additionally, the live population of HU-treated cells was approximately 67.5% (Fig. 3A-D). However,
the ectopic expression of RAD21 or RECS did not significantly affect cell viability compared with that
of depletion because the expression levels of other cohesin subunits likely did not change. We further
analyzed RNA sequencing data from REC8- and RAD21-depleted ESCs to confirm the expression
levels of DNA repair genes. In REC8-depleted ESCs, 48 genes related to DNA repair were upregulated,
whereas 116 were downregulated. In RAD21-depleted ESCs, 73 genes were upregulated, and 154 genes
were downregulated. REC8 and RAD21-depleted cells shared 20 upregulated genes and 76
downregulated genes (Fig. 3E, F). Next, the significantly downregulated genes under both conditions
were assigned to different functional classifications. The top 10 classifications were then ranked
according to the number of downregulated genes. Genes associated with DNA repair, DNA damage
stimulus, double-strand break repair, DNA replication, and DNA replication were downregulated in
RECS8- and RAD21-depleted ESCs (Fig. 3G). Interestingly, many genes involved in DNA repair
interacted with RAD21 and REC8. Among the genes that interacted with these a-kleisin factors, DNA

repair genes bound more strongly (Supplementary Fig. 6).
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The cohesin complex is involved in DNA methylation
In embryonic stem cells, DNA methylation plays an essential role in cell development and
differentiation (27, 28). Patients with cohesinopathies (i.e., diseases caused by mutations in the cohesin
complex) such as CdLS (Cornelia de Lange Syndrome) and Roberts syndrome exhibit abnormal DNA
methylation patterns, resulting in changes in transcriptional regulation (29). Therefore, we investigated
the effects of cohesin depletion on the dynamics of DNA methylation. Cells treated with siRNA against
cohesin were stained with anti-5-methylated cytosine (SmC) antibodies to investigate the relationship
between cohesin and DNA methylation in ESCs. DNA methyltransferases, namely, DNMT1, DNMT3a,
and DNMT3b, play an important role in ESC differentiation and cell fate (30-33). The expression level
of DNMT3b, the main de novo DNA methyltransferase, was increased in REC8- or RAD21-depleted
ESCs (Fig. 4A, B). The average fluorescence intensity of SmC in the control ESCs was approximately
41.4 £ 18. Under REC8 or RAD21 depletion, the DNA methylation level increased compared with that
of the control. The average intensity in REC8-depleted ESCs was approximately 78.2 + 10.3, whereas
the average intensity in RAD21-depleted ESCs was approximately 90.9 = 19.3 (Fig. 4C, D).
Differentiation was induced with RA in ESCs, and the DNA methylation level was analyzed
by staining the cells with anti-SmC antibodies. The intensity of the 5SmC signal increased as early as 24
h after the cells were treated with RA. As the ESCs lost their pluripotency, the fluorescence intensity of
SmC gradually decreased accordingly (Supplementary Fig. 7). However, 96 h after the RA treatment,
the DNA methylation level was similar to that of differentiated cells (MEFs), suggesting that the DNA
methylation pattern could be changed dynamically during ESC differentiation.

DISCUSSION

Unlike the differentiated cells, ESCs have a unique gene expression landscape that can be attributed to
the cell cycle pattern (i.e., prolonged S phase), pluripotency, and self-renewal abilities (17, 20, 21).
Interestingly, ESCs express REC8 and RAD21, which are involved in chromosome segregation,
cohesion, and topology (17). Our study provided novel insights into the involvement of the a-kleisin
factors RAD21 and RECS8 in the maintenance of genomic integrity and chromatin methylation to
manage the self-renewal of ESCs and enhance the efficiency of ESC differentiation.

Our findings demonstrated that REC8 and RAD21 were expressed in ESCs regardless of the
cell cycle phase (Fig. 1C). Furthermore, ESCs constitutively express HR proteins and facilitate HR-
mediated DNA repair during the cell cycle. Therefore, under the DNA damage condition, RPA foci
formation increased, and the expression of the kleisin factors increased significantly (Fig. 2C-N),
suggesting that these two factors are closely related to DNA damage repair. Therefore, the depletion of
cohesin interfered with HR-mediated DNA repair, and the proportion of apoptotic cells increased in

kleisin-depleted ESCs. Cohesin depletion in ESCs led to the downregulation of diverse genes involved
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in DNA repair, DNA damage responses, and genomic integrity compared with ESCs with the normal
cohesin complex (Fig. 3E-G). Moreover, a-kleisin was strongly correlated with the interaction with
DNA repair genes (Supplementary Fig. 6). Our results suggested that cohesin could support the
maintenance of genome integrity (Fig 4E).

We further demonstrated that the DNA methylation level was lower in differentiated cells than
in undifferentiated ESCs. Furthermore, the abnormal establishment of the cohesin complex resulting
from REC8 or RAD21 depletion causes hypermethylation by increasing the expression level of the de
novo methyltransferase DNMT3b (Fig. 4A-E). During cell differentiation, the DNA methylation pattern
was dynamically changed to control gene expression by regulating gene expression to restrict the
lineage (29, 30). Thus, we propose that the depletion of cohesin factors led to DNA hypermethylation,

which presumably changed gene expression and chromosome structure.

MATERIALS AND METHODS

Materials and methods are available in the supplemental material.
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FIGURE LEGENDS

Fig. 1. Expression levels of cohesin complex factors in ESCs. (A) Mitotic and meiotic cohesin
complex model. The mitotic cohesin complex includes SMCla, RAD21, and STAG1/2. The meiotic
cohesin complex contains SMC13 and RECS instead of the mitotic cohesin components. (B) Scheme
of the time course of the experiments. ESCs were synchronized by double thymidine and were released
for cell cycle progression. (C) Expression levels of cohesin components in ESCs. After a double
thymidine block, the cells were released for cell cycle progression as shown in (B). (D) Expression
levels of a-kleisin factors during the S phase. The expression levels of cohesin REC8 and RAD21 were
compared during the S phase through western blot analysis and RNA sequencing analysis. (E, F) RNA
analysis for cohesin-related genes in undifferentiated and differentiated cells. The transcript levels of
the genes involved in cohesin function were analyzed by RNA sequencing (E) and qPCR (F). The

primers used in the qPCR analysis were described by Choi et al. (17). The transcript levels were
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determined by taking the average of two independent analyses from RNA sequencing. After obtaining
the qPCR data, the relative expression of the target genes was calculated by using the housekeeping
gene 18s rRNA. Three independent experiments were performed, and the error bars represent the mean

+ SD.

Fig. 2. Involvement of the cohesin complex in HR-mediated DNA repair mechanism. (A-D) a-
Kleisin factor and RPA staining in ESCs and MEFs. ESCs and MEFs were immunostained against RPA
and RECS8 (A, C) and against RPA and RAD21 (B, D). ESCs and MEFs were untreated (normal
condition) (A, B) and REC8 or RAD21 were depleted in ESCs (C, D). (E, F) RPA focal formation in
RECS- or RAD21-depleted MEFs. (G, H) Quantification of cohesin intensity. ESCs were treated with
siRNA against REC8 or RAD21, after which the intensity of each kleisin factor was measured. The
error bars indicate mean =+ standard deviations (SD; N = 40 for each experiment). The number of RPA
foci was quantified in kleisin-depleted ESCs (I) or MEFs (J) treated with siRECS8 or siRAD21 (N =120,
three independent experiments for ESCs; N = 80, two independent experiments for MEF). (K)
Schematic of the treatment of cells with siRNA against REC8 or RAD21 and hydroxyurea (HU). (L,
M) Increase in the intensity of REC8 or RAD21 and RPA focal formation in DNA-damaged and DNA-
depleted ESCs. (N) Measurement of RPA focal number. The blue, green, and orange bars indicate the
average of each experiment (N = 3). The values represent the RPA foci per nucleus of 40 cells per

experiment.

Fig. 3. Involvement of a-kleisin factor in the maintenance of genome integrity of ESCs. (A)
Decrease in cell viability under REC8 or RAD21 depletion and DNA damage. (B) Cell viability analysis
in cohesin-expressed ESCs with or without DNA damage by using HU. The apoptotic cells and live
cells were analyzed by cell staining with PI and TO. (C, D) Quantification of the proportion of live cells
and apoptotic cells. The cell survival rate was determined by flow cytometry and quantified with the
BD Accuri C6 software. (E) Venn diagram illustrating the upregulated and downregulated genes when
RECS8 or RAD21 was depleted in ESCs. The red and blue numbers indicate the upregulated and
downregulated genes in REC8- or RAD21-depleted ESCs relative to the siControl-treated ESCs. The
black numbers represent the genes with the same RNA expression level in REC8- and RAD21-depleted
ESCs and siControl-treated ESCs. The data were adjusted with p < 0.05. (F) Heatmap of the expression
of DNA repair genes relative to the siControl group. Red indicates upregulation, blue indicates
downregulation, and white indicates the same expression. (G) Gene set enrichment analysis (GSEA)
score of REC8- or RAD21-depleted ESCs for downregulated DNA repair genes. GSEA was performed

through two independent experiments.

Fig. 4. Cohesin depletion induces DNA hypermethylation. (A) DNA methyltransferase expression
10



level in REC8- or RAD21-depleted ESCs via immunoblot analysis. The expression level of DNMT3b
was measured in kleisin factor-depleted undifferentiated cells compared with that in the control cells
(B). (C) Representative images of DNA methylation in REC8- or RAD21-depleted ESCs. 5SmC was
used to stain the siControl-, siRECS8-, and siRAD21-treated ESCs. (D) Increase in SmC-staining
intensity due to the presence of the abnormal cohesin complex in ESCs. (E) Model of a-kleisin factor
functions. Depletion of the a-kleisin factors REC8 or RAD21 in the cohesin complex promoted DNA
hypermethylation and accumulation of DNA gaps.
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Supplementary Methods

Cell culture

J1 murine ESCs and MEFs were cultured as described previously (17, 18). J1 cells were cultured in
DMEM plus GlutaMAX-I (GIBCO, Waltham, MA, USA) supplemented with 10% (v/v) horse serum
(GIBCO), 2 mM L-glutamine (GIBCO), 0.1 mM Minimum Essential Medium Non-Essential Amino
Acids (GIBCO), 100 U/ml penicillin-100 mg/ml streptomycin (GIBCO), 10 mM HEPES (GIBCO), 0.1
mM B-mercaptoethanol (GIBCO), and 1,000 U/ml mouse ESGRO leukemia inhibitory factor (LIF;
Millipore, Billerica, MA, USA). MEFs were cultured in DMEM, which was supplemented with 100
U/ml penicillin-100 pg/ml streptomycin (GIBCO) and 10% (v/v) fetal bovine serum (GIBCO). The

cells were incubated at 37 °C in a humified incubator with 5% CO,.

RNA interference

Small interfering RNAs (siRNAs) against RAD21, RECS8, and control were prepared from Bioneer
(Daejeon, South Korea). The siRNA sequences are shown in Supplementary Table 1. The
oligonucleotides were used to deplete each endogenous cohesin complex subunit (REC8 and RAD21)
by using Lipofectamine (Invitrogen, Carlsbad, CA, USA). The cells were treated with siRNA in opti-
MEM plus GlutaMAX medium and incubated in a humified incubator at 37 °C with 5% CO- for 48 h.

Cell synchronization

G1-S synchronized cells, J1 or MEF, were prepared as described previously (19). The cells were
synchronized at the G1-S checkpoint with 2 mM thymidine for 16 h. After thymidine treatment, the
cells were washed with phosphate-buffered saline (PBS) and released by replacing the fresh media for
6 h. Then, 2 mM thymidine was added to the cells for double thymidine synchronization, and the cells
were incubated for 16 h. After double thymidine synchronization, the cells were harvested at 0, 2.5, 5,

7.5 and 10 h after the thymidine block was released.

SmC detection

Cell samples were harvested and attached to poly-L-lysine-coated coverslips. The cells were fixed with
4% paraformaldehyde and permeabilized with 0.2% Triton X-100. The samples were denatured with 4
N HCI and then neutralized with 100 mM Tris-HCI (pH 8.5). The cells were blocked with 1% bovine
serum albumin (BSA) in phosphate-buffered saline with 0.1% Tween 20 (PBST) and then incubated
with anti-5-methylcytosine antibody (EpiGentek, Farmingdale, NY, USA) for 1 h. After incubation, the
samples were washed with PBST thrice and incubated with secondary antibodies conjugated with
tetramethylrhodamine (TRITC; Jackson ImmunoResearch). The stained cells were washed with PBST
and completely dried. After being dried, the samples were covered with an antifade mounting solution

(Thermo Scientific, Rockford, IL, USA). Images were taken using an Eclipse Ti-E fluorescence
2



microscope (Nikon Eclipse, Tokyo, Japan).

FACS analysis for homologous recombination efficiency

ESCs were transfected using the pDR-GFP plasmid. The cells were treated with puromycin to select
the cells with the plasmid. The clones containing the pDR-GFP plasmid were transfected with
pCBAScel to digest the recognition site and induce the repair system. A green fluorescent protein (GFP)
signal was produced through inducible homologous recombination. The samples were then analyzed

with a FACSCalibur flow cytometer.

Induction of cell differentiation
ESC differentiation was induced by adding 0.2 uM of all-trans-RA (R2625, Sigma) to the culture media
without LIF for 24, 48, 72, and 96 h.

RNA isolation
Total mMRNA was isolated using an RNeasy mini kit (Qiagen) in accordance with the manufacturer’s
instructions. RNA was quantified with Multiskan GO (ND-2000, Thermo Fisher).

RNA library generation and sequencing

A library of RNA and RNA sequencing was generated in accordance with the methods described by
Choi et al. (17). Total RNA was extracted from the cells by using the RNeasy mini kit (Qiagen), and
cDNA was synthesized with a cDNA synthesis kit in accordance with the manufacturer’s instruction
(Enzynomics, Daejeon, Korea). Indexing was performed with illumine indices 1-12 (lllumina, San
Diego, CA, USA). The enrichment step was conducted via polymerase chain reaction. Then, the average
of the fragment size of the libraries was checked using an Agilent 2100 bioanalyzer (DNA high-
sensitivity kit). Quantification was performed using the library quantification kit with a StepOne Real-
Time PCR System (Life Technologies, Waltham, MA USA). High-throughput paired-end 100
sequencing was performed using a HiSeq X10 sequencer. Data were analyzed with EXDEGA software

(E-biogen, Seoul, Korea).

RECS overexpression

The cDNA of the gene was subcloned into a manipulated pcDNA6/myc-His A vector modified with an
EF-1a promoter and 6-hemagglutinin (HA) tag (Kpnl/EcoRI sites for REC8) to induce REC8
overexpression. Then, 2 pg of DNA was mixed with polyethylenimine (PEI) and added to the cultured
cells to transfect the cloned plasmid DNA. The transfected cells were harvested at 24, 48, 72, and 98 h
after the DNA-PEI mixture was added.



Cell viability analysis

The samples under each condition were harvested and stained with TO (BD, 349483) and PI (BD,
349483). The stained cells were incubated at 25 °C for 5 min. Cell viability was measured via FACS
analysis by using a FACSCalibur flow cytometer.

Immunofluorescence analysis

Cells were stained as described previously (17). Primary antibodies against RAD21 (Abcam), REC8
(this antibody recognized a REC8 recombinant C-terminal 342 amino acid sequence) (17), and RPA
(Millipore) were used. The following secondary antibodies were used: TRITC (Jackson
ImmunoResearch) and fluorescein isothiocyanate (Jackson ImmunoResearch). Images were captured

using an Eclipse Ti-E fluorescence microscope (Nikon Eclipse).

Western blot analysis

The samples were prepared as described previously (17). The following primary antibodies were used:
RAD21 (Abcam, Cambridge, MA, USA), Rec8 (Abcam), RPA (Cell Signaling Biotechnology, Danvers,
MA, USA), GAPDH (Abcam), OCT4 (Santa Cruz, CA, USA), DNMT3b (abcam), and a-tubulin
(Abcam). The following secondary antibodies were used: Peroxidase AffiniPure goat anti-mouse 1gG
(Jackson ImmunoResearch, West Grove, PA, USA) and Peroxidase AffiniPure goat anti-rabbit 1gG

(Jackson ImmunoResearch). Immunoactivity was determined using an ECL solution.

KEGG analysis

KEGG (Kyoto Encyclopedia of Genes and Genomes) was performed by RNA sequencing with REC8-
knocked down ESCs or RAD21-knocked down ESCs. Genes that were regulated by RECS8 depletion or
RAD?21 depletion were selected and sorted into upregulated or downregulated genes. KEGG analysis
was performed under the following conditions: normalized data (log2) > 4, p < 0.05 and fold-change
relative to siControl < 0.8 in downregulated genes or fold-change relative to siControl > 1.25 in
upregulated genes. The genes were classified according to the related pathway by using the KEGG
mapper (https://www.genome.jp/kegg/).

Statistical analysis
Data were statistically analyzed using GraphPad Prism 5. Statistically significant differences between
the comparison and control groups were determined with a paired two-tailed t-test (*p < 0.05, **p <

0.01, and ***p < 0.001).
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Supplementary Figure 1. TOP 20 KEGG pathways according to the number of upregulated genes in
RECS- or RAD21-depleted ESC. KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis was
performed using the RNA sequencing data (Accession no. PRINA725341). In REC8- or RAD21-
depleted ESC, upregulated genes were sorted and classified according to the pathway involving the
upregulated genes. (A) KEGG pathways involving the upregulated genes in REC8-depleted ESC. (B)
KEGG pathways involving the upregulated genes in RAD21-depleted ESC.



Top20 KEGG pathways (Down-regulated genes) in REC8 depleted ESC
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Supplementary Figure 2. TOP 20 KEGG pathways according to the number of downregulated genes
in REC8- or RAD21-depleted ESC. KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis was
performed using the RNA sequencing data (Accession no. PRINA725341). In REC8- or RAD21-
depleted ESCs, downregulated genes were sorted and classified according to the pathway involving the
upregulated genes. (A) KEGG pathways involving the downregulated genes in REC8-depleted ESCs.
(B) KEGG pathways involving the downregulated genes in RAD21-depleted ESCs.



Supplementary Figure 3
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Supplementary Figure 3. RPA foci number and intensity of REC8 and RAD21 after siRNA treatment.
(A, B) Representative images of REC8- or RAD21-depleted ESC. Another two siRNA sequences
against REC8 or RAD21 were treated in ESC. RPA focus number per nucleus was counted (C) and
intensity of kleisin factor was measured (D, E). Bars in whisker plots indicate minimum to maximum
value. Error bars in bar graphs represent mean + SD. Three independent experiments were carried out
and 40 cells per experiment were measured. (F) REC8 and RAD21 intensities were measured under the
following conditions: siControl and HU treatment and siRNA treatment against REC8 or RAD21 and

HU. Three independent experiments were performed (sets 1, 2, and 3).
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Supplementary Figure 4. siRNA against REC8 or RAD21 validation via cell viability assay. Three
candidates of siRNA sequence targeting REC8 or RAD21 were selected, and cell viability assay was
analyzed. In ESCs, REC8 or RAD21 was depleted using three siRNA candidates, and cell viability was
measured (A). (B) Quantification of the cell viability of (A). The proportion of live cells was represented
in green color, and the proportion of apoptotic cells was shown in black in doughnut graphs. (C) Cell
survival rate under a-kleisin factor depletion and DNA damage condition in ESCs. Under DNA damage

condition with HU, the proportion of live cell (green) or apoptotic/dead cell rate (black) in RECS8- or

RAD21-depleted ESCs was quantified (D-F).
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Supplementary Figure 5. Cell viability and homologous recombination efficiency after gene
knockdown. (A) GFP expression in ESCs generated via pDR-GFP analysis. The pDR-GFP and pCBA-
Scel plasmids were transfected into ESCs to confirm the efficiency of homologous recombination. The
proportion of GFP-positive cells was determined via FACS analysis. (B-E) Cell survival rate was
measured via FACS analysis under a-kleisin factor depletion condition or overexpression of REC8 or
RAD?21 condition with/without HU in MEF cells stained with thiazole orange and propidium iodide.
siRECS- or siRAD21-treated MEF or siREC8- and HU treated- or siRAD21- and HU-treated MEF cell
was analyzed using FACS (B). (D) Quantification of cell viability in a-kleisin factor-depleted MEF or
a-kleisin factor-depleted and DNA-damaged MEF. Green represents the proportion of live cells, and
black shows the proportion of apoptotic cells. The cell viability rate in REC8- or RAD21-overexpressed
MEF or RECS8- or RAD21-overexpressed with DNA-damaged MEF was measured. The proportion of
live cell/apoptotic cells was quantified in (E). Green indicates the ratio of live cells, and black

corresponds to the ratio of apoptotic cells.
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Supplementary Figure 6. Protein—protein interaction with REC8 and RAD21.

Data are visualized using Cytoscape software. The X-axis shows factors interacting with RAD21 and
RECS. The Y-axis represents the strength of the interaction between a-kleisin protein and other factors.
The yellow bar graph presents the strengths of protein—protein interactions that were above the effective

value (0.4). The black bars indicate the interactions that were lower than the effective values.
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Supplementary Figure 7. DNA methylation levels during stem cell differentiation.
(A, B) DNA methylation pattern during cell differentiation induced by retinoic acid. SmC staining

intensity was analyzed by measuring the immunofluorescence intensity of anti-SmC antibody.
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Supplementary Table 1. siRNA sequences

Seguence name Sequence
RECS8 #1 5'-GAGCAAAGAUGUUCUACUA-3'
RECS8 #2 5'-ACUAUCCUAACGUGCUUCA-3'
RECS8 #3 5'-GAGAUCAGUCGAGGAGACU-3'
RAD21 #1 5'-GAGCUAGUGAUAACUCACU-3'
RAD?21 #2 5'-GAGUCUUAGGACCUCUGAU-3'
RAD21 #3 5'-GUGACUUCGGAAUGGAUGA-3’
RAD51 5'-GAAUUGAGACUGGAUCUAU-3’
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