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ESCO1/2 acetyltransferases mediating SMC3 acetylation and sister chromatid cohesion (SCC) are differentially
required for genome integrity and development. Here we established chicken DT40 cell lines with mutations in
ESCO1/2, SMC3 acetylation, and the cohesin remover WAPL. Both ESCO1 and ESCO2 promoted SCC, while
ESCO2 was additionally and specifically required for proliferation and centromere integrity. ESCO1 overexpression
fully suppressed the slow proliferation and centromeric separation phenotypes of esco2 cells but only partly sup-
pressed its chromosome armSCCdefects. Concomitant inactivation of ESCO1 and ESCO2 caused lethality owing to
compromised mitotic chromosome segregation. Neither wapl nor acetyl-mimicking smc3-QQ mutations rescued
esco1 esco2 lethality. Notably, esco1 esco2 wapl conditional mutants showed very severe proliferation defects as-
sociated with catastrophic mitoses and also abnormal interphase chromatin organization patterns. The results in-
dicate that cohesion establishment by vertebrate ESCO1/2 is linked to interphase chromatin architecture formation,
a newly identified function of cohesin acetyltransferases that is both fundamentally and medically relevant.
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Sister chromatid cohesion (SCC) is mediated by the cohe-
sin complex, which minimally consists of SMC3, SMC1,
RAD21 (also known as Mcd1 or Scc1), and SA1/SA2
(also known as Scc3 or Irr1). Cohesin associates transient-
ly with other factors, including PDS5A/B, Sororin, and
WAPL, which play roles in cohesion establishment, main-
tenance, and dissolution (Peters and Nishiyama 2012). It
is known that cohesin loading on chromatin per se is
not sufficient to promote SCC. During S phase, budding
yeast Eco1 acetyltransferase converts cohesin into a cohe-
sive form (Skibbens et al. 1999; Ivanov et al. 2002). One of
the key substrates of budding yeast Eco1 is Smc3 (Rolef
Ben-Shahar et al. 2008; Unal et al. 2008; Zhang et al.
2008; Onn et al. 2009), which is acetylated at two evolu-
tionarily conserved lysine residues: K112 and K113. This
mechanism is conserved in mammalian cells in which
corresponding K105 and K106 residues of SMC3 are acet-
ylated (Zhang et al. 2008). The essential function of Eco1
in Saccharomyces cerevisiae is linked to Smc3 acetyla-
tion and its role in counteracting the anti-cohesion factor
WAPL (also known as Rad61 or Wpl1). This concept

emerged from findings that in S. cerevisiae, deletion of
WPL1 or acetyl-mimicking mutants of Smc3 (K113N or
K113Q) rescues the lethality of eco1Δ cells (Rolef Ben-Sha-
har et al. 2008; Unal et al. 2008; Peters and Bhaskara 2009;
Rowland et al. 2009; Sutani et al. 2009). However, addi-
tional studies showing that eco1Δwpl1Δ and acetyl-mim-
icking mutants of cohesin fail to restore SCC (Guacci and
Koshland 2012) challenge the dogma that Eco1’s essential
function is strictly related to cohesion. Moreover, in bud-
ding yeast, the cohesion defects of replisome-associated
factors that promote cohesion and facilitate cohesin acet-
ylation are not suppressed by removingWapl (Borges et al.
2013). Thus, even in budding yeast, the interplay between
Eco1, cohesin acetylation, andWAPL in cohesion and pro-
liferation is likely more complex than initially thought
and needs careful consideration (Rudra and Skibbens
2013).

In vertebrates, the roles of ESCO1/2 and cohesin acety-
lation in proliferation and specific chromosome struc-
tural processes have not yet been formerly addressed.
Moreover, it is important to note several differences be-
tween frequently used model systems. First, budding and
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fission yeast have only one cohesin acetyltransferase,
whereas vertebrate cells have two: ESCO1 and ESCO2.
The human ESCO1 and ESCO2 show strikingly distinct
patterns of chromatin association in somatic cells, direct-
ed by their divergent N-terminal motifs that are not
conserved in budding yeast Eco1 (Hou and Zou 2005; Rah-
man et al. 2015). Second, budding yeast is an exception re-
garding themechanisms bywhich cohesin is removed and
recycled from the chromosomes. In S. cerevisiae, cohesin
removal depends entirely on cleavage of Scc1/Rad21 at
anaphase by a protein called separase, whereas, in verte-
brates, WAPL removes cohesin from chromosome arms
during prophase as intact rings, and only a small pool of
cohesin at centromeres remains to be cleaved by the prote-
ase separase at anaphase (Peters and Nishiyama 2012;
Tedeschi et al. 2013). Third, cohesin and ESCO1/2 play
roles in controlling gene expression (Rahman et al. 2015).
These mechanisms are potentially different from budding
yeast in which other coregulators of the cohesin function
in transcription, such as CTCF, are missing (Peters and
Nishiyama 2012). Finally, haploid genomes such as those
of budding and fission yeastmayhavedifferent regulations
compared with diploid ones. Therefore, analysis of the
phenotypes associated with defective or constitutive
SMC3 acetylation and of the ones caused by singular or
combinatorial ESCO1/2 dysfunction in somatic cells is a
timely topic with the potential to reveal novel aspects of
chromosome structure and SCC regulation in the verte-
brate genome.
ESCO1’s and ESCO2’s functions are important to study

also because of their implication in genome integrity and
development. ESCO1 mutations and overexpression ap-
pear critical in a variety of tumors. ESCO1 mutations
were correlated with endometrial cancers (Price et al.
2014), and ESCO1 is classified as a susceptibility DNA re-
pair gene implicated in a common somatic fusion in pros-
tate cancers (Luedeke et al. 2009). ESCO1 is also amplified
inmany cancers (http://www.cbioportal.org), and its over-
expression in bladder cancers is now an independent prog-
nostic biomarker for patients with bladder cancer (Zhang
et al. 2016). On the other hand, mutations in human
ESCO2 cause a hereditary developmental disease called
Roberts syndrome (RBS), classified as cohesinopathy
(Vega et al. 2005), and ESCO2 deletions are common in
cancers (http://www.cbioportal.org). ESCO2 knockout
mice are embryonic-lethal, and ESCO2-deleted mouse
embryonic fibroblasts (MEFs) show severe chromosome
segregation defects (Whelan et al. 2012). These findings in-
dicate that ESCO2’s functions during proliferation are not
physiologically compensated for by ESCO1. However, ex-
cept for a broader role of ESCO1 compared with ESCO2 in
repressing transcription in somatic cells (Rahman et al.
2015), the functions commonly or differentially per-
formed by ESCO1 and ESCO2 during somatic prolifera-
tion remain largely unknown.
It was shown recently that the acetylation of the SMC3

subunit of cohesin at conserved lysine residues K105 and
K106 by ESCO1/ESCO2 reduces cohesin mobility and
promotes stable binding of Sororin to cohesin, presumably
to enhance SCC (Ladurner et al. 2016). Both ESCO1 and

ESCO2 can acetylate SMC3 at K105 and K106, although
ESCO1 can acetylate cohesin independently of DNA rep-
lication (Minamino et al. 2015). The roles of vertebrate
ESCO1, ESCO2, and SMC3 acetylation and their func-
tional interplay in different processes related to prolifera-
tion have not been addressed to date, one of the reasons
likely being related to the technical challenges of condi-
tionally and concomitantly mutating/inactivating multi-
ple genes in vertebrate cells.
Here we used genetically amenable chicken DT40 cells

to establish knockout and knock-in of several cohesin reg-
ulatory genes and mutant alleles. In addition, we adapted
the auxin–degron system (Nishimura et al. 2009) to DT40
cells to generate efficient conditional depletion of factors.
Our results unveil an important role for ESCO2 in prolif-
eration, at centromeres, and in the functional interaction
between ESCO1 and ESCO2 acetyltransferases with re-
gard to proliferation and the establishment/maintenance
of centromeric sister chromatid proximity. We found
that mimicking SMC3 acetylation at K105 and K106
does not bypass the essential function performed jointly
by ESCO1 and ESCO2 or the function of ESCO1 in pro-
moting chromosome arm SCC. Cohesin is stabilized in
esco1 esco2 cells by conditional inactivation of WAPL,
but the triple conditional mutant esco1 esco2 wapl has
very severe proliferation defects and abnormal interphase
chromatin territories. Together, our findings reveal a
functional interaction between ESCO1 and ESCO2 in sup-
porting centromere integrity and chromosome segrega-
tion via mechanisms that do not singularly rely on
cohesin acetylation at K105 and K106 and identify a role
of vertebrate ESCO1/2 in interphase chromosome territo-
ry organization.

Results

ESCO2, but not ESCO1, is critical for proliferation
and centromere integrity

We previously established ESCO2 knockout cell lines in
DT40 cells (Abe et al. 2016). To generate DT40 cell lines
deleted for ESCO1, we designed knockout constructs
that delete most of the catalytic domain of ESCO1 (Fig.
1A). The chicken ESCO1 gene is located on chromosome
2, which is present in three copies in DT40 cells. We ver-
ified the correct establishment of ESCO1−/−/− strains by
RT–PCR (Fig. 1B). In contrast to ESCO2−/− cells that are
characterized by severe growth defects (see also Abe
et al. 2016), the proliferation rate of ESCO1−/−/− mutants
was similar to that of wild-type cells (Fig. 1C).
Both human ESCO1 and ESCO2 contribute to SCC and

have acetyltransferase activities in vitro (Hou and Zou
2005). However, in human cells, ESCO1 is more impor-
tant for SMC3 acetylation at K105 and K106 residues,
judging from the effects of inactivating ESCO1 and
ESCO2 with siRNA (Zhang et al. 2008), possibly due to
the fact that ESCO1-mediated acetylation occurs also out-
side of the DNA replication window (Minamino et al.
2015). To address the situation in DT40, we next moni-
tored acetylated SMC3 (Ac-SMC3) versus total SMC3 in
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the established esco1 and esco2 knockout cell lines. The
Ac-SMC3 level was decreased in both mutants, but the
decrease was more pronounced in ESCO1−/−/− cells than
in ESCO2−/− cells (Fig. 1D).

We next examined metaphase spreads of ESCO1−/−/−

and ESCO2−/− cells to score for cohesion defects. As re-

ported previously (Stephan et al. 2011; Era et al. 2012;
Abe et al. 2016), a high fraction of metaphases in wild-
type DT40 cells has well-cohered tight chromosomes
(Fig. 1E, type I). Only 5%–25% of wild-type metaphase
cells have chromosomes in which the arms are slightly
apart, a phenotype scored as a chromosome arm

Figure 1. ESCO2, but not ESCO1, is critical for proliferation and centromere integrity. (A) Schematic representation of the ESCO1 gene
locus and gene targeting knockout construct. (Closed boxes) Exons; (Marker) drug resistance genes; (gray box) the sequence encoding the
acetyltransferase domain of ESCO1. (B) RT–PCR. Disruption of the ESCO1 genewas ultimately verified by RT–PCR using an ESCO1-spe-
cific primer set. The ESCO2 gene was used as a control. (C ) Growth curves of the indicated cell lines. Cells (1 × 105) of the indicated ge-
notypeswere inoculated in 1mLofmedium, counted, and passaged every 24 h. (D) The SMC3-K105, K106 acetylation levelwasmeasured.
Whole-cell lysates were prepared from cells of the indicated genotypes. Acetylated SMC3, SMC3, and PCNA (loading control) were de-
tected by Western blotting. (E) Chromosomes from metaphase spreads were classified into three groups, and >100 metaphase cells
were analyzed for each genotype. The results of two independent experiments are plotted. (F ) Metaphase spread samples were prepared
by the cytospin method after incubation with 100 ng/mL colcemid for 1 h. The distances between CENP-T signals were measured for
>400 chromosomes. The same trend was confirmed from an independent biological experiment. P-values were calculated by Student’s
t-test.
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SCC defect (Fig. 1E, type II). Notably, 70%–90% of
ESCO1−/−/− and ESCO2−/− metaphases showed chromo-
somes with arm cohesion defects of type II. Moreover, a
small fraction of metaphases in esco1 and esco2 cells
had also severe cohesion defects of type III, with chromo-
somes separated also at centromeres (Fig. 1E). Thus, both
ESCO1 and ESCO2 significantly contribute to chromo-
some arm SCC in nonredundant ways, consistent with
previous observations in human cells (Hou and Zou
2005). Importantly, however, the proliferation defect of
ESCO2−/− (Fig. 1C) does not correlatewith SMC3 acetyla-
tion or chromosome arm SCC defects, which were more
pronounced in ESCO1−/−/− cells than in ESCO2−/− cells
(Fig. 1D,E).
Next, we analyzed whether centromeric sister chroma-

tid separation is more severe in ESCO2−/− cells than in
ESCO1−/−/− cells. To do so, we measured the distance be-
tween CENP-T signals marking the sister centromeres in
metaphase spreadcells (Fig. 1F; seeAbeet al. 2016).Theav-
eragedistancebetweenCENP-Tsignalswasverysimilar in
wild-type and ESCO1−/−/− cells but was increased in
ESCO2−/−mutants (Fig. 1F), suggesting thatESCO2specif-
ically engenders centromeric sister chromatid proximity.
Previously, we found synthetic lethality between a

hypomorphic ESCO2 mutant that mimics a relatively
common mutation, W539G, found in RBS patients
(ESCO2−/W615G) and conditional inactivation of DDX11,
which is mutated in another cohesinopathy known as
the Warsaw breakage syndrome (see below; Abe et al.
2016). The synthetic lethality of ESCO2−/W615G ddx11
was associated with inner centromere dysfunction and
chromosome missegregation (Abe et al. 2016). We ad-
dressedwhether, similarly to the esco2-W615Gmutation,
which does not have proliferation and centromere defects
on its own (Abe et al. 2016), ESCO1 ablation may affect
centromere function in a subtle way that could be
exposed when DDX11 was concomitantly inactivated.
However, differently from the esco2-W615G mutation,
the ESCO1−/−/− mutation did not severely aggravate the
proliferation of DDX11−/− cells (Supplemental Fig. S1A),
substantiating the notion of different physiological contri-
butions of ESCO1 and ESCO2 to centromeric structure/
cohesion.
Altogether, the results show that both ESCO1 and

ESCO2 contribute to chromosome arm SCC, but ESCO2
is key for centromere function. Moreover, the correlation
between centromeric sister chromatid separation and pro-
liferation defects in ESCO2−/− cells indicates that the for-
mer may underlie the latter, a hypothesis further
corroborated by this study (see below).

Combined deficiency in ESCO1 and ESCO2 causes
lethality

To further examine the genetic relationship between
ESCO1 and ESCO2, we generated ESCO1−/−/−

ESCO2−/3AID6Flag conditional cells in which the ESCO2
protein can be down-regulated by addition of Auxin. To
establish these cell lines, we followed the procedure de-
scribed in Figure 2A. Briefly, we expelled the markers in

ESCO1−/−/− cells by the action of tamoxifen-induced
Cre, disrupted the first allele of the ESCO2 gene, added
a 3AID-6Flag tag to the second allele of ESCO2 (Kobayashi
et al. 2015), and expressed TIR1-9myc, which is required
for the degradation of AID-tagged substrates. After Auxin
addition, the ESCO2-3AID-6Flag protein disappeared
within 3 h (Fig. 2B). The levels of Ac-SMC3, already
strongly impaired in ESCO1−/−/− ESCO2−/3AID6Flag due
to the absence of ESCO1 and only half levels of ESCO2,
strongly declined 3 h after Auxin treatment (Fig. 2B). The
proliferation of conditionally inactivated ESCO1−/−/−

ESCO2−/3AID6Flag (esco1 esco2) cells was severely im-
paired, with cells stopping to proliferate 12 h after Auxin
addition (Fig. 2C). Notably, ESCO1−/−/− ESCO2−/3AID6Flag

cells treatedwithAuxin showed a strong increase inmeta-
phases exhibiting centromeric separation defects (type III),
observed with only low frequency in ESCO2

−/−
and

ESCO1−/−/− cells (Fig. 2D). This increase in cells with sep-
arated centromeres was also accompanied by an increased
percentage of anaphase cells with lagging chromosomes,
marked by CENP-T signals lagging between the two sepa-
rating DAPI-stained DNA bundles (Fig. 2E). Thus, ESCO1
and ESCO2 act jointly to support centromere function and
proliferation, with ESCO2 being more important in this
regard.

Proliferation and centromeric SCC defects of esco2 cells
are compensated for by ESCO1 overexpression

Since ESCO2−/− cells have severe growth defects (Fig. 1C;
Abe et al. 2016), we asked whether increasing the expres-
sion level of ESCO1 would compensate for ESCO2 loss.
To address this possibility, we overexpressed ESCO1-
Flag in ESCO2−/− cells. The levels of ESCO1-Flag
(expressed from the chicken β-actin promoter) in two se-
lected ESCO2−/− clones were fivefold and 10-fold the en-
dogenous levels of ESCO1 in wild-type and ESCO2−/−

cells, respectively (Fig. 3A). These levels of ESCO1-Flag
overexpression proportionally increased the levels of Ac-
SMC3 in ESCO2−/− cells above wild-type levels (Fig.
3B), and both fully suppressed the proliferation defects
of ESCO2−/− cells (Fig. 3C, note overlap in the growth
curves of the two tested ESCO2−/− clones overexpressing
ESCO1). As the results in Figure 1 indicated similar trends
in the proliferation and centromeric separation defects
of ESCO2−/− cells (Fig. 1C,F), we addressed whether
ESCO1 overexpression also suppresses the centromeric
separation defect of ESCO2−/− cells. This was indeed the
case (Fig. 3D).
To test whether ESCO1 overexpression can also sup-

press the synthetic lethality between ESCO2−/W615G and
DDX11 shutoff (induced by addition of doxycycline
[Dox] to ESCO2−/W615G cell lines expressing Tet-off-
DDX11), similarly to its effect in ESCO2−/− cells (Fig.
3C), we overexpressed ESCO1-Flag in ESCO2−/W615G

Tet-off-DDX11 cells. We selected two clones overexpress-
ing ESCO1-Flag (Supplemental Fig. S1B) and used them
for further assays. Notably, both the lethality and the
high frequency of lagging chromosomes in ESCO2−/W615G
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DDX11−/− anaphase cells (Fig. 3E,F) were suppressed by
ESCO1-Flag overexpression.

Wenext testedwhether the effect of ESCO1 overexpres-
sion is specific to esco2 mutations (i.e., ESCO2−/− and
ESCO2−/W615G) or also bypasses the SCC defects caused
byDDX11 dysfunction.Notably, ESCO1-Flag overexpres-
sion did not compensate for the SCC defects of ddx11
cells (Supplemental Fig. S1C,D). Thus, the cohesion
defect of DDX11−/− cells is not associated with a robust
defect in SMC3 acetylation (Abe et al. 2016) or rescued
by genetic alterations that cause increased levels of Ac-
SMC3.

The above results raised interest regarding whether
high levels of ESCO1 can suppress specifically centro-
mere-related phenotypes associated with ESCO2 dysfunc-
tion (Fig. 3C–F) or also compensate for arm SCC defects in
esco2 mutants. ESCO1 overexpression only partly sup-

pressed the chromosome arm cohesion defects of
ESCO2−/− cells (Fig. 3G), and this may be caused by the
restoration of centromeric sister chromatid proximity
(see Fig. 3D). Altogether, the results indicate a functional
interaction between ESCO1 and ESCO2 in supporting pro-
liferation and centromere function and reveal that the pro-
liferation and chromosome arm SCC functions of ESCO1/
2 are at least partly uncoupled from each other and from
cohesin acetylation.

SMC3-K105, K106 acetylation is not singularly
responsible for ESCO1’s and ESCO2’s roles in
proliferation

As SMC3 is the most studied and discussed target of
ESCO1/2 (Minamino et al. 2015; Ladurner et al. 2016),
we next sought to address the effects of defective or

Figure 2. Combined deficiency in ESCO1 and ESCO2 causes lethality. (A) Scheme of the conditional doublemutant’s establishment. (B)
Depletion of the ESCO2-3AID-6Flag protein and measurement of Ac-SMC3, SMC3, and α-tubulin (loading control) by immunoblotting.
The results were confirmed with lysates from an independent biological experiment. (C ) Growth curves. Cells (1 × 105) of the indicated
genotypes were inoculated in 1 mL of medium, counted, and passaged every 12 h. Auxin (500 µM final) was added at time 0 as required.
(D) Chromosomes from metaphase spreads were analyzed as in Figure 1E. Auxin (500 µM final) was added 6 h before cell collection and
analysis. (E) Lagging chromosomes in anaphase cells. At least 50 anaphase cells were analyzed for each experiment. The results of two
independent experiments are plotted. Auxin (500 µM final) was added 6 h before cell collection.
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constitutive acetylation of SMC3 at the conserved K105,
K106 sites on proliferation and SCC. Acetyl-mimicking
mutations of K105 andK106 sites of SMC3 reduce cohesin
mobility (Ladurner et al. 2016), but whether SMC3 acety-
lation underlies the essential function of ESCO1 and
ESCO2 in proliferation (see Fig. 2C) and whether that es-
sential function is linked to SCC are not known. To exam-
ine this issue, we introduced the SMC3K105QK106Q/−

(SMC3QQ/−) mutation in ESCO1−/−/− ESCO2−/3AID6Flag

cell lines. To achieve this, we first knocked in the
K105Q, K106Q (QQ) mutations on one allele of SMC3
(see Supplemental Fig. S2A for the SMC3 knock-in con-
struct) in ESCO1−/−/− ESCO2−/3AID6Flag cells (Fig. 4A).
Next, we removed the marker cassette used for knock-in
of SMC3-QQ by inducing the Cre recombinase with ta-
moxifen (Fig. 4A; Supplemental Fig. S2A). Subsequently,
we knocked out the second allele of SMC3 using a vector
that disrupts the first two exons of SMC3 (Supplemental
Fig. S2A) to obtain ESCO1−/−/− ESCO2−/3AID6Flag

SMC3QQ/− cell lines (Fig. 4A). The mutations introduced
in SMC3were checked by cDNA sequencing (Supplemen-
tal Fig. S2B) and Western blotting, as the SMC3-QQ vari-

ant is not recognized by the antibody against Ac-SMC3
(Supplemental Fig. S2C).
Notably, the smc3-QQ acetyl-mimicking mutation did

not suppress the conditional lethality, SCC defects, or in-
creased frequency of lagging chromosomes of esco1 esco2
cells (Fig. 4B–D). Thus, the essential function performed
jointly by ESCO1 and ESCO2 in proliferation and chromo-
some segregation cannot be singularly attributed to SMC3
acetylation at K105, K106.

SMC3-K105, K106 acetylation is not essential for SCC
and cellular proliferation

Because ESCO1 is key in mediating acetylation at K105
and K106 residues on SMC3 (Fig. 1D; Zhang et al. 2008;
Minamino et al. 2015) and because ESCO1−/−/− cells fea-
ture chromosome arm cohesion defects (Fig. 1E), we next
asked whether the smc3-QQ mutation suppresses the
SCC defects of esco1 mutant cells. We established esco1
smc3-QQ cell lines using a strategy similar to that men-
tioned above (see Fig. 4A) but starting from ESCO1−/−/−

cells. We observed that the double-mutant esco1 smc3-

Figure 3. Proliferation and centromeric separation defects of esco2 cells are compensated for by ESCO1 overexpression. (A) ESCO1
mRNA levels were measured by quantitative PCR. (B) ESCO1-Flag protein level and the acetylation level of SMC3 were measured by
Western blotting. (C ) Growth curves are as in Figure 1C. (D) The distances between CENP-T signals were measured for >400 chromo-
somes, as in Figure 1F. (E) Growth curves are as in Figure 1C. Doxycycline (Dox; 1 µg/mL final) was added at time 0, when indicated.
(F ) The measurement of lagging chromosomes in anaphase cells was as in Figure 2E. Dox was added 24 h before sample collection, as in-
dicated. (G) Chromosomes frommetaphase spreads were analyzed for cohesion defects following the classification procedure outlined in
Figure 1E.
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QQ had cohesion defects very similar to those of esco1
cells (Fig. 4E), indicating that SMC3 acetylation is not crit-
ical for the ESCO1 function in SCC.

Next, we decided to address the effects of mimicking
acetylation or loss of acetylation at K105, K106 residues
of SMC3 on proliferation and SCC when expressed as
the sole sources of SMC3. To do so, we established
SMC3−/3AID6Flag cells (see Supplemental Figs. S2A [for

the SMC3 knockout construct], S3A,B [for SMC3-AID de-
pletion’s effect on cellular proliferation and depletion effi-
ciency]). Next, we individually expressed in conditional
SMC3−/3AID6Flag cells different SMC3 variants—wild-
type SMC3; ATPase-defective SMC3-K38I; acetylation-
defective SMC3 variants K105R, K106R (RR) and SMC3
K105A, K106A (AA), and the acetylation-mimicking
SMC3-QQ—as single sources of SMC3. After Auxin

Figure 4. SMC3-K105, K106 acetylation is not singularly responsible for ESCO1’s and ESCO2’s roles in proliferation. (A) Scheme of the
steps involved in establishing conditional ESCO1−/−/− ESCO2−/AID SMC3−/QQ. (B) Chromosomes frommetaphase spreadswere analyzed
for cohesion defects as outlined in Figure 1E. Auxin (500 µM final) was added 6 h before sample collection. (C ) Growth curves are as in
Figure 2C. Auxin was added at time 0, when indicated. (D) The measurement of lagging chromosomes in anaphase cells was as in Figure
2E. Auxin (500 µM final) was added 6 h before cell collection. (E) Chromosomes frommetaphase spreads were analyzed for cohesion de-
fects as outlined in Figure 1E. (F ) Growth curves are as in Figure 2C. Auxin was added at time 0, when indicated. (G) Chromosomes from
metaphase spreadswere analyzed for cohesion defects as outlined in Figure 1E. Type IV indicates chromosomes with fully separated sister
chromatids. Auxin was added 6 h before sample collection.

Kawasumi et al.

2142 GENES & DEVELOPMENT

http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.306084.117/-/DC1


addition, SMC3−/3AID6Flag cells showed severe SCC and
proliferation defects (Supplemental Fig. S3A) in the
same range as RAD21-deficient cells (Sonoda et al.
2001), confirming that the SMC3-AID allele that we es-
tablished is functional in the absence of Auxin and is effi-
ciently inactivated by addition of Auxin. The SMC3
expression constructs randomly integrated in the genome
had an HA tag for convenient detection and were ex-
pressed from a β-actin promoter. Importantly, exogenous-
ly expressed wild-type SMC3-HA—but not an ATPase-
dead mutant of SMC3 (SMC3-K38I) previously shown
to be required for viability (Elbatsh et al. 2016)—com-
pensated for the proliferation defects of Auxin-treated
SMC3−/3AID6Flag cells (Supplemental Fig. S3A). The over-
all levels of SMC3-K38I-HA were similar to the ones of
wild-type SMC3-HA (Supplemental Fig. S3B).
Next, we compared the effects of expressing HA-tagged

SMC3 wild-type, ATPase-dead K38I, acetylation-defec-
tive RR and AA, and acetyl-mimicking QQ variants in
SMC3−/3AID6Flag cells. The expression levels of all of these
variants were similar to the wild-type and K38I variants
(Supplemental Fig. S3B). Notably, expression of QQ, RR,
and AA variants restored the viability and SCC of Aux-
in-treated SMC3−/3AID6Flag cells to the same degree as ex-
pression of the wild-type SMC3 construct (Fig. 4F,G).
These results suggest that SMC3 acetylation at K105,
K106 is not essential for proliferation in vertebrate cells
(as both smc3-RR and smc3-AA cells are viable differently
from smc3-K38I) or for SCC. Taken together with our pre-
vious results on the lack of effect of the smc3-QQ muta-
tion in esco1 and esco1 esco2 cells, we conclude that
ESCO1/2’s essential functions either are manifested inde-
pendently of SMC3 acetylation at K105, K106 or at the
very least involve additional substrates besides the K105
and K106 sites of SMC3.

Cohesin release and sister chromatid separation in esco1
esco2 cells are suppressed by depletion of WAPL

Cohesin acetylation by ESCO1/2 is thought to promote
SCC and proliferation by preventing WAPL-mediated re-
moval of cohesin (Rowland et al. 2009; Sutani et al.
2009; Ladurner et al. 2016). With the newly established
tools and cell lines, we sought to address the relationship
between ESCO1/2-mediated events in cellular prolifera-
tion andWAPL function. BecauseWAPL knockout causes
severe growth defects in mammalian cells (Tedeschi et al.
2013), we established a conditionalwaplmutant. To these
ends, we replaced one allele of WAPL with a knockout
construct (Supplemental Fig. S4A) and tagged the second
WAPL allele with a 3AID-6Flag tag in both wild-type
and esco1 esco2 conditional cells expressing TIR1 (Fig.
5A). No growth defects were observed in conditional
wapl and esco1 esco2 wapl cells without Auxin. After
Auxin addition, WAPL-3AID-6Flag and ESCO2-3AID-
6Flag protein levels were strongly reduced (Fig. 5B). The
metaphase chromosomes of wapl conditional cells re-
vealed strongly cohered unseparated prometaphase-like
chromosomes (Fig. 5C), in line with previous reports in
other model systems (Gandhi et al. 2006; Tedeschi et al.

2013). This phenotype of strongly cohered unseparated
chromosomes was also observed in conditional esco1
esco2 wapl cells, as expected (Fig. 5C).
The “unseparated” chromosome phenotype observed

in the absence of WAPL most likely indicates persistent
cohesin association to chromosomes (Tedeschi et al.
2013). To verify this, we immunostained cohesin (SMC3)
in metaphase spreads. While cohesin was not visible in
control cell lines (WAPL−/AID),WAPLdepletionwithAux-
in caused SMC3 persistence along chromosomes in both
wild-type and esco1 esco2 backgrounds (Fig. 5D). To ad-
dresswhether theunseparated chromosomes inWAPL-de-
pleted cells are indeed caused by cohesin persistence, we
next established SMC3−/3AID6Flag WAPL−/3AID6Flag cells.
Six hours after addition of Auxin, both SMC3-3AID-
6Flag and WAPL-3AID-6Flag were degraded (Supplemen-
tal Fig. S4B). In these conditions, the “unseparated” chro-
mosome phenotype of wapl mutants fully depended on
cohesin (Supplemental Fig. S4C), in agreementwith previ-
ous findings inMEFs (Tedeschi et al. 2013).Altogether, the
results indicate that in the absence of WAPL, cohesin per-
sists onmetaphase chromosomes regardless of its acetylat-
ed state at K105, K106 and the ESCO1/2 function.

The proliferation and chromosome segregation defects
of the esco1 esco2 double mutant are enhanced
by WAPL depletion

We next addressed whether the persistence of cohesin on
metaphase chromosomes caused by WAPL depletion res-
cues the lethality of the esco1 esco2 doublemutant. Nota-
bly, the proliferation defect of esco1 esco2 cells was
strongly exacerbated by coincident WAPL depletion and
not rescued to the level of the wapl mutant, which dis-
played onlymild growth defects (Fig. 5E). To gainmore in-
sight in the fast lethality of esco1 esco2 wapl cells, we
assessed cell cycle distribution in these mutants versus
control cell lines (Fig. 5F). We observed that esco1 esco2
wapl cells are largely in S phase 6 h after Auxin addition,
similar to controlwapl and esco1 esco2 cells. However, af-
ter completion of the S phase, esco1 esco2 wapl cells ar-
rested in G2/M and did not cycle further (Fig. 5F),
suggesting that problems arise during the first mitosis
whenWAPL and ESCO1/2 are concomitantly inactivated.
To examine this hypothesis and gain insight into the

underlying molecular events, we assessed for chromo-
some missegregation defects in esco1 esco2 cells in the
presence or absence of WAPL, the latter induced by 6 h
of Auxin treatment (Fig. 5G). esco1 esco2 cells had an in-
crease in lagging chromosomes (scored by the CENP-T
dots present between the separating nuclear DNA bun-
dles), a trend observed previously in other mutants suffer-
ing from increased centromeric sister chromatid
separation (Figs. 2E, 5G; Abe et al. 2016). Lagging chromo-
somes were not observed in wapl cells, which were in-
stead characterized by increased frequency in
chromosome bridges (Fig. 5G), in line with previous re-
ports (Haarhuis et al. 2013; Tedeschi et al. 2013). Notably,
esco1 esco2 wapl cells had a new and different phenotype
compared with esco1 esco2 and wapl mutants.
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Specifically, ∼20% of esco1 esco2 wapl anaphase cells
were characterized by the concomitant presence of lag-
ging chromosomes and chromosome bridges (Fig. 5G).
We posit that the coincident presence of lagging chromo-

somes and bridges in esco1 esco2 wapl cells leads to cata-
strophic mitosis and faster cell death than the
occasionally induced aneuploidy caused by lagging chro-
mosomes in esco1 esco2 cells.

Figure 5. Cohesin release in esco1 esco2 cells is suppressed by depletion of WAPL but is associated withmitotic arrest and chromosome
missegregation. (A) Scheme of the steps involved in establishing the ESCO1−/−/− ESCO2−/AID WAPL−/AID triple conditional mutant. (B)
Depletion of ESCO2-3AID-6Flag protein andWAPL-3AID-6Flag protein was confirmed byWestern blotting. Similar trends were observed
in three independent experiments. (C ) Chromosomes frommetaphase spreads were classified in four groups (see images for the new type
IV [unseparated]) (Fig. 1E), and >100 metaphase cells were analyzed for each genotype. The results of two independent experiments are
plotted. Auxin (500 µM final) was added 6 h before cell collection, when indicated. (D) Immunostaining using the anti-Smc3 antibody
and DAPI. After incubation with 100 ng/mL colcemid for 1 h, metaphase spread samples were prepared by the cytospin method (Abe
et al. 2016). (E) Growth curves are as in Figure 2C. (F ) Cell cycle progression for the indicated cell lines was analyzed by propidium iodide
staining. Samples were taken at indicated time points. Auxin was added at time point 0. (G) Chromosome bridges and missegregation in
anaphase. At least 50 cells for the anaphase plot were analyzed for each experiment. The results of two independent experiments are plot-
ted. The experiments were performed as in Figure 2E. Auxin (500 µM final) was added 6 h before cell collection.
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ESCO1/2 mediate the organization of interphase
chromosome territories

WAPL is important for the organization of cohesin-de-
fined chromosome territories, as observed in post-mitotic
MEFs and haploid human cell lines mutated in WAPL
(Tedeschi et al. 2013; Busslinger et al. 2017; Haarhuis
et al. 2017). When we analyzed the pattern of cohesin
staining in DT40 interphase cells (6 h after WAPL deple-
tion) (see Fig. 5F), we did not observe very strong compac-
tion·—described previously as “vermicelli”—in post-
mitotic MEFs lacking WAPL (Tedeschi et al. 2013), al-
though increased granularity was evident (Fig. 6A). To ad-
dress whether this may be caused by the incomplete
depletion of WAPL achieved with our WAPL-AID system,
we established a Tet-off–WAPL construct (Supplemental
Fig. S5A). WAPL shutoff cells were still viable, likely per-
mitted by the p53-deficient status of DT40 cells (Abe and
Branzei 2014), but did not lead to a typical “vermicelli”
phenotype (Supplemental Fig. S5B) as initially described
in post-mitotic MEFs. Recently, U2OS cells deficient in
WAPLwere also reported to lack a clear vermicelli pheno-
type (Rhodes et al. 2017). These differences are likely
caused at least in part by the fact that DT40 and U2OS
cells are dividing cells, and cohesin spends less time on
chromatin before its removal by separase. We conclude
that distinct model systems lead to differently appearing
chromosome territories, the morphology of which may
also vary based on the cohesin subunit that is analyzed
(SMC3 here vs. SCC1 in previous studies) (Tedeschi
et al. 2013; Busslinger et al. 2017; Haarhuis et al. 2017).
Considering the additive effects of wapl and esco1/2

mutations on proliferation (Fig. 5E), we next examined
the appearance of interphase chromosome territories re-
vealed by SMC3 staining in esco1 esco2 wapl cells versus
control cell lines. We found an increased cohesin signal
with a granular aspect inwaplmutants and a reduced, dif-
fused signal for cohesin in esco1 esco2 cells as compared
with WAPL−/AID control cells (Fig. 6A). Strikingly, a dif-
ferent pattern was observed in esco1 esco2 wapl cells in
which the SMC3 staining resembled a brain-like pattern
(Fig. 6A; Supplemental Fig. S5B, note similar trends in
multiple nuclei). To address whether the cohesin staining
pattern is relevant for DNA/chromatin territories, we cal-
culated the maxima and minima of DNA and cohesin in-
tensities across singular nuclei for wapl and esco1 eso2
wapl cells (Fig. 6B). In both cases, there was a general
match, with nearly complete overlap between DNA and
cohesin intensities in esco1 esco2 wapl cells, thus corrob-
orating the notion that cohesin staining is a good readout
for interphase chromatin territories.
To have a better view of the differences among various

cell lines, we also used superresolution stimulated emis-
sion depletion (STED) microscopy (Fig. 6C). The results
confirmed our previous observation that simultaneous
loss of ESCO1 and ESCO2 affects interphase chromatin
organization in wapl mutants, causing a different pattern
of cohesin staining on chromatin. The altered interphase
chromosome territories are likely to be associated with
a different pattern of gene expression. To address this,

we analyzed by RNA sequencing (RNA-seq) the gene ex-
pression pattern in wild-type, esco1 esco2, wapl, and
esco1 esco2 wapl after treatment of cells with Auxin for
6 h. Marked differences were found between the different
genotypes (Supplemental Fig. S6A). These data reveal im-
portant roles for both ESCO1/2 andWAPL in gene expres-
sion regulation (Supplemental Fig. S6A–C). Taken
together, these results indicate that ESCO1/2-mediated
events contribute to the formation/architecture of inter-
phase chromosome territories, which subsequently affect
gene expression.

ESCO1/2 negatively regulates cohesin association to
interphase chromatin

We next asked whether the organization of interphase
chromosome territories is influenced by the amount of
cohesin bound to chromatin and/or its binding state. Dif-
ferent pools of cohesin binding have been described, with
cohesin bound in G1 being more loosely associated with
chromatin, whereas the acetylated cohesin was bound
longer to chromatin and was resistant to removal by
WAPL (Ladurner et al. 2016; Rhodes et al. 2017). We per-
formed chromatin fractionation experiments using syn-
chronously growing cells treated with Auxin for 6 h and
enriched in interphase (see Fig. 5F). These experiments re-
vealed that more cohesin is associated with interphase
chromatin in esco1 esco2 wapl cells compared with
wild-type, esco1 esco2, and wapl cells, but there were no
statistically significant differences between wapl and
esco1 esco2 wapl cells in regard to the overall amount of
bound cohesin (Supplemental Fig. S7A). As expected, the
Ac-Smc3 levels were strongly reduced in esco1 esco2
and esco1 esco2 wapl cells (Supplemental Fig. S7B). More-
over, in wapl cells, the amount of Ac-Smc3 versus total
Smc3 on chromatinwas strongly increased (Supplemental
Fig. S7C), in linewith previously proposedmodels of cohe-
sin removal (Ladurner et al. 2016).
Next, we immunostained cohesin in interphase nuclei

in the absence or presence of nuclear membrane-permea-
bilizing treatment with detergent (Fig. 7). In the absence
of nuclear membrane permeabilization, both nucleoplas-
mic cohesin and chromatin-bound cohesin were visual-
ized, whereas nuclear permeabilization with Triton X-
100 led to the washout of the free nucleoplasmic cohesin
pool, allowing one to observe the differences in the chro-
matin binding of cohesin in the different backgrounds an-
alyzed. Using the first procedure, no differences in the
normalized SMC3 intensities were observed among dif-
ferent genotypes and between wapl and esco1 esco2
wapl (Fig. 7A–C). On the other hand, for the second ap-
proach, a statistically significant increase in cohesin in-
tensity was observed for wapl and esco1 esco2 wapl
compared with wild-type and esco1/2 and, importantly,
in esco1 esco2 wapl compared with wapl (Fig. 7D–F), fol-
lowing the trend already observed in chromatin fraction-
ation studies (Supplemental Fig. S7A). As SMC3
acetylation is defective in esco1 esco2 wapl cells (differ-
ently from wapl) (Supplemental Fig. S7B) but the overall
intensity of chromatin-associated cohesin was increased
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Figure 6. ESCO1/2-mediated events are implicated in the organization of interphase chromosome territories. (A) Immunostaining using
the anti-SMC3 antibody andDAPI. Sampleswere prepared by the cytospinmethod. After the centrifugation, cells were fixedwith 4%PFA
in PBS containing 0.1%TritonX-100.Auxin (500 µM final) was added 6 h before sample collection. (B) DAPI and immunostainingwith the
anti-SMC3 antibody following nuclear membrane permeabilization. Samples were prepared by the cytospin method. Before the centrifu-
gation, cells were treated with 0.3% Triton X-100 for 5 min. Auxin (500 µM final) was added 6 h before sample collection. The signal in-
tensities versus distance along the indicated line, A to B, were plotted using ImageJ’s analytical functions. For merged graphs, each signal
intensity was normalized to the mean, and normalized intensities versus micrometer were plotted. Auxin (500 µM final) was added 6 h
before sample collection. (C ) Immunostaining using an anti-SMC3 antibody and DAPI. Images were taken by stimulated emission deple-
tion (STED)microscopy. Sampleswere prepared by the cytospinmethod as inA. Auxin (500 µM final) was added 6 h before cell collection.
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in esco1 esco2 wapl cells versus wapl (Fig. 7D–F), the re-
sults indicate that ESCO1/2 negatively regulates cohesin
association with chromatin in interphase, working in the
same direction as WAPL in this regard. This unexpected

result may explain in part the synthetic phenotype be-
tween ESCO1/2 andWAPL depletion in regard to prolifer-
ation and opens the path for research to understand
ESCO1/2’s functions in negatively regulating cohesin

Figure 7. Cohesin binding to interphase
chromatin is negatively regulated by
ESCO1/2. Immunostaining using the anti-
SMC3 antibody andDAPIwithout (A) or fol-
lowing (D) nuclear membrane permeabiliza-
tion to allow visualization of cohesin in
nuclei (A) or cohesin bound on chromatin
(D). Auxin (500 µM final) was added 6 h be-
fore sample collection. (B,E) The nucleic
area was defined by the DAPI signal. The
SMC3 signals that overlapped with DAPI
signals were measured and normalized to
the SMC3 signal intensity in wild type and
then plotted for individual representative
experiments in which >100 nuclei were ex-
amined for each condition. (Middle line)
Median; (box) 25th and 75th percentiles;
(bars) 5th and 95th percentiles. (C,F ) The
median values of three independent experi-
ments were averaged, and plotted. P-values
were calculated by Student’s t-test. (∗) P <
0.05; (∗∗) P < 0.01.
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binding and allowing proper chromatin territory organiza-
tion in interphase.

Discussion

ESCO1 and ESCO2 acetyltransferases are required for
genome integrity and human development. Both ESCO1
and ESCO2 can acetylate SMC3 at evolutionarily con-
served sites, but the common and differential functions
of ESCO1/2 in different chromosomemetabolism settings
and the contribution of SMC3 acetylation remain largely
unknown. Using conditional depletion of factors and
knock-in/knockout of genes, we established DT40 cell
lineswithmultiple conditional knockout and pointmuta-
tions in cohesin-related genes and regulators. With these
tools at hand, we uncovered a hitherto unknown role for
ESCO1/ESCO2 in interphase chromatin structure organi-
zation and revealed functional interaction and separation-
of-function roles for ESCO1 and ESCO2 in centromeric in-
tegrity and somatic cell proliferation.

Notably, we identified key roles for ESCO2 in sup-
porting centromeric sister chromatid proximity and prolif-
eration, with these functions being at least in part
uncoupled from its roles in supporting chromosome arm
SCC. The function of ESCO2 in centromere integrity and
proliferation can be fully overtaken by high levels of
ESCO1, whereas the chromosome arm SCC defects of
esco2 are only in part suppressed by ESCO1 overexpres-
sion. Regarding to what extent SMC3 acetylation, which
is induced by ESCO1 overexpression, is responsible for
the above-mentioned events, we found that the acetyl-
mimicking smc3-QQmutation did not rescue the lethali-
ty and SCCdefects of esco1 esco2 cells or the chromosome
arm SCC defects of esco1 cells. Moreover, SMC3 acetyla-
tion was dispensable for the ability of cells conditionally
depleted for cohesin (SMC3) to proliferate and maintain
centromere proximity. These results indicate that SMC3
acetylation at K105, K106 is not singularly responsible
for ESCO1/2’s essential roles in proliferation and centro-
mere integrity.

An intriguing question is why organisms increased the
number of cohesin acetyltransferases during evolution. It
was reported that the protein level of ESCO1 is constant
during the cell cycle, while the expression of ESCO2peaks
up in SphasewhenSCC is established (Hou andZou2005).
Moreover, ESCO1-mediated acetylation of SMC3 depends
on PDS5 and is independent of DNA replication (Mina-
mino et al. 2015). It is possible that cells need more
ESCO1/2 acetyltransferase activity in S/G2phase to estab-
lish andmaintain cohesion and promote sister chromatid-
mediated recombination repair, especially in late replicat-
ing or difficult to replicate regions such as centromeres,
which appear to be very sensitive to replication stress
(Abe et al. 2016). As repetitive regions are more abundant
in vertebrate genomes, we posit thatmultiple cohesin ace-
tyltransferases evolved to optimally handleDNAmetabo-
lismprocesses associatedwith the replicationof these loci.

It is important to understand whether the essential
functions of ESCO1/2 are related to regulation of SCC or

regulation of other chromosomal structural processes re-
lying on cohesin. In DT40 cells, the smc3-QQ mutation
did not suppress the lethality, chromosome segregation,
and centromeric separation defects of esco1 esco2 cells
or the chromosome arm cohesion defects of esco1.We rea-
soned that ESCO1/2 might be essential to stabilize cohe-
sin on chromosomes, for instance, by preventing its
removal by WAPL (Rudra and Skibbens 2013). The rescue
of eco1Δ lethality bywpl1Δ in budding yeast supports this
scenario (Rolef Ben-Shahar et al. 2008; Rowland et al.
2009). If the same were true in vertebrate cells, WAPL
depletion—which, in DT40 cells, causes only a mild pro-
liferation defect—should stabilize cohesin on chromo-
somes and suppress the lethality of esco1 esco2 cells.
We found the former proposition to be true but not the
latter.

Conversely from the initial prediction, the proliferation
defect of conditional esco1 esco2 cells was strongly exac-
erbated by WAPL depletion, and the triple mutant esco1
esco2 wapl had severe chromosome segregation defects
characterized by the unusual coincidence of chromosome
bridges and lagging chromosomes, whichmay explain the
fast lethality in these cells. Remarkably, in esco1 esco2
wapl mutants, the cohesin staining on interphase chro-
matin also revealed a different structure, similar, at a
glance, to the one reported by Tedeschi et al. (2013) in
G0-arrested MEFs or haploid human cells deleted for
WAPL (Haarhuis et al. 2017). Notably, this phenotype is
not observed in equivalent single wapl mutants in inter-
phase DT40 cells or in U2OS cells mutated for WAPL
(Rhodes et al. 2017). We suspect that these differences
are intrinsic to the chromatin organization features and
cohesin dynamics in proliferating versus G0-arrested
cell lines and may also be influenced by the cohesin sub-
unit detected and/or differences in the expression levels
of ESCO1/2 in different systems or cell cycle phases
(Tedeschi et al. 2013; Haarhuis et al. 2017). Although
the exact reasons behind these chromatin architectural di-
vergences are not known, the DT40 system used here al-
lowed us to uncover a role for ESCO1/2 in the
organization of interphase chromatin territories. Not sur-
prisingly, we observed profound differences in gene ex-
pression upon ESCO1/2 and WAPL depletion.

Exploring the mechanism and substrates of ESCO1/2
that regulate the binding of cohesin to chromatin and
the shaping of chromatin territories in interphase is an ex-
citing undertaking for future studies of chromosome
structure regulation.

Material and methods

The cell lines are listed in Supplemental Table S1. mRNA isola-
tion, RT–PCR, Western blotting, chromosome analysis, immu-
nofluorescence analysis, and cell cycle analysis were performed
as described (Abe et al. 2016). Plasmid construction and transfec-
tion are described in the Supplemental Material.

Immunofluorescence following nuclear membrane permeabilization

Cells were transferred tomicrotubes and incubated for 3min on
ice. Triton X-100 was added to a final concentration of 0.3%,
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incubated for 5 min on ice, and then spun onto slides with a
cytocentrifuge. This protocol was adapted from Neelsen et al.
(2013). The subsequent procedures were performed as described
(Abe et al. 2016).

Immunofluorescent images by superresolution microscopy (STED)

Cells were spun onto slideswith a cytocentrifuge and fixed by 4%
paraformaldehyde in PBS for 10 min at room temperature. Fixed
cells were then permeabilized by 0.5% Triton in PBS for 10 min
at room temperature, rinsed with 0.5% BSA, and incubated for
1 h at room temperature with the anti-SMC3 antibody (a gift
from Dr. Ana Losada, Spanish National Cancer Research Centre
[CNIO]) (Losada et al. 1998). Binding of primary antibody was
then detected with Atto674-conjugated goat anti-rabbit IgG
(Sigma) at an appropriate concentration in PBS/0.5% BSA. Chro-
mosomes and nuclei were counterstained with DAPI at 0.2 µg/
mL. Immunofluorescence images were collected with a 100×
NA 1.40 objective lens together with a filter wheel by SP8 confo-
cal microscopy equippedwith STED (Leica) at room temperature.
Subsequent analysis and processing of images were performed us-
ing LAS-X software (Leica) and ImageJ (National Institutes of
Health). All images were scaled and processed identically. Immu-
nofluorescence images were collected on a Leica TCS SP8 STED
3× superresolution microscope using the HC PL APO 100×/1.40
oil immersion objective. After acquisition, the images were
deconvolved with SVI Huygens Professional software.

Chromatin-binding assay

The chromatin-binding assay was performed using the subcellu-
lar protein fractionation kit for cultured cells (Thermo) according
to the manufacturer’s protocol.

Ion torrent library preparation and sequencing

Onemicrogramof total RNAwas polyA-selected using theDyna-
beads mRNA direct micropurification kit (Thermo) according to
manufacturer’s protocol. After polyA selection, RNA were used
to prepare strand-specific barcoded RNA libraries with Ion Total
RNA-seq kit version 2.0 (Thermo) following manufacturer’s pro-
tocol. The library qualities were checked by running on a BioAna-
lyzer HS DNA 2100, and the concentrations were determined
fromthe analysis profiles. Two bar-coded librarieswere pooled to-
gether on an equimolar basis and run using three PIv3 chips on an
Ion Torrent Proton using HiQ200 chemistry.

RNA-seq data bioinformatics analysis

Sequence reads were demultiplexed and processed for adapter
trimming by Ion Proton. These sequences were analyzed using
the CLC Genomics Workbench (Qiagen) as described previously
(Arakawa 2016). Briefly, the sequence reads were aligned with the
Ensemble chicken genome database (International Chicken Ge-
nome Sequencing Consortium 2004) using the RNA-seq analysis
toolbox with the alignment parameters of a length fraction of
80% and a similarity fraction of 80%. Expression levels of each
gene were normalized by reads per kilobase of exon model per
millionmapped reads (RPKM). The differentially expressed genes
between the different mutants were hierarchically clustered and
visualized as a heat map. The numbers of genes identified under
the parameters of a fold change of ≥1.5 and a false discovery rate
(FDR) P-value of ≤5% are displayed in Venn diagrams.

Data quantification and analysis

Signal intensities obtained in fluorescent microscopy experi-
ments were quantified using ImageJ. DAPI signal was used to se-
lect nuclei and measure the fluorescence intensity of target
proteins inside the nuclei. Quantifications were processed with
Microsoft Excel.
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