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Sister chromatids are tethered together by the cohesin complex from
the time they are made until their separation at anaphase. The ability
of cohesin to tether sister chromatids together depends on acetyla-
tion of its Smc3 subunit by members of the Eco1 family of cohesin
acetyltransferases. Vertebrates express two orthologs of Eco1, called
Esco1 and Esco2, both of which are capable of modifying Smc3, but
their relative contributions to sister chromatid cohesion are unknown.
We therefore set out to determine the precise contributions of Esco1
and Esco2 to cohesion in vertebrate cells. Herewe show that cohesion
establishment is critically dependent upon Esco2. Although most
Smc3 acetylation is Esco1 dependent, inactivation of the ESCO1 gene
has little effect on mitotic cohesion. The unique ability of Esco2 to
promote cohesion is mediated by sequences in the N terminus of the
protein. We propose that Esco1-dependent modification of Smc3 regu-
lates almost exclusively the noncohesive activities of cohesin, such as
DNA repair, transcriptional control, chromosome loop formation, and/or
stabilization. Collectively, our data indicate that Esco1 and Esco2 con-
tribute to distinct and separable activities of cohesin in vertebrate cells.

chromosome biology | sister chromatid cohesion | Esco enzymes | cell cycle

Cohesin is a multisubunit protein complex first identified
based on its role in tethering together sister chromatids in M

phase cells. Since that time, cohesin has also been shown to play
critical roles in certain kinds of DNA repair and, in higher eu-
karyotes, in chromosome structure. All of cohesin’s activities
depend on its ability to entrap or tether chromatin: in the case of
sister chromatid cohesion, cohesin tethers together the two
identical products of DNA replication as they emerge from the
replication fork; in its structural role, cohesin is proposed to
stabilize chromosome loops (1–5).
The stability of the interaction between cohesin and chro-

matin is controlled in part by acetylation of the head domain
of the Smc3 subunit of the complex. This acetylation inhibits opening
of the cohesin ring by the protein Wapl, thereby stabilizing cohesion
(6, 7). In budding yeast, cohesin is acetylated by the Eco1 acetyl-
transferase (8–10). Vertebrates express two related acetyltransferase
enzymes, called Esco1 and Esco2, but their relative contributions to
cohesin regulation are not clear. In embryonic extracts, the two Esco
enzymes are not functionally redundant. Depletion of Esco2
from Xenopus egg extracts results in loss of cohesion. Supple-
mentation of extracts with recombinant Esco1, which is not nor-
mally expressed in the early frog embryo, rescues Smc3 acetylation,
but does not restore sister chromatid tethering (11). In contrast,
some reports using cultured somatic cells have suggested that both
Esco1 and Esco2 contribute to sister chromatid cohesion, as si-
multaneous depletion of both enzymes resulted in cohesion defects
that were more severe than either single depletion (12).
Esco1 and Esco2 have distinct patterns of expression relative

to cell cycle progression. While Esco1 is present at nearly con-
stant levels throughout the cell cycle, Esco2 is a substrate of the
anaphase promoting complex/cyclosome (APC/C), an E3 ubiquitin
ligase that is activated at mitotic exit (11–13). Thus, Esco2 levels
are low in G1, and only increase as APC activity drops during
S phase.

Finally, chromatin immunoprecipitation experiments in somatic
cells indicate that Esco1 and Esco2 have distinct chromosomal
addresses. Colocalization of Esco1 with the insulator protein
CTCF and cohesin at the base of chromosome loops suggests that
Esco1 promotes normal chromosome structure (14, 15). Consistent
with this, depletion of Esco1 in somatic cells results in dysregulated
transcriptional profiles (15). In contrast, Esco2 is localized to dis-
tinctly different sites, perhaps due to association with the CoREST
repressive complex (15, 16).
Here, using a combination of siRNA-mediated depletion,

rescue, and CRISPR/Cas9-mediated genome editing, we define
the contributions of Esco1 and Esco2 to sister chromatid cohesion
and Smc3 acetylation during cell cycle progression. We show that
the majority of Smc3 acetylation is due to the activity of Esco1,
while cohesion establishment during S phase requires Esco2. In-
activation of the ESCO1 gene has insignificant impact on mitotic
cohesion. We propose that cohesin acetylation by Esco1 promotes
normal chromosome structure throughout interphase and provides
epigenetic memory during cell division by ensuring cohesin stabi-
lization at appropriate loci upon mitotic exit. In contrast Esco2-
dependent cohesin modification is essential during DNA replica-
tion for the establishment of cohesion between sister chromatids.

Results
The Contributions of Esco1 and Esco2 to Sister Chromatid Cohesion.
Like the founding member of the family, budding yeast Eco1, the
vertebrate Esco enzymes both contain a PCNA interacting
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protein (PIP) box, a C2H2 zinc finger, and a catalytic region at
the C terminus (12, 17). In contrast to the yeast protein, both Esco1
and Esco2 contain long N-terminal extensions, whose functions are
poorly characterized. These regions show no obvious sequence or
structural similarities between them (Fig. 1A).
To define the contributions of Esco1 and Esco2 to sister

chromatid cohesion, we scored mitotic cohesion in HeLa cells
that had been depleted of Esco1 and Esco2, either singly or to-
gether, by siRNA-mediated depletion (Fig. 1B). Chromosome
spreads were scored as representing one of four states of cohesion:

I–IV (Fig. 1C). Spreads that fell into categories III and IV were
considered defective in cohesion. Depletion of the cohesion reg-
ulator Sororin was used as positive control for loss of cohesion
(18). Depletion of Esco2 caused loss of cohesion in mitotic cells,
with ∼30% of mitotic spreads showing defective cohesion (Fig. 1 D
and E). In contrast, acute depletion of Esco1 did not cause sig-
nificant loss of cohesion, consistent with the analysis of a genetic
knockout (see below). Codepletion of Esco1 with Esco2 caused an
increase in defective cohesion compared with cells depleted of Esco2
only (Fig. 1E). In some experiments,>65% of mitotic spreads showed
defective cohesion when depleted of both enzymes. We conclude
that mitotic cohesion requires Esco2-dependent cohesin modification.

Mitotic Progression Is Delayed in Cells Depleted of Esco2 but Not
Esco1. We observed little effect of Esco1 depletion on mitotic
cohesion (Fig. 1), although loss of cohesion had previously been
reported in Esco1 RNAi experiments (8, 12, 14). We therefore
sought more sensitive methods to detect subtle cohesion defects.
Because reduced cohesion can lead to activation of the spindle
checkpoint, a signal transduction pathway that prevents mitotic
exit in the presence of unattached chromosomes, we tested the
effects of Esco1 and/or Esco2 depletion on mitotic progression.
HeLa cells stably expressing red fluorescent protein (RFP)-histone
H2B were transfected with siRNAs and analyzed by time-lapse
microscopy. The duration of mitosis in each of the cell pop-
ulations from nuclear envelope breakdown (NEBD) until segre-
gation of chromosomes into two masses was measured. Control
cells progressed through mitosis in ≤40 min (mean = 34.2 min; n =
50), as did the cells depleted of Esco1 (mean = 33.7 min; n = 54)
(Fig. 2A). Cells depleted of Esco2 frequently showed sustained
mitotic arrest (mean = 185 min; n = 102), as did cells that were
depleted of both Esco1 and Esco2 (mean = 367 min; n = 79). The
mitotic arrest in these cells was similar to that seen in the samples
depleted of Sororin (18). These results are broadly consistent with
the analysis of chromosome spreads (Fig. 1); loss of cohesion was
evident in the absence of Esco2, and this effect was exacerbated in
the absence of Esco1. Depletion of Esco1 alone had no significant
effect on mitotic cohesion or progression through mitosis.
As an independent means of determining whether depletion of

the Esco enzymes results in an increased mitotic index, we an-
alyzed the Esco1- and/or Esco2-depleted cells by flow cytometry
using phosphorylated histone H3 (pH3) as a marker for M phase
combined with DNA content analysis. Control and Esco1-
depleted cells had similar percents of cells in mitosis, 4.37%
and 4.24% (Fig. 2B). In contrast, depletion of Esco2, codepletion
of Esco1 and Esco2, or depletion of Sororin all caused an in-
crease of the percentage of cells in M phase compared with
controls (Fig. 2B). We conclude that Esco2 activity is sufficient
to promote full cohesion, and that Esco1’s ability to promote
cohesion is only detectable when Esco2 levels are reduced.

Esco1 Knockout Cell Lines Have Essentially Normal Mitotic Cohesion.
We did not detect an impact of Esco1 depletion on sister chro-
matid cohesion, in contrast to previous reports (11, 12). Because
incomplete depletion following RNAi is particularly problematic
when manipulating expression of enzymes as small amounts of
catalytic activity can suffice, we used CRISPR/Cas9 technology
to inactivate the ESCO1 gene in HeLa cells. The Cas9 nuclease was
targeted to two different regions of the Esco1 gene using gRNA
sequences unique in the human genome. Individual clones were
screened by immunoblot for loss of Esco1 expression, and inacti-
vation of the gene was confirmed by sequence analysis of genomic
DNA. Two independent lines were isolated containing inactivating
mutations in the ESCO1 gene (Fig. S2). Perhaps surprisingly, the
ESCO1KO cells grew indistinguishably from their parental coun-
terparts under standard culture conditions, and bulk DNA replica-
tion appeared unaffected (Fig. S3). Consistent with its crucial function

Fig. 1. Contributions of Esco1 and Esco2 to mitotic cohesion. (A) Schematic of
Saccharomyces cerevisiae Eco1p and the vertebrate Esco1 and Esco2 enzymes
with conserved domains indicated. The catalytic acetyltransferase domain is
shown in blue, and the conserved zinc fingers and PCNA interacting protein (PIP)
box are shown in black and gold, respectively. Nonhomologous N-terminal ex-
tensions in Esco1 and Esco2 are shown in green and light blue, respectively.
(B) HeLa cells were transfected with siRNA against the indicated proteins, and
whole cell lysates were analyzed by immunoblot for the indicated proteins. The
cytosolic scaffold protein Nck was used as a loading control. * indicates back-
ground band detected by Esco2 antibody (see Fig. S1). (C) Chromosome spreads
were prepared from the same samples shown in B and cohesion phenotypes
were classified as one of four states of cohesion, I–IV, as shown. (I) Unresolved
sister chromatid arms; (II) resolved arms, with tight centromeres, (III) sepa-
rated sisters that remain near to each other; and (IV) scattering of individual sister
chromatids. (Scale bar, 20 μm.) (D) The percentage of cells with defective cohesion
in categories III (separated) and IV (scattered) was determined for cells
depleted of the indicated proteins. Data are presented as the percentage
of mitotic spreads with the indicated phenotype, n ≥ 100 for all samples
(E ). Total loss of cohesion (categories III and IV): cumulative data from six sepa-
rate experiments that were scored as in D. Boxes: 25–75% data range; whiskers:
total data range. ****P < 0.0001; **P = 0.0021; n.s., not significant; ANOVA,
n ≥ 100 all samples.
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for cohesion, repeated attempts to knock out both ESCO2 alleles
using a similar strategy were unsuccessful (Discussion).
The ESCO1KO cells were used to determine the contributions

of Esco1 and Esco2 to Smc3 acetylation. Cells were synchronized
in M phase by sequential thymidine-nocodazole arrest, released to
resume cell cycle progression, and assayed for Smc3 acetylation on
K105/106 and DNA content (Fig. 3 A and B). Progression through
S phase was similar in the parental and ESCO1KO cells (Fig. 3B). In
mitotic cells (t = 0), Smc3 acetylation was relatively low, as seen
previously (14). Smc3 acetylation in the parental cells rose early in
G1, well before DNA replication was evident (Fig. 3A). In contrast,
in the ESCO1KO cell line, Smc3 acetylation remained low until bulk

DNA replication occurred, ∼8 h after nocodazole release. Thus,
Esco1-dependent acetylation occurs throughout interphase, both
before and during DNA replication, and at all time points the
majority of Smc3 acetylation on K105/106 is dependent upon
Esco1 (Fig. 3C), while Esco2-dependent acetylation occurs only
coincident with DNA replication.
Consistent with our siRNA experiments (Fig. 1), we found that

cohesion was largely unaffected by inactivation of the ESCO1
gene alone (Fig. 4A). Depletion of Esco2 from the parental
HeLa cell line resulted in significant loss of cohesion (∼45%).
Strikingly, depletion of Esco2 from the ESCO1KO cell line re-
sulted in catastrophic loss of cohesion, similar to depletion of the
essential cohesion regulator Sororin. The mobility of Sororin
was reduced in these samples, consistent with mitotic arrest (Fig.
4B). These data indicate that Esco1 enhances cohesion when Esco2
is present, but does not normally contribute to sister chromatid
cohesion.
Although ESCO1 gene inactivation alone caused no obvious

loss of cohesion, it remained possible that cohesion was reduced,
but not sufficiently to activate the spindle checkpoint. To explore
this possibility, we measured the distance between sister centro-
meres, comparing parental and ESCO1KO cells that were stained
with calcinosis, Reynaud’s phenomenon, esophageal dysmotility,
sclerodactyly, and telangiectasia (CREST) serum to label centro-
meric proteins. The intercentromere distance in parental and
ESCO1KO cells was not significantly different (Fig. 4C), indicating
that cohesion at the centromere region is not greatly affected by
loss of Esco1 function.

Fig. 2. Mitotic progression is delayed in cells depleted of Esco2. HeLa cells
stably expressing RFP-H2B were transfected with siRNA against the indicated
proteins and time-lapse images were collected starting 24 h after trans-
fection. (A) The duration of mitosis was measured starting 24 h after siRNA
transfection. Each blue line represents a single mitotic event, with the length
of the line indicating the duration of mitosis from nuclear envelope break-
down until the separation of two RFP-positive DNA masses, shown on x axis.
Data from one representative experiment are shown. (B) Parallel samples
were harvested 48 h after siRNA transfection, fixed, and stained for phos-
phorylated histone H3 (pH3) as a marker of mitosis, and analyzed by flow
cytometry for both DNA content (x axis) and pH3 signal (y axis). The per-
centages of cells in mitosis based on pH3 staining (boxed) are indicated for
each sample. Significant differences in pH3-positive cells compared with
control cells are indicated: ****P < 0.0001; n.s., not significant; χ2 with Yates
correction.

Fig. 3. Esco1-dependent Smc3 acetylation occurs throughout interphase. Pa-
rental and ESCO1KO cells were synchronized in M phase by sequential thymi-
dine and nocodazole treatment. Following washout, samples were collected at
the indicated times for immunoblot analysis (A) and to measure DNA content
by flow cytometry (B). All samples were run on the same gel, and blots were cut
horizontally (Fig. S4). The relative amount of Smc3Ac (normalized to total Smc3)
in parental and ESCO1KO cells was quantified by comparing chemiluminescent
signal intensities in A and is presented in C. As, asynchronously growing cells.
T = 0 samples were collected before nocodazole washout. * indicates back-
ground band detected by Esco2 antibody (see Fig. S1).
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During sustained mitotic arrest, cohesion between sister chro-
matids eventually fails, and the rate at which this failure occurs is
inversely correlated with the overall level of mitotic cohesion (19,
20). We measured “cohesion fatigue” in the ESCO1KO cells com-
pared with parental controls. The ESCO1KO cells showed slightly
elevated rate of fatigue, suggesting that Esco1 makes a measurable
contribution to the strength of mitotic cohesion established by Esco2
activity (Fig. 4D).

Esco Activity Depends on N-Terminal Sequences. To determine
whether the ability of Esco2 to promote cohesion is dependent
upon the unique sequences in its N terminus, we performed rescue
experiments using chimeric fusion proteins. The N terminus of
Esco1 was fused at the PIP box to the C terminus of Esco2 to
generate a fusion protein called Esco1-2 (Fig. 5A). The converse
cDNA fusion, Esco2-1, was also constructed (Fig. S5A). The genes
were integrated into the ESCO1KO cell line in a manner that
allowed transgene expression in a tetracycline-inducible manner
(Fig. 5B). Expression of the transgenes was induced with doxycy-
cline, and cells were transfected with siRNA directed against the

endogenous Esco2. To avoid depletion of the transgenes being
tested, siRNAs were chosen to target the regions of the endogenous
Esco2 transcript not present in the transgene. Analyzing chromo-
some spreads as in Fig. 1, we found that Esco2-1 was able to pro-
mote cohesion, while Esco1-2 was not (Fig. 5C). Thus, the unique
capacity of Esco2 to promote sister chromatid cohesion lies in its N
terminus, which cannot be substituted with the N terminus of Esco1.
The level of Smc3 acetylation was lower in the cells expressing

Fig. 4. ESCO1KO cells have largely normal sister chromatid cohesion.
(A) Cohesion assay. Chromosome spreads from parental and ESCO1KO cells were
scored for sister chromatid cohesion following transfection with the in-
dicated siRNAs. Shown are the mean and SD of three replicate experiments.
(B) Immunoblot showing levels of the indicated proteins from a represen-
tative experiment included in A. Both histone H3 and Nck were used as
loading controls. * indicates background band. (C ) Intercentromere dis-
tance. The distance between sister centromeres was measured in parental
and ESCO1KO cells stained with CREST serum. Error bars represent minimum/
maximum, box includes 25th–75th percentiles. Unpaired t test P = 0.06 n =
116 (parental) and 112 (ESCO1KO). n.s., not significant. (D) Cohesion fatigue.
Analysis of cohesion fatigue in parental and ESCO1KO cell lines. The spindle-
dependent separation of sister chromatids during M phase arrest was
assessed by comparing samples treated with MG132 (blue bars) to cells
treated with both MG132 and nocodazole (green bars). The graph indicates
percent of spreads with scattered chromatids at 0, 4, and 6 h of treatment.
n ≥ 100 for all samples. **P = 0.0137 Fisher’s exact.

Fig. 5. The N terminus of Esco2 promotes cohesion establishment. Chimeric
cDNAs were generated to express fusions between the Esco1 (green) and
Esco2 (blue) proteins. (A) Cartoon illustrating the wild-type proteins, as well
as chimeric derivatives, exchanged precisely at the PIP boxes (shown in
black), as shown (dotted lines). Bars below each cartoon indicate the region
recognized by antibodies against Esco2 (dark green) and Esco1 (dark blue).
(B) Immunoblot analysis of expression of chimeric proteins. ESCO1KO cells
were engineered to express Esco1, Esco1-2, or Esco2-1 in a doxycycline-
inducible manner. The expression of each transgene following treatment
with doxycycline was assessed using appropriate antibodies as indicated in
A. Samples were all blotted together from the same gel; dotted line was
added for clarity. To assess the ability of the chimeras to promote sister
chromatid cohesion, cells were also treated with one of two siRNAs, selected
to react only against the endogenous Esco2 gene. These siRNAs, “a” (N
terminal) and “b” (C terminal) are illustrated in A; “c” = control siRNA.
(C) The samples probed in B were assayed for sister chromatid cohesion and
scored as described in Fig. 1. (D) ESCO1KO cells expressing the indicated
transgenes were synchronized in S phase by treatment with thymidine for
20 h and analyzed by immunoblot for protein expression. Shown also is
subcellular fractionation analysis of endogenous Esco1 and Esco2 in cells
growing asynchronously (E) or arrested in M phase with nocodazole (F). N,
chromatin associated; S, cytosolic supernatant; T, total cell lysate. The
Esco2 band in M phase cells is difficult to detect due to the presence of a
background band (*) (see also Fig. S1).
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Esco1-2 compared with Esco2-1. This may reflect nearly complete
cohesion failure and mitotic arrest in the Esco1-2 cells, as in M
phase, the overall acetylation is relatively low (Fig. 3). Alternatively,
this result may suggest that Esco1-2 is intrinsically unable to pro-
mote Smc3 acetylation. To distinguish between these two possibil-
ities, we synchronized cells in S phase and found that Esco1-2
chimera still did not promote Smc3 acetylation, while Esco2-1, which
was able to rescue cohesion (Fig. 5D), did. Additional Esco1-2
clones had the same phenotype (Fig. S5B). Thus, the C-terminal,
catalytic domain of Esco1 is functional for both Smc3 acetylation
and cohesion establishment when fused to the N terminus of Esco2.
We do not yet fully understand why the Esco1-2 fusion is inactive;
perhaps dimerization, possibly important for Esco function (21, 22),
is critically impaired in the Esco1-2 chimera.
To further characterize the differences between Esco1 and

Esco2 we analyzed their localization in fractionated cells. In
asynchronously growing cells, both enzymes were associated with
the chromatin fraction (Fig. 5E). In contrast, although Esco1 re-
cruitment to chromatin is dependent upon the cohesin complex (6,
7, 15), Esco1 remained associated with chromatin in M phase,
when cohesin is largely dispersed (Fig. 5F), as noted previously (8–
10, 12). Esco2 was difficult to detect in M phase samples (see also
Fig. 3 and Fig. S1), suggesting that it may be at least partially
degraded before metaphase (Fig. 5E). Importantly, Esco1 is re-
tained on chromosomes in M phase where it can promote Smc3
acetylation directly upon mitotic exit. These data are consistent
with a model in which Esco1 regulates cohesin beginning in early
telophase.

Discussion
Acetylation of the Smc3 subunit of cohesin by members of the
Eco1 family of acetyltransferases stabilizes the interaction of
cohesin with chromatin, and is essential for cohesion establishment.
The advent of CRISPR-based genome editing has allowed us to
assess unambiguously the relative contributions of the two verte-
brate Eco enzymes, Esco1 and Esco2, to mitotic tethering of sister
chromatids. Our results suggest that Esco1 is only able to promote
cohesion when cohesion has already been established by the action
of Esco2 during S phase. Loss of Esco1, either acutely, by siRNA-
mediated depletion, or genetically, by gene inactivation, did not
cause overt loss of mitotic cohesion. This observation is reminiscent
of G2 cohesion establishment in response to DNA damage in
budding yeast, which is only effective in tethering sister chromatids
if replicative establishment has already occurred (23). Vertebrate
Esco1 then, may contribute to or strengthen sister chromatid co-
hesion, but is not dedicated to replicative cohesion establishment.
In contrast, depletion of Esco2 alone caused significant loss of co-
hesion. Importantly, in the absence of Esco1, depletion of Esco2 led
to complete loss of cohesion. These data are consistent with earlier
work, in which we showed that Esco1 does not promote cohesion in
Esco2-depleted Xenopus egg extracts (13). In fact Esco1 is not
expressed in the early frog embryo until the onset of zygotic tran-
scription. Thus, Esco2 is sufficient to promote proper tethering of
sister chromatids during early embryonic development. Our work
here contradicts previous work suggesting that Esco1 makes critical
contributions to mitotic sister chromatid cohesion in somatic cells
(12). This prior result may reflect off-target effects of siRNAs,
which were used at higher concentration than used here, or perhaps
differences among strains of HeLa cells. The consistency of our data
from both ESCO1 knockout cells and siRNA-mediated depletion
experiments makes us confident in our conclusions.
If the contribution of Esco1 to mitotic sister chromatid tethering is

minimal in both embryonic and somatic cells, what then is its func-
tion? Esco1 acetylates cohesin throughout interphase, even well be-
fore DNA replication is evident. As cohesin plays critical roles in
formation or maintenance of interphase chromosome structure (2, 3,
14, 15, 24–29), one attractive model is that Esco1 contributes to these
events, perhaps through impacts on chromosome loop formation

or stabilization. In chromatin immunoprecipitation experiments,
cohesin, Esco1, and the insulator protein CTCF all show significant
colocalization at the bases of chromosome loops (3, 5, 14, 15, 29,
30). This localization is independent of DNA replication and evi-
dent in G1 and G2 cells. The principle role of Esco1 then may be
in regulation of this “structural cohesion” (Fig. 6). Esco1 may, for
example, enhance loop extrusion or formation during exit from
mitosis, ensuring that interphase chromosome structure is properly
reestablished during chromosome decondensation. Depletion of
Esco1 results in increased expression of a number of genes, per-
haps affecting the ability of insulator proteins such as CTCF to
prevent enhancer–promoter interactions (15, 16). In the absence
of Esco1, inappropriate loop structures may be formed, leading
to dysregulation of gene expression. Chromosome conformation
capture experiments will provide important information about how
Esco1 might enhance or regulate loop formation.
The impacts of Esco1 on chromosome structure may be im-

posed throughout the cell cycle, including M phase, as Esco1 is
retained on chromatin as cells transit through mitosis (12, 15–17,
and this work). The retention of Esco1 on mitotic chromosomes
may provide epigenetic memory and contribute to the reestab-
lishment of chromosome structure and the resumption of gene
expression profiles as cells reenter interphase, thus ensuring the
retention of cellular identity even in cells that are actively di-
viding. Esco1 might also contribute to the establishment of the
replication timing profile, which is established in G1 (31) and
may be dependent upon cohesin (14, 24).
Although it was relatively straightforward to generate Esco1

knockout cells, we were unable to generate an Esco2 knockout cell
line using the same CRISPR/Cas9 technology, although we had clear
evidence of mutagenesis. In our hands ESCO2 mutant cells grew
poorly or were not genetically stable. This was surprising, given that
the developmental disorder Roberts syndrome results from loss of
Esco2 function (32). The robust spindle checkpoint of HeLa cells

Fig. 6. Model depicting the contributions of Esco1 and Esco2 to cohesin reg-
ulation. The blue lines represent chromatids, and cohesin is depicted as green
rings. The activity of Esco1 throughout interphase, including in G1 before DNA
replication has occurred, promotes cohesin’s role in defining chromosome
structure. In contrast, Esco2 activity during S phase ensures cohesion between
sister chromatids, and this stable cohesion (marked with black triangles) can be
reinforced by the activity of Esco1. In the absence of Esco2, Esco1 is unable to
stabilize cohesion between sister chromatids, and sister chromatids separate.
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may prevent their proliferation in the absence of Esco2, while other
cell lines might not arrest so strongly. Alternatively, Roberts syn-
drome mutations may be hypomorphic, or there may be mo-
saicism in affected individuals.
We have shown that it is the N terminus of Esco2 that specifies

its distinct ability to promote sister chromatid cohesion. The
C-terminal catalytic region, which contains the PIP box and zinc
finger motif, may not contribute to the mechanistic specificity of
the enzymes, as the C terminus of Esco1 is a functional surrogate
when fused to the Esco2 N terminus. Prior work has shown that
the C-terminal PIP box is essential for Esco2 function (13), but
the purpose of the conserved PIP box in Esco1 remains myste-
rious, especially considering that Esco1 is active outside of S phase.
In both Esco1 and Esco2, short conserved stretches within their N
termini have previously been shown to promote normal function
but the mechanistic basis for this is not known (12, 13, 15, 33).
Interestingly, the N termini of both Esco1 and Esco2 are sufficient
to promote their association with chromatin, independently of the
C-terminal domain (12, 14). In budding yeast, the Eco1 PIP box
was shown to be sufficient for binding to chromatin (17, 19, 20).
The identity of the chromatin-associated binding partners of Esco1
and Esco2 will provide important clues about how these enzymes
are differentially regulated to contribute to cohesin’s distinct func-
tions. The ability of Esco1 to partially compensate when Esco2 is
depleted may suggest that Esco1 competes for interaction with the
same chromatin-associated factor, although perhaps inefficiently.

Methods
Please see SI Methods for additional experimental details.

Cell Culture, RNAi, and Flow Cytometry. HeLa cells were cultured in Dulbecco’s
Modified Eagle Medium (Corning) supplemented with 10% FBS, and trans-
fected with Lipofectamine 2000 (for DNA) or Lipofectamine RNAiMAX (for
RNA) (both from Invitrogen) following the manufacturer’s guidelines. HeLa
cells were synchronized in M phase by sequential treatment with 2 mM
thymidine for 24 h, 4 h release, and 100 ng/mL nocodazole for 12 h. Flow
cytometry data were acquired using FACSCalibur (BD Biosciences) and an-
alyzed with FloJo software (Tree Star). Statistical analyses were done with
Prism (GraphPad).

Cohesion Assays and Microscopy. Cohesion assays were prepared as previously
described (34). Loss-of-cohesion phenotypes, scored blind, were assigned to
spreads in which ≥10 chromosomes showed the indicated morphology.
These data were removed during the revision process. Cohesion fatigue was
assayed by incubation of asynchronously growing cells with 10 μM MG132,
both with and without 100 ng/mL nocodazole.
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