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Cohesin acetyltransferase Esco2 is a cell viability
factor and is required for cohesion in pericentric
heterochromatin
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Sister chromatid cohesion, mediated by cohesin and regu-

lated by Sororin, is essential for chromosome segregation.

In mammalian cells, cohesion establishment and Sororin

recruitment to chromatin-bound cohesin depends on the

acetyltransferases Esco1 and Esco2. Mutations in Esco2

cause Roberts syndrome, a developmental disease in

which mitotic chromosomes have a ‘railroad’ track mor-

phology. Here, we show that Esco2 deficiency leads to

termination of mouse development at pre- and post-

implantation stages, indicating that Esco2 functions non-

redundantly with Esco1. Esco2 is transiently expressed

during S-phase when it localizes to pericentric heterochro-

matin (PCH). In interphase, Esco2 depletion leads to a

reduction in cohesin acetylation and Sororin recruitment

to chromatin. In early mitosis, Esco2 deficiency causes

changes in the chromosomal localization of cohesin and

its protector Sgo1. Our results suggest that Esco2 is needed

for cohesin acetylation in PCH and that this modification is

required for the proper distribution of cohesin on mitotic

chromosomes and for centromeric cohesion.
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Introduction

To ensure the correct transmission of genetic material, divid-

ing cells ascertain that their chromosomes are replicated

exactly once during S-phase and that the resulting two sister

chromatids are held together until they are symmetrically

partitioned between the daughter cells. Cohesin, a multi-

subunit protein complex, plays an essential role in this

process. The core subunits of cohesin, SMC1A, SMC3,

RAD21/SCC1 and SCC3 form a ring-like structure that pro-

vides cohesion by tethering the sister chromatids from

S-phase until metaphase (Onn et al, 2008; Nasmyth and

Haering, 2009). In vertebrate cells, the bulk of cohesin is

removed from chromosome arms in prophase (Gandhi et al,

2006; Kueng et al, 2006), except for cohesin at centromeres

where it is protected from the prophase pathway by

Shugoshin (SGO1) and protein phosphatase PP2A, and is

maintained until the bi-orientation of chromosomes has been

achieved (Sakuno and Watanabe, 2009). At the onset of

anaphase, separase-mediated cleavage of the RAD21 subunit

initiates a complete separation of sister chromatids, which

are then pulled towards opposite poles by the mitotic spindle

(Hauf et al, 2001; Kumada et al, 2006; Wirth et al, 2006).

Studies in yeast indicate that tethering of sister chromatids

is established at the replication fork and requires the activity

of Eco1 (establishment of cohesion 1) acetyltransferase,

which is essential for viability in yeast (Uhlmann and

Nasmyth, 1998; Skibbens et al, 1999; Toth et al, 1999;

Lengronne et al, 2006). Eco1 acetylates K112 and K113 of

Smc3 and this acetylation counteracts the anti-establishment

activity mediated by the cohesin-associated proteins Rad61

and Pds5 (Ben-Shahar et al, 2008; Unal et al, 2008; Rowland

et al, 2009; Sutani et al, 2009). Mammalian genomes encode

two Eco1 orthologues, ESCO1 and ESCO2, that consist of a

divergent N-terminus followed by a C2H2 zinc finger and a

highly conserved acetyltransferase domain (Hou and Zou,

2005). In human cells, SMC3 is acetylated on K105 and K106

(Zhang et al, 2008), a reaction that depends on both ESCO1

and ESCO2 (Nishiyama et al, 2010), suggesting that these

enzymes function in an at least partially redundant manner.

Partial redundancy between ESCO1 and ESCO2 may also

occur in Roberts syndrome (RBS), an ESCO2 deficiency in

humans that does not lead to the loss of viability (Schule

et al, 2005; Vega et al, 2005). RBS patients are characterized

by a series of dysmorphologies and mild-to-severe mental

retardation. Most of ESCO2 mutations introduce premature

stop codons that result in truncated ESCO2 protein accom-

panied by a loss of the enzymatic activity (Gordillo et al,

2008). Metaphase preparations from RBS cells show a loss of

cohesion in the pericentric heterochromatin (PCH), leading to

a separation of sister chromatids at and near the centromere

(Van Den Berg and Francke, 1993). In addition, RBS chromo-

somes exhibit a parallel alignment of sister chromatids that in

combination with PCH repulsion, results in a ‘railroad track’

appearance of chromosomes (Maserati et al, 1991). These

defects are particularly apparent for chromosomes 6, 7, for

the acrocentrics and for the long arm of the Y chromosome

(Jabs et al, 1991; Mannini et al, 2010). The molecular

mechanism that causes the railroad track appearance of

RBS chromosomes remains elusive and it is unclear whether

this cohesion defect is solely responsible for developmental

malformations observed in RBS patients (Dorsett, 2007).
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We have generated a mouse model in which the Esco2 gene

can be conditionally inactivated by using the Cre-loxP system.

We found that Esco2 deficiency, unexpectedly, leads to abrupt

termination of development. This loss-of-cell-viability phe-

notype is likely caused by a defect in sister chromatid

cohesion in the PCH of all chromosomes, leading to a

prometaphase delay and apoptosis. We provide evidence

that the railroad track appearance of chromosomes from

Esco2-deficient cells reflects a specific requirement for

Esco2 during the S-phase, when Esco2 protein predominantly

localizes to the PCH and is required for Smc3 acetylation and

Sororin recruitment. Our results implicate Esco2 in the reg-

ulation of PCH cohesion and demonstrate its non-redundant

function in cohesion establishment at several cohesin-

binding loci.

Results

Esco2 is required for pre-implantation development

Conditional targeting of the Esco2 locus was achieved by

inserting two loxP sites flanking exons 2 and 3 (Figure 1A).

Upon Cre-mediated recombination, the initiation codon and

the first 285 amino acids of the Esco2 protein are removed.

Successful generation of conditional Esco2fl/fl mice was con-

firmed by Southern blotting (Figure 1B). To determine the

Esco2 null phenotype, Esco2fl/fl mice were mated with EIIaCRE

mice expressing the Cre recombinase ubiquitously (Lakso

et al, 1996). The Cre transgene was removed by backcrossing.

Heterozygous mice showed no obvious phenotype, but Esco2

deficiency led to a pre-implantation loss of homozygous

embryos already at the eight-cell stage (Figure 1C). We

examined the mitosis of the second cell division in prometa-

phase-synchronized embryos and found that the anaphase of

Esco2�/� embryos was characterized by numerous (45)

lagging chromosomes randomly scattered between two pole-

ward-moving chromosome masses (Figure 1D). Moreover,

we observed that prometaphase chromosomes isolated from

two-cell stage embryos show in 20% of cells (7/36) a marked

cohesion defect at the centromeres (Figure 1E). This

frequency corresponds to that seen for the prevalence of

Esco2�/� embryos at this stage and the phenotype closely

resembles the one observed in Esco2-deficient MEFs

(MEFsEsco2D/D) (see below). We conclude that Esco2 is

required for early mouse embryogenesis and that lack of

this gene causes a deficiency in cohesion.

Deletion of Esco2 in neocortical neuroepithelium leads

to a premature termination of corticogenesis

The striking difference in Esco2 requirement for pre-implan-

tation development between mouse and human led us to ask

whether this difference persists in later development. We

selected the developing cerebral cortex, which in mouse

and human shows strong Esco2 expression (Visel et al,

2007; Vega et al, 2010). Using the Emx1-CRE driver (Gorski

et al, 2002), we deleted Esco2 in the neuroepithelium of the

dorsal telencephalon. We found that the resulting Emx1-

CRE;Esco2fl/fl mice were viable but showed severe microce-

phaly (Figure 2A). Emx1-CRE;Esco2fl/fl embryos collected at

E11.25 were characterized by a reduction in the thickness of

the hippocampal primordium (unpublished observation) and

at E12.5, by nearly complete agenesis of the neocortical and

hippocampal neuroepithelium (Figure 2B). Adult animals

lack the hippocampus and most of the cortex (Figure 2C;

Supplementary Figure S1).

If sister chromatid cohesion defect is the cause of the

massive loss of progenitor cells in Esco2-deficient neuroe-

pithelium, we should observe an increase in the number of

mitotic cells as a result of mitotic spindle checkpoint activa-

tion (Peters et al, 2008). We examined mutant E11.25 tissue

with mitotic (H3S10ph) and apoptotic (TUNEL) markers and

found that in comparison to wild-type, the mutant showed a

nearly two-fold increase in the number of mitotic cells (Figure

2D–F). This increase was specific for the neuroepithelium of

the neocortex and was not seen in the ganglionic eminence

(Figure 2F), an adjacent region in which Esco2 was not

deleted. Additionally, we found that the Esco2-deficient

ventricular zone (VZ) contained numerous nuclei undergoing

DNA fragmentation while wild-type VZ was devoid of cell

death (Figure 2G and H). Apoptotic nuclei were predomi-

nantly located in the basal part of the VZ, raising the

possibility that apoptosis took place shortly after cells exited

mitosis and the nuclei had translocated basally.

These data clearly demonstrate that in the absence of

Esco2, the neuroepithelium ceases to grow. Thus in the

mouse, Esco2 is required for pre- and post-implantation

development.

Esco2 is enriched in PCH in mid-to-late S-phase nuclei

The striking cohesion defect seen in early mouse embryos

and rapid loss of neuroepithelium in Esco2-deficient cortices

prompted us to examine the nuclear localization of Esco2.

To address this issue in a phenotype-relevant context, we

selected the VZ of developing cortex, which is characterized

by stereotypic nuclear movement as a result of which S-phase

nuclei form a layer at the basal side of the VZ, while mitotic

cells line up apically (Supplementary Figure S2A). Using this

model, we were able to show that Esco2 expression sharply

peaks in the S-phase (Supplementary Figure S2A and B),

reminiscent of the S-phase specificity of Esco2 protein seen in

MEFs (Supplementary Figure S2C), yeast (Moldovan et al,

2006), HeLa cells (Hou and Zou, 2005) and in RBS fibroblasts

(van der Lelij et al, 2009).

We compared Esco2 immunofluorescence (IF) with the

nuclear distribution of Pcna, that changes between early,

mid and late S-phase and hence serves as a marker (Bravo

and Macdonald-Bravo, 1987). Triton X-100 pre-extracted cor-

tical sections were double-labelled for Esco2 and Pcna and

analysed by confocal (Pcna) and STED (Esco2) (Hell and

Wichmann, 1994) microscopy. During early S-phase, Pcna

and Esco2 IF were both faint and diffuse throughout the

nucleus but by mid S-phase, a striking clustering of Esco2 IF

emerged (Figure 3A). In mid–late S-phase, Esco2-labelled foci

became even more intense. At this stage, Esco2 IF in

MEFs labelled the DAPI-dense heterochromatic foci

(chromocentres), representing clusters of PCH from several

chromosomes (Figure 3C, bottom row). The chromocentre

core is typically marked by Hp1a IF (Quivy et al, 2004).

Figure 3B demonstrates the localization of Esco2 IF to the

Hp1a-positive region in cortical progenitor cell. Pcna marks

the active sites of PCH replication that takes place at the

periphery of chromocentres (ring- and horseshoe-like struc-

tures, Figure 3C). Note that Pcna IF showed virtually no

overlap with Esco2 IF (Figure 3A, arrowhead).
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Next, we performed Chip-PCR with primers specific for

PCH (major satellite), centromere (minor satellite), telomeres

and for a several loci shown to be strongly bound by cohesin

(Kagey et al, 2010). Chromatin from early and mid S-phase

MEFs and MEFsEsco2D/D was immunoprecipitated with Esco2

antibody. Figure 4 shows high enrichment of Esco2 at PCH

(characteristically bound by cohesin and histone H3K9me3).

We observed only minor Esco2 binding at MmICR and Chr 11,
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Figure 1 Deficiency in Esco2 leads to the termination of embryogenesis in the pre-implantation period. (A) Esco2 wild-type locus (I, II),
targeted allele (III–V), conditional allele prior (III) and after (IV) removal of the Neo-PGK cassette and the mutant Esco2 allele (V) created by
Cre-mediated recombination. LoxP and flp sites are marked by an empty or black triangle, respectively. (B) Southern blot of Esco2 alleles
following PacI/PstI digestion. Targeting of the Esco2 locus leads to a loss of a PacI site. Lane 1: digested genomic DNA from mice homozygous
for (IV), lane 2: digested genomic DNA from mice heterozygous for (II/IV), lane 3: digested genomic DNA from mouse embryonic fibroblasts
homozygous for (V). Grey arrows in (A) depict the restriction fragments. (C) Esco2-deficient embryos die between the two- and eight-cell stage.
With development, the number of Esco2-deficient but not of heterozygous embryos decreases. Esco2þ /� parents were mated. (D) Anaphase of
two-cell stage embryos. A lagging chromosome phenotype (empty arrowheads) correlated with Esco2 deficiency. Straight lines delineate the
cell division plane; the solid circle, the zona pelucida; and dashed ellipses, the cells. (E) In prometaphase spreads, chromosomes of mutant
embryos showed loss of centromeric constriction (arrowheads). PB is the polar body. Scale bars: 5 mm. Nocodazole-synchronized embryos in
(D, E) derived from heterozygous timed matings.
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13 and 15a loci, all of which are known to be bound by

cohesin (Kagey et al, 2010). The absence of Esco2 binding at

the centromeres and weak binding at the telomeres, which in

the mouse nucleus are adjacent to the PCH, was further

confirmed by IF and FISH studies (Supplementary Figure

S2D–F).

We conclude that Esco2 protein levels peak in mid–late

S-phase, when PCH replicates, and that the bulk of Esco2

localizes to the core region of chromocentres.

Mouse embryonic fibroblasts lacking Esco2 show

severe defects in chromosome segregation

To investigate why depletion of Esco2 may lead to a delay in

mitosis we analysed MEFsEsco2D/D, derived from CAGG-

CREERT;Esco2fl/fl embryos (Hayashi and McMahon, 2002).

Cre-mediated recombination was induced in the G0-arrested

MEFs, which were subsequently re-arrested at the G1/S

boundary by thymidine block (TB). This treatment led to

nearly complete depletion of Esco2 protein (Figure 3C;

Supplementary Figure S3A). MEFsEsco2D/D failed to proliferate

(Supplementary Figure S3B) and showed elevated cyclin B1

levels noticeable even at 18 h after release from the TB

(Supplementary Figure S3C). We also observed a nearly

2.5-fold increase in the mitotic index in asynchronously

grown cultures of MEFsEsco2D/D (57 versus 24% in control

MEFs). Mitotic stages were examined in synchronously

grown cells 13 h after TB release. These experiments revealed

that Esco2 depletion caused an approximately two-fold

increase in the frequency of prometaphase/metaphase cells,

while the fraction of cells in anaphase and telophase had

decreased. Esco2 deficiency had little influence on the

frequency of cells in prophase (Supplementary Figure S3D).

Next, we labelled mitotic cells (shaken off from synchro-

nously progressing cultures 13 h after TB release) with

mitotic spindle markers, tubulin and pericentrin. We ob-

served that majority of mitotic MEFsEsco2D/D showed severe

defects in chromosome segregation. In prometaphase/

metaphase, MEFsEsco2D/D contained between one and five

lagging chromosomes, which failed to bi-orient (Figure 5A).

Moreover, we frequently observed cells in which several

chromosomes were located near the spindle poles

(Figure 5A, empty arrowheads), while the rest of them

were situated at the equator. This is typical for cells in

which sister chromatid cohesion had been lost in some but

not all chromosomes (McGuinness et al, 2005). To corrobo-

rate this notion, MEFsEsco2D/D were labelled with antibodies

against CenpA, a centromeric histone variant. Chromosomes

containing two CenpA signals, that is, those that were

composed of two sister chromatids, were frequently found

at the equator, while single sister chromatids were observed

near the spindle poles (Figure 5B). In other MEFsEsco2D/D,

likely to represent later stages of mitosis, numerous lagging

chromosomes (Figure 5A, arrowheads) and chromosome

bridges were seen (Figure 5A, arrows). CenpA staining

indicated that lagging chromosomes were predominantly

composed of single sister chromatids (Figure 5D).

Chromosome bridges, however, often contained CenpA

signals at both their ends near the spindle poles

(Figure 5C). The chromosome bridges persisted throughout

cytokinesis and were found to connect daughter cells as

cytoplasmic DAPI-positive bridges in subsequent interphase
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(Figure 5E). This interphase was characterized by a highly

abnormal nuclear morphology (Figure 5E). Apart from DAPI-

positive cytoplasmic bridges, the most prominent feature was

the presence of micronuclei and multilobulated nuclei

(Figure 5F). The supplemental video of dividing MEFsEsco2D/D

provides further evidence that the chromosomal segregation

defects preceded abnormal nuclear morphology.

Prometaphase chromosomes from Esco2-deficient

fibroblasts lack PCH cohesion and show reduced

retention of cohesin at PCH

To test directly whether the observed chromosome segrega-

tion defects originate from abnormal sister chromatid cohe-

sion, prometaphase chromosomes were examined. To

ensure that Esco2-deficient and control MEFs had spent a
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localizes to the PCH core surrounded by horseshoe-like structure labelled for Pcna (bottom row). Note that Esco2-deficient MEFs lack
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comparable time in prometaphase, mitotic cells were

removed by shake-off. Remaining cells were cultured in the

presence of nocodazole for 4 h and prometaphase chromo-

somes were prepared. Prometaphase chromosome spreads

were classified into four types (Figure 6A): chromosomes

in which arms and centromeres were cohered (type 1),

chromosomes with cohered centromeres but loosened arms

(type 2), chromosomes with cohered arms but separated

centromeres (type 3, railroad track chromosomes) and

single chromatids (type 4). While in the control cells, chro-

mosomes of either type 1 or type 2 prevailed (Figure 6B),

MEFsEsco2D/D chromosomes were nearly exclusively types 3

and 4, with the fraction of type 4 increasing as exposure

to nocodazole was prolonged (Supplementary Figure S4B).

In spreads of type 3, all chromosomes showed railroad

track appearance.

The loss of pericentric cohesion in MEFsEsco2D/D prompted

us to examine the localization of cohesin in prometaphase

chromosomes. We used immortalized MEFEsco2fl/D stably

expressing an Myc-tagged version of Scc1 (Wirth et al, 2006),

in which the Esco2fl/D allele was deleted in logarithmically

grown cells upon the infection with adenoviral Cre recombi-

nase (AdCre). Reminiscent of our finding in primary MEFs

(Supplementary Figure S3D), immortalized MEFsEsco2D/D

became delayed in prometaphase/metaphase but showed no

enrichment in prophase (Figure 6C). For visualization of

chromatin-bound Scc1–myc, prometaphase cells were

pre-extracted with Triton X-100. As expected, we observed

that in control cells, Scc1–myc signal was clearly enriched at

the PCH (Figure 6D, bottom right). However, in 480% of

MEFsEsco2D/D (Figure 6E), Scc1–myc IF was strongly reduced in

the PCH, but remained detectable in chromosome arms

(Figure 6D, top right). Quantification of Scc1–myc IF intensity

at the PCH relative to centromeric CREST IF intensity showed

460% reduction of the Scc1–myc IF signal in MEFsEsco2D/D

(Figure 6F).

We also noticed that in MEFsEsco2D/D, the distribution of

Sgo1 (for specificity of anti-Sgo1 antibody see Supplementary

Figure S5), Aurora B and Incenp in the prometaphase

chromosomes was changed. The centromeric enrichment of

these proteins readily detected in control cells (Figure 6G,

right panel), was partially lost in MEFsEsco2D/D and weak

fluorescence could be observed along the chromosome arms

(Figure 6G, left panel; Supplementary Figure S6A–D). We

investigated whether these changes could result from kineto-

chore defects in MEFsEsco2D/D, especially because Bub1-

mediated phosphorylation of histone H2A at T120 was

shown to be required for proper targeting of Sgo1 to the

centromeres (Kawashima et al, 2010). Because no antibody

against mouse Bub1 or H2A pT120 is available, we examined

BUB1 and H2A pT120 localization in ESCO2-depleted HeLa

cells (Supplementary Figure S7A) and found that in 475%

ESCO2-depleted cells, BUB1 and H2A pT120 IF at the CREST-

labelled kinetochore was strongly reduced (Supplementary

Figure S7B–E). Note that this reduction was not observed in

control cells transfected with GL2 siRNA. Our data suggest

that the increased retention of cohesin at the arms and

relocalization of Sgo1 to the arms may result from defects in

the kinetochore.

Depletion of Esco2 reduces acetylation of Smc3 and

diminishes the amount of chromatin-bound Sororin

in the entire nucleus

To address if the deficiency in Esco2 causes defects in

Smc3 acetylation, we arrested MEFs containing an

Esco2fl/D allele in G0 and induced conversion to the Esco2D/D

genotype by AdCre. MEFs were then released by splitting

and synchronized at different stages of the cell cycle. We

isolated chromatin-bound proteins and compared the

ratio of Smc3 acetylated at K105/106 to total Smc3 between

control and Esco2D/D cells by using an antibody specific

for these modifications and semiquantitative western

blotting. We found that Smc3 acetyl-K105/106 levels were

similar in control and Esco2-deficient cells synchronized

in G0 and at the G1/S transition, but Smc3 acetylation

was reduced up to about 50% from mid S-phase to the early

stages of mitosis (Figure 7A and B). This is consistent with the

observation that Esco2 levels are highest during

mid S-phase (Supplementary Figure S2A–C) and that Smc3

acetylation is linked to DNA replication (Nishiyama et al, 2010).

Next we determined the binding of Sororin, one of the

mediators of sister chromatid cohesion, to chromatin. Sororin

binding had previously been shown to depend on both cohesin

and its acetylation at K105/106 (Nishiyama et al, 2010). Cells

stably expressing LAP-tagged Sororin (Poser et al, 2008) were

synchronized in G2 and following pre-extraction with Triton X-

100 analysed by IF. Using Aurora B as a marker for G2 cells and

chromocentres, we quantified GFP fluorescence at and outside

the PCH in 3D (Figure 7C). We found that in control cells,

Sororin was enriched at Aurora B positive foci about two-fold,

similar to enrichment of Smc3 (Figure 7D; Table I). No sig-

nificant signal could be detected in cells not expressing

Sororin–LAP (unpublished observations). Depletion of Esco2

resulted in an over 60% reduction in chromatin-bound Sororin

(Figure 7C and D) at sites of Aurora B enrichment. Levels or

Aurora B as well as chromatin-bound Smc3 were not signifi-

cantly altered in these cells. Sororin levels were also reduced by

B50% outside of the pericentromeric region. The IF data were

further validated by Chip analyses of cells synchronized in G2.

Figure 7E shows that Esco2 depletion resulted in marked

reduction of PCH-bound Sororin but also in Sororin bound to

another locus highly enriched for cohesin at the arm of

chromosome 11 (Figure 7E). However, several cohesin-en-
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riched loci at the chromosomes arms retained nearly normal

Sororin binding in MEFsEsco2D/D.

Taken together, these results indicate for the first time that

Esco2 has a function in Smc3 acetylation that is not entirely

redundant with the function of Esco1 or other acetyltrans-

ferases and, based on our Sororin CHIP data, suggests that

depletion of Esco2 affects Smc3 acetylation levels particu-

larly, but not only at PCH.

Discussion

It is well established that cohesin acetylation by Eco1-related

acetyltransferases is required for sister chromatid cohesion

(Ben-Shahar et al, 2008; Unal et al, 2008), which in turn

is essential for proper chromosome segregation and cell

division. However, it is unknown why mammalian cells

contain two Eco1-related enzymes, Esco1 and Esco2, and

why mutations of Esco2 in RBS patients lead to severe

developmental defects and to the appearance of mitotic

chromosomes, which lack primary constrictions at their

centromeres. To begin to address these questions, we have

generated a mouse model in which the Esco2 can be con-

ditionally deleted. Our analysis of this model has revealed

that Esco2 is essential for viability at different stages of

mouse development and for the proper distribution of cohe-

sin on chromosomes, that is, that Esco2 must have a function
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that can not be fulfilled by Esco1. Based on these results and

our observation that Esco2 is located in PCH, we propose a

model according to which Esco2 is required for acetylation of

cohesin in pericentric regions, and that this modification

plays an important role in mediating centromeric cohesion

and allowing proper chromosome segregation.

Comparing the effect of Esco2 deficiency in humans and

mice

The unexpected cell lethality observed in the absence of

Esco2 at all levels from pre-implantation embryos, neuronal

tissue to MEFs is in contrast to RBS studies, many of which

suggest that biallelic loss of function mutations in ESCO2 are
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Table I Sororin binding to chromatin is reduced in but also outside of Aurora B positive foci

Fluorescence intensity at Aurora B foci Fluorescence intensity outside of Aurora B foci

Esco2D/D Control Esco2D/D Control

Sororin–LAP 9590 26 611 6842 14 797
Aurora B 44180 44 685 3272 2944
Smc3 45 921 39 900 23 946 19 245
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compatible with survival into adulthood (Vega et al, 2010 and

references therein). In addition, only B10–20% of RBS cells

show an abnormal mitosis with an anaphase characterized by

one or few lagging chromosomes (Tomkins and Sisken, 1984;

Jabs et al, 1991). MEFsEsco2D/D show premature disjunction of

sister chromatids and severe mitotic defects in the form of

multiple chromosome bridges and lagging chromosomes

observed in nearly all cells.

We envisage two explanations for this difference. One is

based on the presence of an ESCO2 splice variant. Although

the full-length ESCO2 protein was shown to be absent in RBS

(Resta et al, 2006), these studies did not rule out the presence

of the predicted shorter ESCO2 isoform, containing the zinc

finger and an acetyltransferase domain and originating from

an alternative spliced variant (ENSP00000380563). Future

work will have to examine whether such an isoform with

acetyltransferase activity indeed exists in RBS.

The second explanation involves the intrinsic difference

between human and murine chromosome architecture. While

in mouse, all chromosomes are acrocentics, human chromo-

some architecture is more diverse. Lagging chromosomes

in RBS were found to be primarily C-group and smaller

chromosomes (Van Den Berg and Francke, 1993), indicating

that the segregation might be defective predominantly in

submetacentric and acrocentric chromosomes. These chro-

mosomes are also the ones that show heterochromatin repul-

sion (Petrinelli et al, 1984; Tomkins et al, 1979). In mouse, all

chromosomes have this phenotype. We found that in

MEFsEsco2D/D and by inference presumably also in RBS cells,

cohesin instead of being enriched at PCH is partially retained

in chromosome arms. In metacentric human chromosomes,

this may lead to a stabilization of sister chromatid pairs on

both sides of the centromere and such chromosomes might

bi-orient and resist the pulling forces of the mitotic spindle

more efficiently. This could ameliorate the cytogenetic

phenotype of RBS, and mice with solely short acrocentric

chromosomes do not benefit from this ‘rescue’.

Esco2 is required for Sororin recruitment and

stabilization of pericentromeric cohesin

While previous, siRNA-based studies failed to demonstrate

the contribution of Esco2 to Smc3 acetylation (Zhang et al,

2008; Nishiyama et al, 2010), we show here that Smc3

acetylation is 450% reduced in MEFsEsco2D/D. Smc3 acetyla-

tion had been previously associated with cohesion establish-

ment (Rowland et al, 2009; Sutani et al, 2009). In animal

cells, DNA replication and Smc3 acetylation promote the

recruitment of Sororin (Lafont et al, 2010; Nishiyama et al,

2010), which through association with cohesin stabilizes the

entrapment of sister chromatids in G2 (Schmitz et al, 2007).

We found that in MEFsEsco2D/D, Sororin binding was reduced

to a similar extent as acetylation of Smc3. Chip analysis

revealed that Sororin recruitment in Esco2-deficient cells is

strongly reduced at PCH. Consistent with this finding, our IF

data show that Esco2 predominantly localizes to PCH where

it is highly upregulated during the mid S-phase, the time of

PCH replication (Quivy et al, 2004; Zink, 2006). Thus, it

appears that PCH might be the main site, where Esco2

mediates cohesin acetylation. Sororin recruitment to the

majority of tested cohesin binding loci at the chromosome

arms was not affected in MEFsEsco2D/D, which raises the

interesting possibility of an Esco2-independent recruitment

of Sororin, possibly involving Esco1 or other acetyltrans-

ferases. Alternatively, Sororin could be recruited by other

chromatin-associated protein or by direct association with

DNA as proposed previously (Wu et al, 2010).

Consistent with 460% reduction of Sororin at PCH in G2,

PCH of prometaphase chromosomes became ‘unstuck’ and

cohesin, normally enriched at PCH in prometaphase cells,

was reduced in MEFsEsco2D/D. The reduction of cohesin at

PCH was accompanied by partial retention of cohesin on

chromosome arms. It is possible that the retention of cohesin

on chromosome arms originates from changes in the kine-

tochore structure, which was shown to be required for proper

targeting of cohesin protector Sgo1 to the centromere.

Phosphorylation of H2A at T120 by Bub1 has a particular

role in centromeric recruitment of Sgo1, which otherwise

remains distributed along chromosome arms (Kawashima

et al, 2010; Yamagishi et al, 2010). It is therefore possible

that the reduction in centromeric localization of Bub1 that we

have observed in 475% of ESCO2-depleted cells is the cause

of increased Sgo1 levels on chromosome arms in these cells.

Because Sgo1 may help to protect cohesin complexes from

the prophase pathway and thus may prevent cohesin disso-

ciation also on chromosome arms (Nakajima et al, 2007), the

reduction in cohesin acetylation that we have observed in

Esco2-deficient MEFs could, seemingly paradoxically, lead to

a secondary defect—an increased persistence of cohesion

between the arms of mitotic chromosomes. The ‘railroad’

track appearance of chromosomes in RBS cells and other cells

lacking functional Esco2 may therefore not only be the

consequence of reduced centromeric cohesion, but also of

increased arm cohesion.

Taken together, our results suggest a first model for a specific

role of Esco2 in sister chromatid cohesion that cannot be

fulfilled by Esco1. According to this model, the proper estab-

lishment and maintenance of cohesion in PCH would depend

on the acetylation of centromeric cohesin by Esco2, where we

found Esco2 to be highly enriched around the time of DNA

replication. Defects in centromere cohesion could in turn lead

to structural defects in this chromosomal region that would

interfere with the recruitment of Bub1 to this site, leading to the

‘railroad track’ appearance of the chromosomes. Whether these

chromosomal defects, or perhaps other functions that Esco2

could have in the DNA damage response (Heidinger-Pauli et al,

2009) or in gene regulation (Dorsett, 2007; Monnich et al, 2011)

are the cause of RBS remains to be seen.

Materials and methods

Generation of Esco2 conditional knockout mouse line
Targeting of Esco2 locus was performed by GenOway. The Esco2
targeting vector containing a long and a short homology arms, two
loxP sites flanking exons 2 and 3, a FRT-flanked neomycin cassette
and a Diphteria Toxin A selection marker was electroporated into
the 129/SvPas ES cells. The long 50 homology arm comprised of
5.9 kb fragment extending from an AvrII site to a Bst1107I site
located in intron 1. The short 30 homology arm contained a 1.5-kb
Bst11007I–SwaI fragment spanning intron 3, exon 4 and intron 4.
Neomycin-resistant ES cell clones were screened by Southern
blotting and PCR. Verified ES cell clones were injected into C57BL/
6J blastocysts. Resulting chimeric animals were mated with
ACTB:FLPe mice ubiquitously expressing FLP recombinase
(Rodriguez et al, 2000). Removal of the neomycin cassette and
germ line transmission were validated by Southern analysis (see
Supplementary data).
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Generation of Esco2 and Sgo1 antisera
For rabbit and guinea pig immunization, following haemocyanin-
conjugated peptides were used: peptide extending between the
amino acids 10 and 70 of mouse Esco2 (guinea pig), peptide
between aa 196 and 269 of mouse Esco2 (rabbit) and CTASVNY-
KEPTLASKLRRGDPFT of human SGO1 (rabbit). Esco2 and SGO1
antisera were affinity purified as described (Kraft et al, 2003).
Specificity of Sgo1 antisera was verified by IF on SGO1-depleted
HeLa cells. HeLa cells were transfected with control siRNA against
GL2 firefly luciferase (50-CGUACGCGGAAUACUUCGAtt-30), siRNAs
against ESCO2 (sense 50-CCUGCAUUGCUCUCAAUAAtt-30 antisense
50-UUAUUGAGAGCAAUGCAGGtt-30) or siRNAs against SGO1
(50-GGAUAUCACCAAUGUCUCCtt-30) as described (Nishiyama
et al, 2010).

Synchronization and tamoxifen-induced recombination in
primary mouse embryonic fibroblasts
Single time passaged MEFs isolated from E13.5 embryos of
CAGG-CreERT;Esco2fl/fl or CAGG-CreERT;Esco2þ /þ genotype were grown
to confluence in DMEM containing 10% fetal bovine serum (FBS).
Serum starved/contact inhibited cells were maintained in DMEM
supplemented with 2% charcoal/dextran-treated FBS (PAA Labora-
tories) for 72 h and the conversion of floxed into the recombined allele
was induced by 100 nM 4-hydroxytamoxifen. After splitting in a 1:5
ratio, cells were cultured in DMEM medium supplemented with 10%
FBS and 2mM thymidine for an additional 16 h. Cells released from TB
were harvested in 3 h intervals and synchrony was assessed by IF
using anti-Pcna and anti-Aurora B antibodies.

Infection with adenovirus Cre and establishment of a cell line
stably expressing Scc1–myc, Esco2–LAP, Smc3–LAP and
Sororin–LAP
Immortalized MEFs were cultured in DMEM supplemented with
10% FCS, 0.2 mM L-glutamine, 100 U/ml penicillin, 100mg/ml
streptomycin, 1 mM sodium pyruvate, 0.1 mM 2-mercaptoethanol
and non-essential amino acids. For infection, cells were grown to
30–50% confluency, washed with PBS and infected with 7000 virus
particles/cell in DMEM supplemented with 2% FCS. After 24 h, cells
were transferred to fresh medium. AdCre and adenovirus expres-

sing EGFP (Ad5 CMV Cre and EGFP) were purchased from the
University of Iowa (Iowa City, IA). MEFEsco2flox/D cell line stably
expressing Scc1 was generated as described (Wirth et al, 2006),
using murine Scc1 that was COOH-terminally tagged with nine myc
epitopes inserted into pREVTRE vector (Clontech).

LAP-tagged Sororin was generated as described previously
(Poser et al, 2008). Immortalized MEFsEsco2fl/D transfected with
the constructs were selected for stable integration using the
neomycin selection and FACS sorting.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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