This manuscript has been published online, prior to printing. Once the issue is complete and page numbers have been assigned, the citation will change accordingly.

Nucleus 3:4, 1-5; July/August 2012; © 2012 Landes Bioscience

EXTRAVIEW

The non-redundant function of cohesin acetyltransferase Esco2

Some answers and new qUCStiOIlS

Gabriela Whelan,! Emanuel Kreidl,” Jan-Michael Peters* and Gregor Eichele*

"Max Planck Institute for Biophysical Chemistry; Goettingen, Germany; *Research Institute of Molecular Pathology; Vienna, Austria

Keywords: cohesin, acetyltransferase,
Roberts syndrome, Sororin, DSB repair

Submitted: 03/15/12

Revised: 04/16/12

Accepted: 04/19/12
heep://dx.doi.org/10.4161/20440

*Correspondence to: Gregor Eichele; Email: Gregor.

Eichele@mpg.bpc.de
Extra View to: Whelan G, et al. EMBO J 2012;

31:71-82; PMID:22101327; http://dx.doi.
0rg/10.1038/emb0j.2011.381.

www.landesbioscience.com

Cohesin and cohesin regulatory
proteins function in an essen-
tial pathway enabling proper cohesion
and segregation of sister chromatids.
Additionally, these proteins are involved
in double-strand break (DSB) repair and
transcriptional regulation. Mutations in
Establishment of cohesion 1 homolog 2
(Esco2), an evolutionary conserved cohe-
sin acetyltransferase, are the cause of
Roberts syndrome (RBS), a human con-
genital disorder. To explore the mecha-
nism by which the deficiency in Esco2
affects cohesin’s functions, we generated
a mouse harboring a conditional Esco2
allele. To our surprise and in marked
contrast to RBS, mouse Esco2 turns out
to be a cell viability factor, the absence
of which results in severe chromosome
segregation defects and apoptosis. We
found that the acetylation of the cohe-
sin subunit Smc3 is significantly reduced
in Esco2-deficient cells resulting in a
marked reduction of Sororin recruitment
to several, but not all cohesin bound loci.
Here, we provide evidence that Esco2 is
also required for DSB repair, which is
consistent with previous studies in RBS
cells.

Accurate segregation of mitotic chromo-
somes in eukaryotic cells hinges on cohe-
sion between sister chromatids. Cohesion
is established in S phase at which time
sister chromatids are generated by DNA
replication and remain linked until their
separation in anaphase. Sister chroma-
tid cohesion, is mediated by the ring-like
protein complex, cohesin, composed of
Smcl, Smc3, Rad21 and SA1 or SA2 sub-
units."? The establishment of cohesion is
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thought to be associated with the acety-
lation of the Smc3 subunit®® during S
phase. In higher organisms Smc3 acety-
lation has been linked to the recruitment
of Sororin” which increases of stability
of cohesin’s association with chromatin.?
In yeast, Smc3 acetylation is essential for
viability and depends on an evolution-
ary conserved acetyltransferase, Ecol.’
Mammalian genomes encode two Ecol
orthologs, Escol and Esco2, characterized
by a highly divergent N-terminus followed
by a C2H2 zinc finger and an acetyltrans-
ferase domain.” Both enzymes have been
shown to acetylate Smc3.” A deficiency in
ESCO2 in humans causes Roberts syn-
drome (RBS),'®!" characterized by cra-
niofacial and limb dysmorphologies. RBS
patients can survive to adulthood, even
though many of them harbor ESCO2
loss-of-function mutations.” Typically,
prometaphase chromosomes from RBS
cells show loss of cohesion at and near
the centromere, but the sister chromatids
retain their parallel alignment and show a
“railroad track” appearance.'

In view of the RBS findings, it was sur-
prising that our recent work in the mouse
showed that Esco2 deficiency leads to a
loss-of-viability in early preimplantation
embryos, which failed to develop beyond
the second cell division. We had estab-
lished a mouse genetic model containing
a floxed Esco2 allele, which allowed us
the deletion of Esco2 in a tissue-specific
manner. Deletion of Esco2 in cortical
progenitors led to cortical agenesis since
Esco2-deficient neural progenitors under-
went cell death.

Reminiscent of RBS cells,
embryonic fibroblasts deficient for Esco2
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Figure 1. Deletion in single Esco2 allele leads to measurable increase in the interkinetochore distance. (A) Prometaphase chromosomes from wild type
(Esco2**) and heterozygous (Esco2A/+) MEFs were labeled with anti-Aurora B antibody to visualize sister kinetochores. Boxed areas depict a single
chromosome in high magnification. The distance between the sisters kinetochores (white line), the position of which was determined by the peak Au-
rora B fluorescence, was measured in deconvoluted samples using Leica Advance Fluorescence software. The mean values from individual cells were
plotted in graph (B). Scale bars-5 um and 1 um, n > 200, p value was obtained using Mann-Whitney U-test.

(MEFs#«?%) are characterized by paral-
lel alignment of sister chromatids in pro-
metaphase chromosomes, but in contrast
to RBS cells, MEFs®“*% show severe
chromosome segregation defects resulting
in highly abnormal nuclear morphology.”®
It is likely that the observed chromosome
segregation defects in MEFsf«?va
ily result from their inability to properly

primar-
establish cohesion between the sister
chromatids. Support for this view comes
from our finding that in the absence of
Esco2, the acetylation of Smc3 and the
recruitment of Sororin, which is essen-
tial for sister chromatid cohesion, was
> 50% diminished from mid S phase
until prometaphase, with the most strik-
ing reduction in Sororin binding at peri-
centric heterochromatin (PCH). Previous
studies, using knock-down techniques
in Hela cells, suggested a partial redun-
dancy of ESCOI1 and ESCO?2, since in
such cells detectable changes in acetyla-
tion of SMC3 required depletion of both
acetyltransferases.” This discrepancy with
our studies underlines the usefulness of
mouse genetic models in the analysis of
cohesion mechanisms. Taken together,
our results thus suggest that Esco2 has an
essential function in the establishment of
sister chromatid cohesion, which cannot
be substituted by Escol.

We noticed that the deletion of single
copy of the Esco2 gene as in MEFs&«2+/A

leads to a small, but measurable increase
in inter-kinetochore distance in prometa-
phase chromosomes (0.696 + 0.132 pwm
in MEFs®*2+ vs. 0.988 + 0.212 pm in
MEFs#*/A and 1.66 + 0.273 pm in
MEFs#@?¥4 " Fig. 1A and 1B). Despite
the increase in distance between the sis-
ter kinetochores, heterozygosity in Esco2
does neither significantly impact chromo-
some segregation nor affect embryonic
development. Heterozygous animals are
born at expected frequency and do not
show any developmental malformations."

Additionally, our recent study pro-
vides first insights toward the molecu-
lar mechanism leading to the railroad
track appearance of the chromosomes in
MEFs#«?A2 This cytological phenotype
might involve diminished phosphoryla-
tion of histone H2A-threonine 120 at the
kinetochore in MEFs®#*?*2  This would
prevent proper targeting of the cohesin
protector Shugoshin (Sgol) to the cen-
tromere.! Indeed, we found that pro-
metaphase chromosomes in MEFsf@?V4
show a reduction in Sgol immunofluo-
rescence at the centromere. Interestingly,
Sgol became localized to the chromo-
some arms. This change in Sgol local-
ization may de-protect centromeres from
the cohesin-removing prophase pathway
and instead protect of cohesin at the chro-
mosome arms. This view is consistent
with the finding that the distribution of
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cohesin along the prometaphase chromo-
somes in MEFs®“?*2 s rather uniform,
explaining also the parallel alignment of
sister chromatids."

It is possible that the defect in Sgol
recruitment to the kinetochores is an indi-
rect consequence of deficiency in PCH
cohesion in MEFs#®?A e speculate that
PCH cohesin lacking the stabilizing fac-
tor Sororin dissociates in prophase. This
could affect the establishment of chroma-
tin marks at the kinetochore, which are
necessary for proper targeting of chro-
mosomal passenger complex proteins and
shugoshin to the centromere.”"” The exis-
tence of a direct link between chromatin
bound cohesin and histone modification
was demonstrated for Haspin-mediated
phosphorylation of Histone 3 at threonine
3.7 This however needs to be analyzed in
more detail in Esco2-deficient cells. Taken
together, we envisage two mechanisms,
which are mutually not exclusive and
which may both contribute to the cyto-
genetic phenotype of cells lacking Esco2.
One is the failure to properly establish
PCH cohesion in S phase. The other may
be based on defects in cohesin protection
at the kinetochore.

Although  Smc3  acetylation and
Sororin binding are markedly reduced in
MEFs&@?Y2 ) both are still detectable by
immunological methods. The residual
Smc3 acetylation may be performed by
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Escol. We envisage two hypotheses
explaining the non-redundant func-
tion of Esco2. The “dosage hypoth-
esis” presumes that the amount of
enzymatic activity provided by Escol
might be insufficient to adequately
acetylate Smc3 and hence, cohesion
at critical chromosomal regions is
impaired. Support for this hypothesis
comes from our finding that PCH and
a locus at the arm of chromosome 11,
both of which are characteristically
bound by high amounts of cohesin,
show marked reduction in Sororin
recruitment in Esco2-deficient cells.”
One would predict that overexpres-
sion of Escol should rescue or at least
ameliorate the Esco2-deficiency.

The “regional specificity hypoth-
esis” is based on the finding that in
somatic vertebrate cells there are at
least two distinct cohesin populations
which differ from each other by the
presence of either the SA1 or the SA2
subunit.!®"” While SAl-cohesin is spe-
cifically required for telomere cohe-
sion,”®*" depletion of SA2*—similar
to the depletion of Esco2*—abolishes
the cohesion at the centromeres. SA2-
cohesin and Esco2 thus show over-
lapping “regional” specificity, which
could result from higher affinity of
Esco2 to a SA2-cohesin substrate.
To substantiate the regional specific-
ity hypothesis, it will be necessary to
examine the levels of Smc3 acetyla-
tion in MEFs#*?*4 in SA1- and SA2-
cohesins separately.

Additionally, future work should
directly determine sites and levels of
Smc3 acetylation at cohesin-bound-
loci on a genome-wide scale. At the
present time, we used Sororin ChIP
as surrogate readout for Sme3 acetyla-
tion. There is an agreement between
our acetylation data and findings
based on Sororin immunofluorescence
and ChIP. While Smc3 acetylation
was described to occur from yeast to
mammals,>*?? Sororin or a functional
ortholog has not been identified in
the yeast genome yet.” This raises the
question of whether Smc3 acetylation
in mammalian cells by Escol and
Esco2 serves purposes additional to
Sororin recruitment. For example, it
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Figure 2. Esco2 localizes to the sites of DNA double strand breaks and is required for the efficient DNA
DSB repair. (A) Experimental scheme. Esco2 was depleted in contact inhibited/serum starved MEFs

by tamoxifen treatment. Cells were then arrested at the G1/S boundary using thymidine block. Eight

h after release into S phase, double strand breaks were induced using etoposide (5 M) or bleomy-
cine (20 pgml™) treatment. DNA damage checkpoint was blocked by caffeine (2 mM). (B) Efficiency

of DBS induction was monitored by immunofluorescence (IF) using an antibody raised against Smc1
phosphorylated at S957 (Rockland, clone 5D11G5, dilution 1:50). In wild type MEFs, Esco2 localized to
the sites of DBS marked with Smc1pS957 IF. Scale bar 8 wm. (C) Prometaphase chromosomes isolated
from wild type and Esco2-deficient MEFs were divided into four groups according to the number of
breaks: chromosomes without the breaks, chromosome spreads containing between 1-9 breaks,
chromosome spreads containing between 10-19 breaks and chromosome spreads containing more
than 20 breaks. Examples of prometaphase chromosomes with 1-9, 10-19 and more than 20 breaks
are depicted. Boxed areas are magnified in insets. Scale bar 3 pum. (D) Esco2 is required for efficient DSB
repair. The frequencies of prometaphase chromosomes with 0, 1-9, 10-19 and more than 20 breaks
were plotted into the bar graph (n > 500). (E) Esco2-deficient MEFs are characterized by the persistence
of DNA damage foci. DSB were induced 8 h after thymidine block release and the presence of DNA
damage foci was monitored on the basis H2A.XpS139 IF (Abcam, ab22551, dilution 1:200) 1, 4, 7 and 12
h after the etoposide withdrawal. The frequency of H2A.XpS139 positive (black) and H2A.XpS139 nega-
tive (gray) cells was plotted (n > 500, per group and time point).
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will be interesting to compare MEFs from
Sororin-deficient mice with Escol/Esco2
double mutant mice with regard to cohe-
sion and gene regulation which has been
shown to be regulated in part by cohesin’s
association with CTCF?* or Mediator.>
One reason for addressing the gene regu-
lation issue is our observation that Smc3
acetylation was already detected in the G,
phase of the cell cycle, at which time there
is no Sororin® but gene expression takes
place.

Similar to RBS cells,” yeast strains with
Roberts syndrome mimicking mutation
in Ecol’s acetyltransferase domain (ecol-
W216G) show only mild cohesion defects,
but have a severe deficiency in DNA dam-
age repair.’® During the double strand
break (DSB) repair, new cohesion has to
be formed in order to ensure close proxim-
ity between the broken chromatid and the
repair template.”’ Moreover, even a lim-
ited number of DSBs will induce genome
wide, postreplicative reinforcement of sis-
ter chromatid cohesion in Ecol-dependent
manner.?®? Consistent with a role of Ecol
in DSB repair and DSB-induced cohesion
enforcement, we found that upon the
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