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for Tel1 and g-H2A in global cohesion could
be due to a function in amplifying the signal
emanating from the DSB (25). Such a function
of g-H2A is supported by our finding that it
covers the entire chr. III after the prolonged
break induction that we used in our exper-
iments, but is absent on undamaged chromo-
somes (fig. S3B).

We also explored the role of cohesin-regulating
proteins in genome-wide cohesion by scoring
chr. V separation after the induction of Mcd1UNCL

and a DSB on chr. III in temperature-sensitive
scc2-4, smc6-56, or eco1-1 cells. These exper-
iments showed that Scc2, Smc6, and Eco1 are
required for global cohesion (Fig. 3, C to E, and
fig. S3C).

The prerequisite of Scc2 reveals that genome-
wide formation of cohesion requires the load-
ing of cohesin to chromosomes. Loading in G2/M
occurs also in the absence of DNA damage, and
the cohesins present on chromosomes in this
cell-cycle phase are thus a mixture of cohesive
and noncohesive complexes (8). Our findings
indicate that a DSB triggers an alteration of
cohesin or its effectors that activate the cohesive
function of the normally unproductive com-
plexes. We investigated whether this is re-
flected by a change in the localization of Scc2
on undamaged chromosomes, but found that
HO expression only induced its accumulation
at the DSB (Fig. 3F). This is true also for co-
hesin (13), showing that genome-wide cohe-
sion is generated without positional changes
of cohesin or its loader in undamaged regions
of the genome.

The Smc6 protein is part of the cohesin-
related Smc5/6 complex, which also is required
for sister-chromatid repair, and regulates the
localization of cohesin to DNA breaks in human
cells (26, 27). In yeast, however, the chromo-
somal association of Mcd1 was unaltered after
the destruction of smc6-56 function in G2/M-
arrested cells (fig. S3D). This suggests that the
requirement of Smc6 for genome-wide cohesion
reflects a more direct influence on cohesin func-
tion, which is in accordance with the similar
chromosomal localization patterns of cohesin
and the Smc5/6 complex (28).

The finding that Eco1 is required for genome-
wide cohesion shows that it can act independent-
ly of chromosome replication. It also indicates
that the damage response removes an inhibitory
mechanism and/or reactivates Eco1, thereby al-
lowing cohesion formation in postreplicative cells.
Because the eco1-1 mutation leaves the chromo-
somal association of cohesin unaffected (fig. S4)
(4), we examined whether the establishment of
damage-induced cohesion and not only chro-
mosomal loading of cohesin is needed for repair
(12, 29). The results showed that Eco1, and con-
sequently damage-induced cohesion, is required
for postreplicative DSB repair (Fig. 4, A and B).
In contrast, the absence of damage-induced co-
hesion did not interfere with segregation in the
presence of functional replication-established

cohesion (Fig. 4C). Thus, a possible explanation
for genome-wide cohesion is that postreplicative
repair requires cohesion at a DSB, and this is
achieved by a global activation of the cohesion
machinery, leading to de novo cohesion on all
chromosomes.

Our investigation characterizes an additional
pathway for cohesion establishment that is
crucial for DSB repair in postreplicative cells.
This pathway generates cohesion on undam-
aged chromosomes in response to a single DSB,
suggesting that the break triggers a diffusible
signaling event that activates cohesin and/or
Eco1 via Mec1. Consequently, the establish-
ment of cohesion is not limited to active rep-
lication forks and has to occur both before and
after DSB formation to repair broken sister
chromatids.
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DNA Double-Strand Breaks Trigger
Genome-Wide Sister-Chromatid
Cohesion Through Eco1 (Ctf7)
Elçin Ünal,1,2 Jill M. Heidinger-Pauli,1,2 Douglas Koshland1*

Faithful chromosome segregation and repair of DNA double-strand breaks (DSBs) require cohesin,
the protein complex that mediates sister-chromatid cohesion. Cohesion between sister
chromatids is thought to be generated only during ongoing DNA replication by an obligate
coupling between cohesion establishment factors such as Eco1 (Ctf7) and the replisome. Using
budding yeast, we challenge this model by showing that cohesion is generated by an Eco1-
dependent but replication-independent mechanism in response to DSBs in G2/M. Furthermore, our
studies reveal that Eco1 has two functions: a cohesive activity and a conserved acetyltransferase
activity, which triggers the generation of cohesion in response to the DSB and the DNA
damage checkpoint. Finally, the DSB-induced cohesion is not limited to broken chromosomes
but occurs also on unbroken chromosomes, suggesting that the DNA damage checkpoint
through Eco1 provides genome-wide protection of chromosome integrity.

Afundamental property of the eukaryotic
chromosomes is sister-chromatid cohe-
sion. Cohesion plays a crucial role in

chromosome segregation (1) as well as post-
replicative repair of double-strand breaks (DSBs)
(2) and is mediated by a large ring-shaped com-

plex, cohesin, and its associated protein, Pds5
(3, 4). In late G1 of budding yeast, cohesin is
loaded onto chromosomes by the Scc2/Scc4
complex (5). This loading occurs around cen-
tromeres and at cohesin-associated regions
(CARs) along chromosome arms (4). During S

www.sciencemag.org SCIENCE VOL 317 13 JULY 2007 245

REPORTS



phase, Eco1 (also known as Ctf7) acts on the
chromatin-bound cohesin complex to gen-
erate cohesion by an unknown mechanism
(6, 7).

The generation of cohesion is limited to
S phase in undamaged cells (8–10). This
limitation cannot be explained by regulating
the association of cohesins with chromosomes
because they continue to load onto chromo-
somes at CARs in G2/M by an Scc2/Scc4-
dependent mechanism (8). To explain this
limitation, one model posits that cohesin can
generate cohesion only by a replication-driven
mechanism, facilitated by Eco1 (8) (herein
called replication fork–driven cohesion mod-
el). The absence of a replication fork in G2/M
prevents cohesion generation. However, co-
hesion is generated in G2/M upon irradia-
tion (9) and was inferred to be mediated by
cohesin loaded de novo around DSBs by a
mechanism dependent on the DNA damage
checkpoint (9, 11, 12). In the replication fork–
driven cohesion model, a fork should be nec-
essary for DSB-induced cohesion as well.
Indeed, replication forks do occur at DSBs as
part of the recombination-repair pathway.

To determine whether DNA replication is
required for DSB-induced cohesion, we devel-
oped an assay to detect cohesion of specific
regions on chromosomes in response to de-
fined DSBs (Fig. 1A). This assay has three
properties: First, formation of DSBs on the
chromosomes is temporally and spatially
controlled by placing the site-specific HO

endonuclease under the control of an inducible
promoter and by introducing two HO cleavage
sites (HO-cs) on chromosome III (chr. III).
One HO-cs is upstream of SRD1 and the
second site is 60 kb away at MAT locus. After
1 hour of HO induction, chr. III (>90%) is
broken into three pieces: the 60-kb SRD1-MAT
fragment and two larger fragments (Fig. 1B).
Second, cohesion of specific sites in the genome
is detected by a cohesion reporter consisting of a
tandem array of Lac operators (LacO) that can be
visualized by LacI–green fluorescent protein

(LacI-GFP). A single GFP spot in the cell in-
dicates cohesion between the broken chromatid
pairs, whereas two GFP spots indicate cohe-
sion loss (Fig. 1A, right panel). Third, de novo
DSB-induced cohesion is distinguished from
the cohesion established during S phase. S-phase
cohesion is established by the use of a thermo-
sensitive cohesin subunit, mcd1-1 (referred to as
S-cohesin). InG2/M,wild-typeMcd1 (also known
as Scc1) is expressed concomitant with induction
of DSBs, and subsequently S-cohesin is inacti-
vated (Fig. 1, A and C).

1Carnegie Institution, Howard Hughes Medical Institute,
Department of Embryology, 3520 San Martin Drive,
Baltimore, MD 21218, USA. 2Johns Hopkins University,
Department of Biology, 3400 North Charles Street,
Baltimore, MD 21218, USA.

*To whom correspondence should be addressed. E-mail:
koshland@ciwemb.edu

Fig. 1. DSB proximal cohesin generates sister-chromatid cohesion. (A) DSB-
induced cohesion assay. See text and supporting online material (SOM) for details.
(B) Chr. III cutting in EU3275 assayed by pulsed-field gel electrophoresis and
Southern blotting. (C) Mcd16HA binding on SRD1-MAT fragment assayed by
chromatin immunoprecipitation/real-time polymerase chain reaction. Gray squares:
no DSB, black squares: DSB. Error bars indicate SD (n = 4). DSB-induced cohesion
assay in (D) EU3275 and (E) EU3274 and EU3278. In (D) and (E) and subsequent
figures, the genotype and location of the cohesion reporter are shown above each
plot. Detailed information on strain genotypes are in table S1. a, active; i, inactive;
ts, temperature-sensitive; HA, hemagglutinin. Error bars indicate SD (n = 3).

Fig. 2. DSB-induced cohesion is independent of DNA replication but is dependent on the DNA damage
response pathway. DSB-induced cohesion assay in (A) EU3286, (C) EU3291, and (E) EU3321. Error bars
indicate SD (n = 3). Chromosome binding of G2/M-loaded cohesin in (B) EU3297, (D) EU3291, and
EU3321. (F) DSB-induced cohesion assayed by fluorescence in situ hybridization in JH4112, JH4116,
JH4115, and JH4117. See SOM for details.
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Using this assay, we asked whether co-
hesion can be generated in G2/M in proxim-
ity of the DSB by following the cohesion of
the SRD1-MAT region. Without DSBs, when
S-cohesin is active (30°C, permissive temper-
ature), ~20% of the chr. III sister chromatids
are separated. As expected, upon inactivation
of S-cohesin (37.5°C, nonpermissive temper-
ature), >60% of chr. III sister chromatids sep-
arate (Fig. 1D). With DSBs, wild-type cohesin
is loaded to the SRD1-MAT fragment (Fig.
1C), and this fragment retains cohesion upon
the inactivation of S-cohesin (Fig. 1D). Both
DSBs and wild-type cohesin are necessary, but
neither is sufficient, to generate cohesion on the
SRD1-MAT region in G2/M (Fig. 1E). These
results show that DSBs can induce cohesin-
dependent cohesion in G2/M, confirming that
cohesion can be generated outside of S phase
(9). In addition, these results show that as few
as two DSBs are sufficient to induce cohesin-
dependent cohesion in G2/M.

The first prediction from the replication fork–
driven cohesion model is that DSB-induced co-
hesion should require recombination-dependent
replication. To test this prediction, we deleted
RAD52. Rad52 is a prerequisite for recombination-
dependent DNA replication (13). In rad52∆ cells,
the extent of DSB-induced cohesion on SRD1-MAT
fragment is indistinguishable from that of RAD52
(Figs. 1D and 2A), indicating that recombination-
dependent replication and/or DNA structures are
dispensable for DSB-induced cohesion.

The second prediction from the replica-
tion fork–driven cohesion model is that DSB-
induced cohesion should occur only around
DSBs and not on unbroken chromosomes. To
test cohesion on unbroken chromosomes, we
moved the cohesion reporter to chr. IV or chr. I
while keeping the HO-cs on chr. III. We found
that the loss of cohesion on chr. IV and chr. I
upon inactivation of S-phase cohesin is prevented
by the induction of DSBs on chr. III (Fig. 2C
and figs. S1 and S2, A and B). This generation
of genome-wide cohesion cannot occur by a
replication-dependent mechanism because there
is no ongoing DNA replication on unbroken
chromosomes in G2/M.

How does a DSB in G2/M induce sister-
chromatid cohesion both proximal to the lesion
and genome-wide? In G2/M, in the absence of

DSBs, cohesins load at CARs but cannot mediate
cohesion (8–10). Upon DSBs, the DNA damage
response pathway induces DSB-proximal cohe-
sin loading (11).We posit that subsequently, cohe-
sins loaded at CARs and DSBs becomes cohesive
through the action of a critical factor that responds
to cell cycle and DNA damage cues. In undam-
aged cells, this factor is active only during S
phase. Hence, cohesins loaded at CARs in G2/M
cannot generate cohesion. However, in response
to DSBs, this factor is reactivated by upstream
components of the DNA damage response path-
way to generate cohesion both proximal to the
DSB and at CARs genome-wide.

To identify the upstream components, we ex-
amined damage-induced cohesion in cellsmutated
forMRE11, MEC1/ATR (ataxia telangiectasia and
Rad 3 related), TEL1/ATM (ataxia telangiectasia
mutated), orH2AX. Wewere limited to analysis of
genome-wide cohesion because only cohesin
loading at CARs occurs independently of these
factors (11) (Fig. 2D). In mre11∆ or mec1∆ cells,

cohesion fails to form on chr. IVor on chr. XVI in
response to DSBs on chr. III (Fig. 2, E and F). In
contrast, neither Tel1 nor g-H2AX is required for
damage-induced cohesion (Fig. 2F and fig. S2C).
Whereas all these factors are required for DSB-
proximal cohesin loading, only Mre11 and Mec1
are also necessary for DSB-induced cohesion.
Thus, the chromatin-bound cohesin complex is
converted to a cohesive state by the DNA damage
response pathway [also reported in (14)], pre-
sumably through a trans-acting factor.

A candidate for this trans-acting factor is
Eco1 (Ctf7) because it is essential for cohesion
establishment in S phase (6, 7). To determine
whether Eco1 is also necessary for DSB-induced
cohesion, we first subjected G2/M cells carrying
both eco1-203 and mcd1-1 conditional alleles
to a temperature shift (34°C), which inactivates
only Eco1. After DSB induction, cells were sub-
jected to a second, higher-temperature shift (37.5°C)
to inactivate S-cohesin. We found that inactiva-
tion of Eco1 in G2/M results in a failure to gen-

Fig. 4. (A and B) A model for cell-cycle and damage-induced regulation of sister-chromatid cohesion.
Cohesin is represented in its noncohesive (circle) or cohesive (oval) state. (i) represents the inhibitor of
cohesion generation in G2/M. See text for details.

Fig. 3. Eco1 is necessary
to generate cohesion in
G2/M and its acetyltrans-
ferase activity is required in
response to DSBs. Cohesion
assay in (A) EU3326, (B)
EU3336, and (C) EU3307,
EU3325, and EU3328.
Arrow in (C) indicates over-
production. Error bars in-
dicate SD (n = 3). (D)
Immunoblot showing
Mcd16HA and Eco13HA with or without galactose (GAL) induction in EU3307 and EU3328.
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erate DSB-induced cohesion (Fig. 3A and fig.
S3, A and B). In addition, impairment of Eco1 in
G2/M also compromises postreplicative repair,
a process dependent on DSB-loaded cohesin
(fig. S3C). Thus, Eco1 is necessary to generate
sister-chromatid cohesion in G2/M in response
to DSBs as well as in S phase, suggesting that
DSB-induced and S-phase cohesion occurs by a
similar mechanism. Furthermore, these results
suggest that Eco1 is the cohesion factor that is
reactivated in response to DSBs.

One way of regulating Eco1 upon DSBs is
through its C-terminal acetyltransferase (Ack) do-
main (15). Until now, the in vivo relevance of the
Eco1 acetyltransferase domain has been elusive. It
is dispensable for generating cohesion during S
phase (16) (fig. S4A), suggesting that a distinct
part of Eco1 is required for cohesion establish-
ment. We asked whether the acetyltransferase
activity of Eco1 is necessary for DSB-induced
cohesion. We generated strains in which the sole
copy of ECO1 is replaced by eco1R222G, K223G

(eco1ack-) andmonitored the cohesion of chr. III or
chr. IV in response to DSBs. Similar to eco1-203,
eco1 ack- cells are compromised for DSB-induced
cohesion (Fig. 3B and fig. S4, B to D) and for
postreplicative repair in G2/M (fig. S4E). These
results show that Eco1 acetyltransferase activ-
ity is specifically required in G2/M to generate
DSB-induced cohesion. Furthermore, they
suggest that Eco1 has at least two distinct bio-
logical functions: One function converts the
chromatin-bound cohesin complex to a cohe-
sive state, and the acetyltransferase function
activates directly or indirectly its cohesive func-
tion during G2/M.

Having established Eco1 as a critical factor
for the generation of DSB-induced cohesion, we
asked whether the failure to generate cohesion in
undamaged G2/M cells results from limiting
Eco1 activity. To test this hypothesis, we over-
produced Eco1 during G2/M in the absence of
HO-induced DSBs. Indeed, overproduction of
Eco1 but not eco1ack- bypasses the requirement
for DSBs to generate cohesion inG2/M (Fig. 3C).
Both Eco1 and eco1ack- are present at similar
levels (Fig. 3D), and eco1ack- encodes a function-
al protein because it complements the eco1-203
at nonpermissive temperature (fig. S4F). These
results suggest that in G2/M, Eco1 acetyltransfer-
ase activity is limiting in undamaged cells and,
in response to DSBs, this activity is elevated
through the DNA damage checkpoint.

Here we show that the generation of cohesion
in G2/M is Eco1 dependent but replication inde-
pendent [also reported in (14)]. This contradicts
the current model, which posits that cohesion gen-
eration can only occur in the context of DNA
replication, and Eco1 (Ctf7) merely allows the rep-
lisome to slide through the cohesin ring in S phase
(8). Rather, we suggest that Eco1 directly converts
the chromatin-bound cohesin complex to its co-
hesive state. During S phase, Eco1 associates with
replisome components (7, 17), and this allows
Eco1 to establish cohesion before the sister chro-

matids separate (7, 18). We also show that the
cohesive function of Eco1 requires its acetyltrans-
ferase domain in G2/M but not in S phase. We
suggest that the cohesive function of Eco1 is in-
activated after S phase either by inhibiting Eco1
directly or its accessibility to cohesin (Fig. 4A).
Upon DSBs, the DNA damage checkpoint ini-
tiates a signal that induces cohesin loading
around the DSB and augments the acetyltrans-
ferase activity of Eco1 (Fig. 4B). Eco1 in turn
acetylates itself, cohesin subunits, or Pds5 (15), and
thus overcomes the G2/M inhibition. Thus, like
cohesion dissolution, cohesion establishment
exhibits complex spatial and temporal regulation
throughout the cell cycle, and Eco1 is the hub for
this regulation.

The conservation of the Eco1 acetyltransfer-
ase domain suggests that it is critical for DSB-
induced cohesion in all species. Defects in the
DSB-induced cohesion pathway lead to genomic
instability in humans (19). These defects have
been attributed to improper repair of the broken
chromosomes as a result of a failure to generate
cohesion at the break site. The discovery that
DNA damage response pathway activates cohe-
sion on unbroken as well as broken chro-
mosomes suggests that the role of this pathway
extends beyond the repair of the break. Indeed, in
G2/M, absence of DSB-induced genome-wide
cohesion increases loss of unbroken chromosomes
about threefold (fig. S5), suggesting that enhanced
cohesion during checkpoint delay prevents preco-
cious sister-chromatid separation. Further studies
of genome-wide cohesion may reveal additional
functions such as the prevention of rearrange-
ments through ectopic recombination.
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Developmentally Regulated Activation
of a SINE B2 Repeat as a Domain
Boundary in Organogenesis
Victoria V. Lunyak,1,2* Gratien G. Prefontaine,1† Esperanza Núñez,1† Thorsten Cramer,5†
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The temporal and spatial regulation of gene expression in mammalian development is linked to
the establishment of functional chromatin domains. Here, we report that tissue-specific
transcription of a retrotransposon repeat in the murine growth hormone locus is required for gene
activation. This repeat serves as a boundary to block the influence of repressive chromatin
modifications. The repeat element is able to generate short, overlapping Pol II– and Pol III–driven
transcripts, both of which are necessary and sufficient to enable a restructuring of the regulated
locus into nuclear compartments. These data suggest that transcription of interspersed repetitive
sequences may represent a developmental strategy for the establishment of functionally distinct
domains within the mammalian genome to control gene activation.

The growth hormone (GH) gene provides a
well-studied transcription unit that is highly
suited for defining how specific chromatin

modifications (1–6) might be responsible for the

spatial and temporal order of lineage specification
events in the developing pituitary gland. The
humanGH locus is represented by a cluster of five
GH-related genes that are regulated by a Pit-1–
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