
BRCA1/BARD1 in mitotic spindle 
assembly account for chromo-
somal instability when its function 
is compromised, and how does this 
relate to the development of tissue-
specific tumors? Given that breast 
and ovarian tumors are two of the 
most common forms of cancer and 
account for a substantial number of 
cancer-related deaths in women, 
answers to these questions are of 
vital interest to more than just cell 
biologists.
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Recombination at stalled replication forks is regulated at an early stage by sumoylation. 
In this issue of Cell, Branzei et al. (2006) show that the Ubc9/SUMO modification pathway 
controls the accumulation of cruciform structures at stalled forks.
All growing cells replicate their DNA 
during each cell cycle. Although 
there are multiple mechanisms to 
ensure fidelity by the replicative DNA 
polymerases, the process is still 
perilous. The template strands may 
contain lesions associated with the 
stalling of replication or may suffer 
more severe damage leading to the 
collapse of replication forks. These 
lesions associated with replication 
stalling are usually bypassed by 
translesion DNA polymerases that 
can accommodate modified bases 
in the template DNA. Another pro-
posed mechanism for lesion bypass 
is template switching, a process in 
which the nascent sister strands 
pair and one is used as the template 
for synthesis of the stalled strand 
past the lesion (Figure 1).

Replication-fork reversal occurs 
when the checkpoint for DNA rep-
lication is defective. In the budding 
yeast Saccharomyces cerevisiae, 
fork stability requires the Mec1 and 
Rad53 checkpoint kinases (homol-
ogous to mammalian ATR and Chk2 
kinases). When cells that have 
defective versions of these factors 
are subjected to conditions that 
lead to fork stalling, reversed forks 
are formed that resemble Holliday 
junctions (Sogo et al., 2002; Tercero 
and Diffley, 2001) (Figure 1). These 
structures are cruciform, contain-
ing four duplex strands of DNA that 
form during homologous recom-
bination. However, the cruciform 
structures that form after fork stall-
ing are considered pathological and 
are avoided by the presence of the 
checkpoint machinery. In extracts 
of eggs from the frog Xenopus lae-
vis, the ATR checkpoint is required 
even during normal chromosomal 
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DNA synthesis, presumably to sta-
bilize the replication forks that stall 
under routine conditions and to aid 
the recruitment of repair factors 
(Shechter et al., 2004). Branzei et al. 
(2006) now report that sumoylation 
helps to prevent the accumulation 
of these cruciform structures at 
stalled forks.

When fork progression is retarded—
for example, by limiting deoxyribo-
nucleotides, introducing defective DNA 
polymerases, or reducing amounts of a 
replicative polymerase (Kokoska et al., 
2000)—single-strand regions accumu-
late at the replication forks and recom-
bination is increased in genetic assays. 
Single-strand DNA can be recombino-
genic, as it is a target for the binding of 
Rad51 recombinase. It is also subject 
to breakage that can lead to the forma-
tion of recombinogenic double-strand 
breaks. The binding of Rad51 at rep-
vember 3, 2006 ©2006 Elsevier Inc. 455



figure 1. formation of Recombination-like Intermediates at stalled Replication forks
A lesion on the template strand is shown as a black rectangle. The DNA replication checkpoint 
prevents fork reversal (left), which would form a four-way junction that resembles a Holliday junc-
tion. Lesion bypass (red line) can occur by translesion polymerase synthesis (center), which does 
not produce a recombination-like intermediate. Template switching (right) can lead to the ac-
cumulation of pseudo-Holliday junctions if the proposed hemicatenane intermediate is not dis-
solved. The SUMO-conjugating enzyme Ubc9, the SUMO ligase Mms21 and the DNA helicase 
Sgs1 in conjunction with the topoisomerase Top3 are proposed to promote the dissolution of 
pseudo-Holliday junctions.
lication forks is counteracted by the 
UvrD-like DNA helicase Srs2 through 
an interaction with SUMO-modified 
PCNA (proliferating cell nuclear anti-
gen) (Papouli et al., 2005; Pfander et 
al., 2005). The recruitment of Srs2 by 
SUMO-modified PCNA serves to regu-
late the initiation of recombination at 
stalled forks and to promote bypass 
synthesis by translesion DNA poly-
merases. It has been shown that the 
sumoylation of PCNA requires the E3 
factors Siz1 and Siz2.

The Foiani group has previously 
shown that the RecQ-like DNA heli-
case Sgs1 prevents the formation of 
cruciform structures at replication 
forks that encounter damaged tem-
plate strands (Liberi et al., 2005). 
The human BLM DNA helicase, a 
member of the RecQ family, can 
dissolve Holliday junctions in vitro 
(Wu and Hickson, 2003) in conjunc-
tion with the topoisomerase hTOPO 
IIIα. BLM is mutated in Bloom’s syn-
drome, a disorder characterized by 
a high frequency of chromosome 
breaks and rearrangements and 
sister-chromatid recombination. It 
456 Cell 127, November 3, 2006 ©2006 E
can be inferred that Sgs1 (in con-
junction with the yeast Top3 topoi-
somerase) has the same activity as 
BLM and that the cruciform struc-
tures represent unresolved true or 
pseudo-Holliday junctions. This 
idea is also supported by the find-
ings that Bloom’s syndrome is char-
acterized by increased sister-chro-
matid exchange and that yeast sgs1 
mutants have increased crossover 
frequencies (Ira et al., 2003). One 
can conclude from these obser-
vations that, when recombination 
occurs, it is regulated at the final 
stages of resolution to prevent or 
limit crossovers.

Branzei et al. (2006) now show 
that formation of cruciform struc-
tures at damaged replication forks 
is also regulated by SUMO modifi-
cation. They extend their observa-
tions to suggest that this SUMO 
modification normally controls rep-
lication termination and promotes 
template switching when encoun-
tering a fork-stalling lesion. Such 
insights were obtained when the 
investigators tested a tempera-
lsevier Inc.
ture-conditional allele of the UBC9 
gene of S. cerevisiae called ubc9-1. 
UBC9 encodes a SUMO-conjugat-
ing enzyme, and studies suggest 
that mouse Ubc9 can sumoylate tar-
get proteins without a SUMO ligase. 
The ubc9-1 mutant completes DNA 
replication at the restrictive temper-
ature but accumulates DNA lesions 
and requires homologous recombi-
nation functions for viability. Exami-
nation of DNA structures in the 
mutant showed that, under damage 
conditions, cruciform structures 
accumulated. This phenotype was 
similar to that of yeast sgs1 mutants 
but dissimilar to srs2 mutants. 
Similarly, mutants that affect PCNA 
sumoylation, siz1 and siz2, did not 
accumulate cruciform structures. 
This suggests either that cruciform 
structures reflect a late stage of 
recombination intermediates at rep-
lication forks or that they might be 
formed from a reaction that does 
not involve a strand invasion. The 
Mms21 SUMO ligase, which is not 
required for PCNA sumoylation, was 
required to counteract cruciform 
accumulation at stalled forks.

The targets of Ubc9 and Mms21 
involved in the prevention of cruci-
form-structure formation at dam-
aged forks are not known. One obvi-
ous candidate is the Sgs1 helicase. 
Sgs1 is sumoylated, and this could 
affect its recruitment to the hemi-
catenane structures (in which the 
two DNA molecules are linked by 
single-strand intertwining) (Figure 
1). Additionally, Sgs1 sumoylation 
could also affect its association 
with other proteins or its activity. 
Branzei et al. (2006) find that Sgs1 
interacts with Ubc9 and that Sgs1 
sumoylation is dependent on Ubc9 
activity, but not on Mms21 activity. 
Mms21 has other targets, includ-
ing Smc5 of the Smc5/6 complex, 
which is required for DNA repair 
through sister-chromatid recombi-
nation. The Smc5/6 complex has 
been proposed to prevent accumu-
lation of branched structures at col-
lapsed replication forks (Lindroos et 
al., 2006). Because both UBC9 and 
MMS21 are essential genes, it is dif-
ficult to determine whether they act 



in separate pathways or processes 
to prevent cruciform accumulation. 
However, the homolog of SGS1 in 
the fission yeast Schizosaccha-
romyces pombe, rqh1, genetically 
interacts with genes encoding 
the Smc5/6 complex, suggesting 
that the Smc5/6 complex, which 
includes the Mms21 subunit, is 
needed for the resolution or disso-
lution of these cruciform structures.

Although the formation of cruci-
form structures at damaged forks 
is dependent on the recombinase 
Rad51, this does not necessar-
ily mean that they are formed by 
homologous recombination. Rad51 
could stabilize a proposed hemi-
catenane intermediate of template 
switching by binding to the paired 
nascent strands. This would stabi-
lize the pseudo-Holliday junctions 
and lead to an accumulation of the 
cruciform structures seen on two-
dimensional gels. Thus, recombina-
tion-like intermediates would accu-
mulate, promoted by a homologous 
recombination factor, without the 
actual occurrence of a double-
strand break and strand invasion. 
If the pseudo-Holliday junction 
intermediate is not dissolved by the 
Sgs1/Top3 helicase-topoisomerase 
complex, it could be a target for 
nicking by structure-specific endo-
nucleases that could form double-
strand breaks and promote recom-
bination. This, then, could be the 
real pathological consequence of 
damaged forks: the provocation of 
recombination during replication. 
Indeed, the other pathological struc-
ture suggested to occur at forks is 
the reversed-fork four-way struc-
ture, which resembles a Holliday 
junction. These are observed when 
the replication checkpoint does not 
stabilize a stalled fork. This, too, is 
a case where a recombination inter-
mediate forms without homologous 
recombination.

Why would it be necessary to 
regulate Sgs1 activity through 
sumoylation? The authors note that 
the DNA structures occurring dur-
ing the termination of replication 
have some similarity to the pro-
posed hemicatenane intermediate 
for template switching. Errors in 
termination, which might occur in 
ubc9 or sgs1 mutants under non-
damaging conditions, could lead to 
increased DNA breaks and genomic 
rearrangements. Sgs1 sumoylation 
might direct its activity to structures 
that form during replication termina-
tion through association with some 
component of the replication appa-
ratus but would not involve Sgs1 
in the resolution of true homolo-
gous recombination intermediates 
found during G2. Although most 
mitotic homologous recombination 
events are noncrossover events 
and occur by synthesis-dependent 
strand annealing, true reciprocal 
crossovers do occur in mitotic cells 
and are presumably the result of 
resolution of Holliday junctions by 
endonucleases. Therefore, it will be 
interesting to determine whether the 
Smc5/6 complex or Sgs1 is involved 
in replication termination.

The implications of this study 
can be extended to meiotic recom-
bination and chromosome segre-
gation. Significant chromosome 
missegregation occurs at meiosis 
I in sgs1 mutants due to excess 
crossing-over, particularly near the 
centromeric regions, which are usu-
ally devoid of crossovers (Rockmill 
et al., 2006). The recent study by 
Rockmill et al. also suggests that 
crossovers are linked to local loss 
of sister-chromatid cohesion and 
that loss of cohesion near the cen-
tromeres might lead to separation 
of centromeres in meiosis I and 
precocious sister-chromatid sepa-
ration, with ensuing chromosome 
missegregation. Unregulated cross-
over recombination in mitosis might 
also lead to chromosome misseg-
regation in a similar fashion. SGS1 
and BLM mutant cells are charac-
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terized by increased chromosome 
loss. Thus, factors that act on Hol-
liday junction-like intermediates 
must be regulated to dissolve these 
structures and prevent crossovers. 
How sumoylation might affect Sgs1 
activity in meiotic recombination is 
not known, but the Drosophila UBC9 
homolog regulates chromosome 
disjunction in meiosis I, and the S. 
cerevisiae UBC9 gene affects chro-
mosome synapsis (the close pairing 
of homologous chromosomes dur-
ing meiosis). It is possible that other 
Ubc9 targets that function in chro-
mosome pairing and recombination 
might also regulate chromosome 
synapsis.
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