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Abstract
In mammalian cells the accumulation of repair proteins to double-strand breaks is a phosphorylationand ubiquitylation-regulated process. Some of the genes that encode the kinases and ubiquitin ligases in
this pathway are cancer predisposition genes, most prominently the breast cancer predisposition gene
BRCA1, which encodes a ubiquitin ligase. How BRCA1 ligase activity was regulated following DNA damage
was poorly understood. In this review I summarize new data that show a third post-translational modification, by the small ubiquitin like modifier SUMO, is part of the same cascade, enabling and activating DNA
damage-regulated processes, including the BRCA1 ligase activity. Cancer Res; 70(10); 3861–3. ©2010 AACR.

BRCA1 in the Response to DNA Damage
For many years it has been clear that BRCA1 plays a
central role in the response to the most genotoxic of DNA
lesions, double-stranded breaks. These breaks are formed
not only on exposure to exogenous agents such as irradiation
or topoisomerize inhibitors, but also in the natural life of a
cell, at replication fork blocks caused by adducts generated
by metabolic processes. BRCA1 in growing cells is found in a
punctuate subnuclear pattern that relocates to sites of repair
following DNA damage. In the absence of BRCA1, cells accumulate chromosome rearrangements, and tumors from
patients (or mice) with absent BRCA1 activity show considerable genomic instability.
Two conserved regions of BRCA1 are important for its
tumor suppression role. The C-terminus of BRCA1 has direct repeats of two BRCT (BRCA1 C-terminal) domains,
now found in many DNA damage repair proteins, and the
BRCA1 N-terminus has a RING domain that interacts with
E2 ubiquitin-conjugating enzymes. The BRCTs create a
pocket that binds phosphopeptides, and patient missense
variants that disrupt phosphopeptide binding or the integrity
of the BRCTs are associated with disease (1, 2). BRCA1 is
found in three DNA repair complexes regulated by this
pocket, containing phosphorylated BRIP1/FANCJ, phosphorylated CtIP, or phosphorylated Abraxas (reviewed in
ref. 3). This latter interaction is required for BRCA1 recruitment to sites of chromatin surrounding the DNA lesion.
Phospho-Abraxas is part of a multiprotein complex containing RAP80. RAP80 is recruited through the combined
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activities of RNF168, RNF8, and HERC2 ubiquitin ligases,
which, with the ubiquitin-conjugating enzyme Ubc13,
generate chains of ubiquitin linked through lysine 63. These
generate topologically specific structures recognized by
RAP80 (4, 5). RNF8 is recruited through the phosphorylation
of MCD1, coordinated by the ATM kinase, which also
encourages MDC1 recruitment through modification of the
histone H2AX within chromatin surrounding the DNA break.
The role of BRCA1, once at sites of damage repair,
remains unclear, but what is known is that in combination
with its N-terminal binding partner, BARD1, BRCA1 interacts
with ubiquitin E2-conjugating enzymes and catalyses the
generation of chains of ubiquitin linked through at least
one lysine-6 linkage (6, 7). The ubiquitin ligase ability of
BRCA1 is highly conserved, and chicken and worm versions
do the same activity at the same location (8, 9). The ligase
activity is also likely to be part of BRCA1-mediated tumor
suppression. The highest density of different missense substitutions in patients with a familial history of disease occurs
across the N-terminal region encompassing the RING
domain (10). Mutations of the Zn2+-ligating residues required
to maintain the RING structure cosegregate with disease in
large independent families and inhibit BRCA1 ligase activity,
consistent with a requirement in tumor suppression on the
activity. However, as these mutations potentially affect protein stability as well (11), stronger evidence for the potential
requirement of the ligase activity comes from the experimental selection from randomly generated variants of BRCA1
that inhibit ubiquitin E2 interactions. BRCA1-E2 disruptive missense changes selected in this screen were in the
same amino acids as patient variants, suggesting that
the E2:BRCA1 interaction plays some role in tumor suppression (12). Thus the regulation of this activity is also likely
to be relevant to tumor suppression. After DNA damage,
chromatin-bound BRCA1 copurifies with the ubiquitin E2
UbcH5, required for ligase activity, whereas free BRCA1, or
BRCA1 in undamaged cells, does not copurify the enzyme
(9), suggesting a switch between ligase-active BRCA1 present in chromatin-associated repair foci and inactive BRCA1
elsewhere.
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SUMO Conjugation Is Part of the
BRCA1-Response to DNA Damage
There are three conjugated forms of SUMO: SUMO1,
SUMO2, and SUMO3. (SUMO2 and SUMO3 differ by just
three amino acids, are considered functionally equivalent,
and are known as SUMO2/3). SUMOylation follows the same
enzyme architecture as ubiquitin modification, requiring an
E1-activating enzyme, E2-conjugating enzyme (only one of
these is known, Ubc9), and E3-ligating enzymes, such as
PIAS1-4, MMS21, RanBP2, Polycomb 2, or TOPORS. SUMO
conjugation to target proteins tends to occur on a consensus
in the target of ψKxE, in which ψ is a large hydrophobic
residue. SUMO2 and SUMO3 each contain a consensus site,
so that these, but not SUMO1, are able to form chains of
SUMO on a target protein.
Following the observation that Caenorhabditis elegans
Bard interacts with the C. elegans SUMO E2-conjugating
enzyme ce-Ubc9 (13), we examined whether SUMO proteins
might play a role in the way BRCA1 responds to DNA damage
in mammalian cells.
We noted that SUMO isoforms, like BRCA1, relocate to
subnuclear foci, marked by phosphorylated H2AX (γH2AX)
after DNA damage, and that BRCA1 interacted with SUMO
at these sites (14). The SUMO E2-conjugating enzyme Ubc9
also accumulated at these regions, as did the SUMO-ligase
enzymes PIAS1 and PIAS4. Indeed BRCA1 was conjugated
to SUMO following genotoxic insult and this required the
PIAS1 and PIAS4 ligases (and did not require other ligases
MMS21, PIAS2, or PIAS3). The most intriguing step came
when examining the ubiquitin conjugates at sites of DNA
damage. When PIAS ligases where depleted, K6-ubiqutin
conjugates failed to locate with γH2AX labeled chromatin
even when BRCA1 did so, suggesting a defect in the BRCA1
ligase activity. To establish whether this was a direct

consequence of BRCA1 SUMO modification we established
whether any SUMO consensus motifs might be required for
BRCA1-SUMO interaction in cells. The two highest scoring
motifs are located adjacent to the BRCA1 RING, and whereas
mutation of one had no impact on the interaction, loss of the
other (mutated to either ψRxE' or ψKxA') inhibited both the
interaction of BRCA1 with SUMO and the ability of exogenous
BRCA1 to induce elevated ubiquitin conjugates, suggesting
that the SUMO modification acts to switch on BRCA1 ligase
activity. Testing these ideas in vitro we found that SUMOmodified BRCA1-BARD1 was able to generate 20 to 50 fold
more ubiquitin-conjugates than the unmodified form, recapitulating the cellular events and showing that BRCA1 is a
SUMO Regulated Ubiquitin Ligase (SRUbL; ref. 14).
The impact of SUMO-modification was not restricted to
BRCA1. We and Galanty and colleagues (15) also showed that
events upstream of BRCA1 were effected by the depletion of
the SUMO-ligases, in that PIAS1 was needed for complete
accumulation of BRCA1, whereas PIAS4 was active further
up the pathway and needed for proper accumulation
of RNF168, and proteins subsequent to it in the cascade
(including 53BP1). The chromatin targets of RNF8/HERC2/
RNF168 were no longer ubiquitylated on PIAS4 depletion,
leading to the speculation that one or all of these ligases
may, like BRCA1, be regulated by SUMOylation. Intriguingly,
Galanty and colleagues show that PIAS4-regulated events correlate with SUMO-1 involvement and 53BP1 modification, and
PIAS1 with SUMO2/3 involvement and BRCA1 modification,
although how these observations translate to differential
activity is not currently clear (Fig. 1).
Galanty also made important observations about the
requirements for PIAS recruitment to DNA damage sites.
Their accumulation did not require the RNF8-repair
pathway; instead, the PIAS SAP domains, reported to
interact with sequence or structure-specific DNA (16),

Figure 1. SUMO conjugation components regulate ubiquitin processes at chromatin around double-stranded DNA breaks. The PIAS4 SUMO ligase is
required for the accumulation of RNF168 and subsequent activity of RNF8:RNF168 ubiquitin ligases possibly through direct SUMOylation. 53BP1
SUMO conjugation depends on PIAS4. The PIAS1 SUMO ligase is required for complete accumulation of BRCA1, possibly through RAP80, and PIAS1
and PIAS4 are both required for SUMOylation of BRCA1, which in turn increases its ubiquitin ligase activity. Ubiquitin ligases are shown as green diamonds,
and ubiquitin as green circles labeled U. SUMO ligases are shown as light blue ovals and SUMO as small light blue ellipses labeled S. Chromatin
components are in orange.
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were required, but not sufficient, for recruitment to DNA
breaks (15). In their independent accumulation PIAS SUMO
ligases perhaps provide a fail-safe for the activation of repair
proteins by introducing a need for a further contact with DNA.

Significance and Implications
The BRCA1 route to DNA damage repair now also includes
SUMO modification events. In common with other proteins
that form part of this cascade the depletion of the PIAS1 and
PIAS4 SUMO ligases caused sensitivity to irradiation and
cisplatin and loss of homologous recombination and nonhomologous end-joining pathways of double-strand break
repair (14, 15). Some genes in this pathway are mutated in
the small proportion cancers that have a hereditary pattern.
Might SUMO pathway components also be involved?
Although the SUMOs themselves and possibly the PIAS proteins are likely to be redundant, the pathway has only a single
E2 enzyme, Ubc9. Rare single-nucleotide polymorphisms in
the UBC9 allele have recently been associated with increased
risk of breast cancer and increased grade, although the
causative variants remain to be discovered (17, 18). Increased
Ubc9 and PIAS1 expression has been noted in multiple
myeloma, a cancer reported to have elevated homologous
recombination (19).
Other portions of the SUMO regulatory pathway not yet
investigated would now be expected to play a role in the

response to double-stranded breaks. Enzymes that process
immature SUMO1 or SUMO2/3 and readily clip them from
conjugated targets (the Sentrin specific proteases) will presumably be required, with certain SENPs required for certain
portions of the pathway. Similarly the SUMO-targeted ubiquitin ligase, RNF4, might be expected to play a role by targeting
SUMO2-conjugated elements of the pathway for degradation,
and/or by regulating the available SUMO2 levels in a cell.
Much also remains unclear about the current findings.
How is the BRCA1 ligase activity regulated by SUMO; are
the other ubiquitin ligases in the pathway (or elsewhere) also
SRUbLs? Does SUMO-modification of 53BP1 alter its activity?
What is the basis of PIAS ligase regulation?
SUMO modification plays a role in various forms of DNA
repair (20), as well as many other cellular pathways and now
in BRCA1 accumulation and activity. These new data suggest
that successful hits from drug discovery programs targeting
the SUMO pathway are likely to disrupt BRCA1 activity, presenting both a hazard to their use and suggesting potential
efficacy in cancer treatment.
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