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is also involved in HR, was identified (Wooster et al., 1994, 1995). 
BRCA1 exhibits most of its functions in mammals in a heterodi-
mer with the so-called BARD1 (BRCA1 associated RING domain 
protein 1) protein (Wu et al., 1996). The biological importance of 
BRCA1 and BRCA2 is clearly shown by the fact that progeny that 
carry a homozygous mutation in these genes exhibit embryonic 
lethality in mice (Hakem et al., 1996; Suzuki et al., 1997).

Breast cancer is the most common type of cancer among women 
in the western world, and approximately 5% of the cases have a 
hereditary cause. Mutations in the BRCA1 gene are responsible 
for 50% of these cases (Miki et al., 1994). Subsequently, women 
with a heterozygous BRCA1 mutation show an up to 80% higher 
probability of developing breast cancer throughout their lives. The 
cumulative risk of developing breast cancer for carriers of a BRCA2 
mutation approaches 50% (O’donovan and Livingston, 2010). 
Hence, it is not surprising that much effort has been invested into 
elucidating the biological function of genes linked to breast cancer.

Recently, an almost uncountable number of studies have been 
published that shed light on the functions of HsBRCA1 and BRCA2, 
and it has become apparent that BRCA1 and BRCA2 are very diverse 
proteins with a huge number of interaction partners and many 
distinct functions. Besides their involvement in HR, HsBRCA1 and 
BRCA2 are involved in cell cycle regulation, centrosome duplica-
tion, DNA repair, and transcriptional regulation (for a review of 

IntroductIon
All organisms must respond to naturally occurring DNA dam-
age caused either by endogenous sources, such as reactive oxygen 
species, or exogenous sources, like UV radiation. Because of their 
sessile lifestyles, plants cannot avoid multiple exogenous stress fac-
tors. Moreover, plant germ cells are derived from undifferentiated 
meristematic cells. Because mutations resulting from inefficient 
DNA repair might be passed to the next generation, sophisticated 
DNA repair mechanisms are crucial for plant genomic integrity. 
During evolution, complex networks dealing with different kinds of 
DNA damage have developed in all organisms. Base excision repair, 
nucleotide excision repair and double strand break repair (DSBR) 
are the three most prominent examples. These mechanisms are 
conserved to different degrees throughout the different kingdoms 
of life. For DSBR, two main mechanisms to repair a double strand 
break (DSB) are used: homologous recombination (HR) and non-
homologous end joining (NHEJ). HR is the predominant mode of 
repair in bacteria and unicellular eukaryotes but is seldom used in 
multicellular diploid eukaryotes, which prefer NHEJ.

One of the most prominent factors involved in HR in mam-
mals is the breast cancer susceptibility gene 1 (BRCA1), which was 
found while screening for genes involved in familial breast cancer in 
humans (Hall et al., 1990). In further screens for high-penetrance 
mutations leading to breast cancer, a second gene, BRCA2, which 
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the cellular functions, see Boulton, 2006). For HsBRCA1, additional 
roles in the regulation of telomere length and in NHEJ have been 
described (Wei et al., 2008; Ballal et al., 2009).

BRCA2 (FANCD1) is also a member of the Fanconi anemia (FA) 
complex of proteins (reviewed in Wang, 2007; Kee and D’andrea, 
2010). FA is a rare genetic disease in which patients have skeletal 
abnormalities and are prone to develop different kinds of can-
cer. Other BRCA1 and BRCA2 interacting proteins, e.g., FANCJ 
(BACH1) and PALB2 (FANCN), have also been linked to FA 
(Cantor and Xie, 2010; Tischkowitz and Xia, 2010), suggesting an 
intersection between breast cancer and FA.

It was quite a surprise to find a homolog of the human BRCA1 
in seed plants. Interestingly, Arabidopsis plants with homozygous 
mutations in this gene show no developmental phenotype (Lafarge 
and Montane, 2003; Reidt et al., 2006). Two homologs of the human 
BRCA2 were identified in Arabidopsis, as well. Silencing both genes 
by RNA interference (RNAi) led to partially sterile plants, indicating 
an important role for BRCA2 in meiosis, but not in somatic growth 
(Siaud et al., 2004). The observation that Arabidopsis plants carrying 
homozygous BRCA1 or BRCA2 mutations develop to adult organ-
isms instead of dying at a very early developmental stage, as is the 
case for mammals, offers a chance to study the function of these 
proteins during the complete life cycle of a multicellular eukaryote. 
In the following, we will summarize the current state of knowledge 
of the biological role of the respective homologs in plants.

the BrcA1 And BArd1 proteIns
The human BRCA1 protein has a length of 1863 aa and is com-
prised of an N-terminal RING (really interesting new gene) domain 
and two C-terminal BRCT (BRCA1 C-terminal) domains (Miki 
et al., 1994; Koonin et al., 1996; for schematic protein structure, 
see Figure 1).

The N-terminal RING domain was shown to exhibit E3 ubiq-
uitin ligase activity, assembling unconventional K6-linked ubiq-
uitin chains in humans; it is the site of interaction with BARD1 
(Lorick et al., 1999; Meza et al., 1999; Wu-Baer et al., 2003). This 

E3 ubiquitin ligase activity is amplified when BRCA1 and BARD1 
interact (Hashizume et al., 2001). The heterodimer was shown to 
ubiquitinate itself and thus enhance its E3 ligase activity and its 
affinity to bind to DNA repair intermediates (Mallery et al., 2002; 
Simons et al., 2006). There have been several reports showing the 
ubiquitination of different substrates, such as RNA Polymerase 
II, in human cell lines (Starita et al., 2005). Furthermore, the 
ubiquitination of substrates, such as p53 and histones, has been 
described in vitro (reviewed in Starita and Parvin, 2006). The E3 
ligase activity of the BRCA1–BARD1 heterodimer is also pro-
posed to be regulated by the sumoylation of BRCA1 (Morris 
et al., 2009).

The two 80–100 aa long BRCT domains were shown to interact 
with phosphorylated proteins in humans. They can fold in a head-
to-tail manner and create an interaction pocket with high affinity 
to proteins that contain a phosphorylated serine in a pSer-X-X-Phe 
motif (Williams et al., 2001, 2004). Many proteins involved in DNA 
repair and cell cycle control harbor BRCT domains. The conserva-
tion of BRCT domains in many different organisms hints to an 
important and conserved function in these processes (Williams 
et al., 2004).

The human BRCA1 also contains a P300/CBP-interaction-
domain that is thought to be involved in the regulation of tran-
scription through an interaction with the transcriptional cofactors 
P300 (histone acetyltransferase p300) and CBP (CREB binding 
protein) (Scully et al., 1997a). Additionally, a coiled-coil domain 
was identified N-terminally of the BRCT domains of BRCA1 in 
humans. This domain is important for the transcriptional activa-
tion and is highly conserved throughout animals (Hu et al., 2000).

AtBRCA1 was first characterized and analyzed in a search for 
genes with the typical BRCA1 structure of an N-terminal RING 
and C-terminal BRCT domains in Arabidopsis (Lafarge and 
Montane, 2003). The AtBRCA1 protein is 941 aa long, weighs 
104 kDa and also harbors an N-terminal RING and two C-terminal 
BRCT domains. The AtBRCA1 and HsBRCA1 proteins show an 
overall identity of approximately 20% on the amino acid level 
that is higher in the described domains. All the important resi-
dues of the C3HC4 amino acid motif in the RING domain are 
present in AtBRCA1, too. Thus, one might speculate that this 
domain exhibits E3-ligase activity like its human counterpart. 
Additionally, a conserved P300/CBP domain was found. A bio-
informatics search revealed that no coiled-coil domain is present 
in Arabidopsis BRCA1.

A second ORF related to AtBRCA1 could be identified in the 
Arabidopsis genome and was classified as AtBARD1 (Reidt et al., 
2006). Interestingly, the protein encoded by this gene lacks the 
Ankyrin (ANK) domains that are present in the human BARD1 
protein but otherwise has a BRCA1/BARD1-like domain structure 
consisting of a RING and two BRCT domains. The ORF codes for 
a protein with a length of 713 aa. AtBARD1 has a 22% identity and 
38% similarity on the amino acid level to HsBARD1 and 6.4% iden-
tity and 35% similarity to AtBRCA1. With the split-YFP assay and 
the yeast two-hybrid (Y2H) system, it was possible to show a direct 
interaction between AtBRCA1 and AtBARD1 (Reidt et al., 2006). 
It was demonstrated that the N-terminus of AtBRCA1 can interact 
with the full-length AtBARD1, but not with the C-terminal part of 
AtBARD1. No interaction was found for the C-terminal fragments 

FiguRe 1 | Structural comparison of the human and Arabidopsis BRCA1 
and BARD1. BRCA1 and BARD1 proteins of Homo sapiens and Arabidopsis 
thaliana: Despite their difference in length (1863 aa in humans and 941 aa in 
Arabidopsis), these proteins have a very similar composition with common 
RING, P300/CBP interaction and BRCT domains. HsBRCA1 harbors a 
coiled-coil domain that is absent in AtBRCA1, whereas we found a larger than 
normal PHD in Arabidopsis BRCA1 and BARD1, but not in the human protein. 
BRCT, BRCA1 C-terminal; CBP, CREB binding protein; P300, histone 
acetyltransferase p300; PHD, plant homeodomain; RING, really interesting 
new gene.
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flower buds, which equates to an average of 140-fold induction 
of BRCA1 expression for the whole plant (Lafarge and Montane, 
2003). Surprisingly, no induction of expression after γ-irradiation 
was measured for the BARD1 transcript (Reidt et al., 2006). This 
finding raises the question of why two proteins that usually act as 
a heterodimer are so differently expressed after genotoxic stress. 
Because the expression of both genes in mammals is induced 
similarly by γ-irradiation, there has to be a different regulatory 
mechanism for BRCA1 and BARD1 expression after DNA dam-
age in plants.

BrcA1 And BArd1 In other plAnt specIes
Apart from the BRCA1 and BARD1 homologs in Arabidopsis, we 
were able to find putative homologs bioinformatically in almost all 
sequenced plant genomes (our own unpublished results). We found 
at least one BRCA1 or BARD1 homolog in all the well established 
Viridiplanta genomes except for Physcomitrella patens. In all the 
examined Angiosperm genomes there are at least one BRCA1 and 
one BARD1 homolog present, except for Medicago truncatula, in 
which only a BARD1 homolog has been annotated (this homolog 
was wrongly named “BRCA1”). In Manihot esculenta, we were even 
able to find two predicted BARD1 genes, and, for Glycine max, we 
were able to identify two BRCA1 genes. These genes usually had 
the typical BRCA1/BARD1 structure, although the RING domain 
seems to be absent in Vitis vinifera BARD1 and in Zea mays BRCA1. 
It remains to be tested whether these really are functional homologs 
for both genes. The genome sequence of Carica papaya was also 
scanned for putative BRCA1 and BARD1 homologs, but the current 
state of the database did not allow us to get clear results, therefore 
we excluded the C. papaya sequences from further analysis.

Interesting and unsuspected data were obtained when 
Chlorophyta, and Lycopodiopsida were checked for BRCA1 and 
BARD1 homologs: Only one homologous gene was annotated in 
the spikemoss Selaginella moellendorffii (Lycopodiopsida) and in 
the green algae Chlamydomonas reinhardtii, Ostreococcus tauri, O. 
lucimarinus, and Volvox carteri (Chlorophyta).

Another very exciting finding was the presence of the PHD 
domain, which is absent in animal BRCA1 and BARD1 proteins. 
We were able to find this domain in all tested BRCA1 and BARD1 
proteins with the exception of the green algae C. reinhardtii and 
V. carteri. Furthermore, one important cysteine residue was not 
conserved in the PHDs of the S. moellendorffii, O. tauri, and O. 
lucimarinus proteins (see Figure 2 for an alignment).

Together, these findings prompted us to develop a hypothesis 
about the evolution of the animal and plant BRCA1 and BARD1 
proteins.

A new hypothesIs for the evolutIon of BrcA1 
homologs
The observation that the plant BRCA1 and BARD1 proteins carry 
a common domain not present in the animal homologs could hint 
at the possibility that both arose from a duplication event dur-
ing the early evolution of the plant kingdom. Thus, AtBRCA1 and 
AtBARD1 would not be true orthologs of HsBRCA1 and HsBARD1, 
but rather paralogs with one common BRCA1/BARD1-like ances-
tor. The recent accumulation of genome sequences made it possible 
to test our hypothesis.

of AtBRCA1 and AtBARD1. Thus, AtBRCA1 and AtBARD1 seem 
to be able to interact via their N-terminal RING domains, much 
like BRCA1 and BARD1 in humans.

In the human BRCA1, there are two nuclear export signals 
(NES), which are located in the RING domain, and two nuclear 
localization signals (NLS), of which only the first one is vital for 
nuclear import (overview in Thompson, 2010). In Arabidopsis, 
the existence of NES and NLS and the localization of the pro-
tein is still unsure. The human BRCA1 and BARD1 were both 
shown to be located in the cytoplasm and the nucleus; transport 
between these two areas was shown to have a complex regulation. 
Nuclear import of HsBRCA1 can occur via the classical importin 
α/β pathway or in a piggyback mechanism with BARD1 (Chen 
et al., 1996; Fabbro et al., 2002). The retention of the heterodimer 
in the nucleus is accomplished by masking the NES when BRCA1 
and BARD1 interact through their RING domains, where the two 
NESs are located. Thus, the exportins cannot bind to and transfer 
the proteins out of the nucleus. The localizations of AtBRCA1 and 
AtBARD1 have yet to be determined, but split-YFP assays have 
shown that the interacting heterodimer is localized in the nucleus 
(Reidt et al., 2006).

In Arabidopsis, an extended PHD domain (plant homeodo-
main) located between the P300/CBP and the BRCT domains (see 
Figure 1) can be identified by a SMART domain search (our own 
unpublished results). A PHD finger is similar to a RING finger but 
consists of a C4HC3 amino acid motif, instead of a C3HC4 motif, 
for binding a Zn2+ ion. PHD domains were previously shown to 
bind lysine 4 trimethylated histone H3 (H3K4me3), which can act 
as a dynamic signal for transcriptionally active genes and mark 
initiation sites for meiotic recombination (Santos-Rosa et al., 2002; 
Borde et al., 2009). This domain, which is approximately 60 aa long, 
was previously identified in AtBARD1 (Han and Zhu, 2009). An 
alignment between AtBRCA1 and AtBARD1 in the area of the PHD 
domains shows that not only is the classical PHD motif conserved 
but that a long stretch C-terminal of the PHD also shows high iden-
tity. This stretch ranges from 564 to 636 aa in AtBRCA1, where the 
classic C4HC3 motif of the PHD finger starts, and this highly con-
served region ends at 688 aa. The identity between AtBRCA1 and 
AtBARD1 in this whole region is 53.2%, showing that this region 
is even more conserved than the well-described RING and the 
two BRCT domains (52.6% identity for RING, 47.1% for the first 
BRCT and 43.2% identity for the second BRCT domain; our own 
unpublished results). The fact that PHD fingers are mainly found 
in nuclear proteins suggests a nuclear localization for AtBRCA1 
and AtBARD1 as well (Bienz, 2006).

The expression patterns of the plant proteins were checked in 
different organs. BRCA1 expression followed a gradient that rose 
from the rosette leaves up to the flower buds, with a 10-fold higher 
BRCA1 expression in the latter (Lafarge and Montane, 2003). The 
expression of AtBARD1 was, like that of AtBRCA1, higher in flowers 
than in the rosette leaves. These similar expression patterns also hint 
at a functional interaction (Reidt et al., 2006). Another interest-
ing experiment was conducted by screening for mRNA levels after 
irradiation with γ-rays. AtBRCA1 expression was highly induced by 
γ-rays with a 20-fold induction after irradiation with only 1–3 Gy. 
After irradiation with 100 Gy, a maximum 800-fold induction was 
observed in rosette leaves, but only a 10-fold increase was seen in 
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 (ii) The green algae genomes analyzed thus far and the genome 
of the moss S. moellendorffii have only one BRCA1/BARD1 
protein. Unfortunately, the sequence data for these species 
are still very preliminary, and additional BRCA1/BARD1 
proteins could exist. Furthermore, P. patens has no BRCA1 
or BARD1 homolog. A scenario in which Physcomitrella lost 
one BRCA1/BARD1 is more likely than a scenario in which 
all green algae and mosses lost one or both of the BRCA1 
and BARD1 proteins, which would have been the case if two 
ancestors had existed.

(iii) No PHD domain could be identified in the BRCA1/
BARD1 predecessor protein in Chlorophyceae (C. rein-
hardtii and V. carteri), but a PHD was found in the 

Considering the large number of BRCA1 and BARD1 proteins 
in different organisms and the presence of the PHD domain in 
almost all sequenced plants, we suggest the following hypothesis 
concerning the evolution of the BRCA1 and BARD1 proteins (see 
Figures 3 and 4):

Animal and plant BRCA1 and BARD1 have one common 
eukaryotic ancestor. However, is this due to a single event or 
multiple duplication events? Using Occam’s razor, the simplest 
explanation would be that after the separation of the plant and 
animal kingdoms, a single plant homolog subsequently gained 
a PHD domain. Independent duplications of the predecessor 
gene in both kingdoms seem to have occurred later, leading 
to the mammalian BRCA1 and BARD1 genes that lack PHD 
domains and the plant BRCA1 and BARD1 genes that harbor 
PHD domains. The incorporation of the PHD seems to have 
happened on the evolutionary level of the green algae, about 
1150 million years ago (Yoon et al., 2004; Hedges et al., 2006). 
The duplication in the plant kingdom seems to have happened 
after the divergence of the Lycopodiopsida and Spermatophytina 
lineages and earlier than the divergence of monocots and dicots, 
because we find a BRCA1 and a BARD1 homolog in both of 
them. This places the duplication between 495.9 and 301 mil-
lion years ago (Soltis et al., 2002; Hedges et al., 2006; Zimmer 
et al., 2007).

There are several lines of argument supporting this hypothesis:

  (i) The animal BRCA1 and BARD1 proteins do not harbor 
PHD domains, whereas the PHD domains of the plant 
BRCA1 and BARD1 proteins are very similar in sequence 
and position. If there were already two proteins present in 
the last common ancestor of animals and plants, a possible 
gain or loss of the PHD after the separation of plants and 
animals must have happened twice at a similar position in 
the gene, which is very unlikely.

FiguRe 2 | Alignment of the PHD domains and their C-terminal extension. 
Shown here is an alignment of all the extended PHD domains found in the 
putative BRCA1 and BARD1 homologs of plants. The C4HC3 motif residues that 
are typical for PHD fingers are marked with an asterisk. It is clearly visible that 
the N-terminal area upstream of the typical PHD motif is also highly conserved. 

In fact, it is the most highly conserved domain in the plant BRCA1 and BARD1 
homologs. The only organisms for which we could not find a PHD were 
Chlamydomonas reinhardtii and Volvox carteri. The PHD in Selaginella  
moellendorffii and both Ostreococcus species lack one conserved cysteine in 
this motif.

FiguRe 3 | Model of the evolution of BRCA1 and BARD1 in animals and 
plants. We propose that there was a single predecessor for the animal and 
plant BRCA1 and BARD1 genes. After the division of the animal and plant 
kingdoms, the single plant gene acquired a PHD domain. Afterward, there 
must have been an independent duplication of the plant and animal proteins, 
leading to BRCA1 and BARD1 in both kingdoms. Because the plant gene 
already had a PHD prior to its duplication, we can find that domain in all 
BRCA1 and BARD1 plant proteins.
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both lose the PHD domain, as well, which makes this “multiple 
loss of PHD” supposition less probable than the “single gain of 
PHD” hypothesis.

Unfortunately, BRCA1 or BARD1 proteins in other kingdoms, 
which would be very helpful for the further elucidation of the evo-
lution of these proteins, could not be identified.

A consequence of the hypothesis of the evolution of BRCA1 and 
BARD1 described above is that the Arabidopsis BRCA1 and BARD1 
genes are not orthologs of the human BRCA1 and BARD1 and that 
these genes rather developed analogously from a common BRCA1/
BARD1 predecessor. Thus, BRCA1- and BARD1-specific features 
might differ between humans and plants. This makes BRCA1 and 
BARD1 analysis in plants and animals both more challenging and 
more fascinating.

BRCA1/BARD1 homolog of both Ostreococcus species 
sequenced thus far, which also belong to the green algae. 
This suggests that the PHD was acquired on the evolutio-
nary level of the green algae before the plant predecessor 
gene was duplicated. However, because we can find a PHD 
in Ostreococcus but not in Chlamydomonas and Volvox, we 
can not rule out the possibility that a PHD was incor-
porated even earlier and got lost in the Chlorophyceae 
branch of the green algae.

This leads to another hypothesis that is less likely though. If 
the plant and animal predecessor protein already possessed a 
PHD domain, the animal protein must have lost its PHD before 
duplication. Yet C. reinhardtii and V. carteri would have had to 

FiguRe 4 | evolution of BRCA1 and BARD1 in plants. This tree shows the phylogeny of the plant BRCA1 and BARD1 proteins calculated with the Minimum 
Evolution method. It is clearly visible that there is a common predecessor to both BRCA1 and BARD1. (A) Depicts the putative point where the PHD domain was 
acquired. (B) Shows the point of duplication and separation of the BRCA1 and BARD1 proteins.
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of the human complexes, see Figure 5. Interestingly, homologs of 
almost all of the interaction partners in these complexes can be 
found in the Arabidopsis genome (for a compilation, see Table 1). 
We were not able to identify homologs of PALB2 (partner and local-
izer of BRCA2, also known as FANCN), ABRA1 (Abraxas 1), and 
RAP80 (receptor associated protein 80). It is possible that TOPBP1 
(topoisomerase II binding protein 1) has a homolog in Arabidopsis 
called AtMEI1 although this is not yet functionally verified (Grelon 
et al., 2003). Additionally, we found that, apart from BRCA2, two 
homologs are duplicated in Arabidopsis, namely BRCC36 and 

BrcA1 complexes
In humans, BRCA1 is the central compound in three distinct com-
plexes that have different functions important for the repair of 
damaged DNA (Wang et al., 2007; overview in Huen et al., 2010). 
In every complex, BRCA1 exists as a heterodimer with its interac-
tion partner BARD1, and, apart from these two proteins, all other 
components differ among the three complexes. The complexes 
were named the BRCA1 A, B, and C complexes after the bridging 
proteins that interact with BRCA1’s BRCT domains: ABRAXAS1 
(ABRA1), BACH1 (FANCJ), and CtIP, respectively. For an overview 

FiguRe 5 | The three BRCA1 complexes in humans. The three human 
complexes in which the BRCA1–BARD1 heterodimer was found are called the 
A, B, and C complexes. The A complex is involved in DNA repair via homologous 
recombination. The heterodimer is needed to load RAD51 on single-stranded 
DNA, where it then catalyzes the strand invasion. The B complex has a role in 
the G1/S cell cycle checkpoint, and the C complex is involved in the G2/M 
checkpoint and 5′ end resection, which is the initial step after a DNA double 
strand break. See the text for details. (Proteins with a known homolog in 
Arabidopsis are colored, and the names are written in bold; ABRA1, Abraxas1; 

BARD1, BRCA1 associated RING domain protein 1; BRCA1, breast cancer 
susceptibility gene 1; BRCA2, breast cancer susceptibility gene 2; BRCC36, 
BRCA1/BRCA2 containing complex subunit 36; BRCC45, BRCA1/BRCA2 
containing complex subunit 45; CtIP, CtBP interaction partner; FANCJ, Fanconi 
anemia complementation group J; MLH1, mutL Homolog 1; MRE11, meiotic 
recombination 11 homolog A; MSH6, mutS Homolog 6; NBA1, new component 
of the BRCA1 A complex; NBS1, Nijmegen breakage syndrome 1; PALB2, 
partner and localizer of BRCA2; RAD50, radiation sensitive 50; RAD51, radiation 
sensitive 51; TopBP1, topoisomerase 2 binding protein 1)

Table 1 | Proteins of the three human BRCA1 complexes, the BRiSC and their homologs in Arabidopsis.

Protein Human accession No. Human length (aa) Arabidopsis accession No. Arabidopsis length

ABRA1 NP_620775.2 409 – –

ABRO1 NP_115558.3 415 NP_187490.2 (splice variant 1) 313

BARD1 NP_000456.2 777 NP_973758.2 713

BRCA1 NP_009225.1 (isoform 1) 1863 NP_193839.4 941

BRCA2 NP_000050.2 3418 (IV) NP_001154192.1 1187

   (V) NP_195783.3 1155

BRCC36 NP_077308.1 (isoform 1) 316 (A) NP_178138.2 414

   (B) NP_001078118.1 405

BRCC45 NP_004890.2 415 NP_199062.2 382

CtIP NP_002885.1 (isoform a) 897 NP_850683.1 588

FANCJ NP_114432.2 1249 (A) AT1G20750.1 1144

   (B) NP_173495.5 1175

MRE11 NP_005582.1 (isoform 1) 708 NP_200237.1 720

NBA1 NP_001028721.1 329 NP_195022.1 264

NBS1 NP_002476.2 754 NP_186917.2 542

PALB2 NP_078951.2 1186 – –

RAD50 NP_005723.2 1312 NP_565733.1 1316

RAD51 NP_002866.2 339 NP_568402.1 342

RAP80 NP_057374.3 719 – –

TOPBP1 NP_008958.2 1522 – –

Accession numbers are given as the “NCBI reference sequence” when possible; otherwise, the TAIR gene model is stated.
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was found, although the moss has no BRCA1, BARD1, or BRCA2 
homologs. Thus, BRCC36 seems to have functions that are inde-
pendent of BRCA1, BARD1, and BRCA2 in plants, as well.

To analyze the possible involvement of AtBRCC36A in DNA 
repair, a localization study was conducted using an AtBRCC36A–
YFP fusion that was stably transformed into wild-type plants 
(Block-Schmidt et al., 2010). Surprisingly, the fluorescently tagged 
construct was detected mainly in the cytoplasm when the plants 
were grown under standard conditions. After treatment with the 
DSB-inducing agent bleomycin, the fusion protein was also present 
in the nucleus. This indicates that BRCC36A moves into the nucleus 
after DNA damage and probably participates in DNA repair. It is 
tempting to speculate that the activity of a putative A complex in 
Arabidopsis might be regulated by this movement. It will be interest-
ing to determine the cellular localization of the other homologs of 
the A complex (including AtBRCC36B) that are present in plants 
before and after genotoxic stress treatment.

An open questIon: how Is the BrcA1 A complex 
recruIted to dnA dAmAge In plAnts?
Because the BRCA1 A complex is of utmost importance for the 
integrity of the genome in mammals, it is also the best-described 
complex. In humans, the recruitment of BRCA1 to DNA damage is 
well-characterized and will be briefly described here (see Figure 6).

After recognition of a DSB, the kinases ataxia telangiectasia 
mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR) 
phosphorylate many factors needed for DNA repair. One key phos-
phorylation event is the attachment of a phosphate to the histone 
variant H2AX near the DSB, which is then subsequently called 
γ-H2AX (Burma et al., 2001). This phosphorylated histone can 
then be recognized by tri-phosphorylated MDC1 (mediator of 
DNA-damage checkpoint 1), which itself recruits the ubiquitin E3 
ligase RNF8 (RING finger protein 8; Stucki et al., 2005; Huen et al., 
2007; Mailand et al., 2007). RNF8 can polyubiquitinate γ-H2AX 
with K63-linked ubiquitin with the help of the E2 protein UBC13 
(ubiquitin-conjugating enzyme 13), MMS2 (ubiquitin-conjugating 
enzyme variant MMS2; also known as UEV1, ubiquitin E2 vari-
ant 1), and HERC2 (Hect domain and RLD 2). HERC2 probably 
stabilizes the RNF8–UBC13 interaction (Bekker-Jensen et al., 
2010). Additionally, there seems to be a second way to ubiquit-
inate γ-H2AX, namely via BMI1, a member of the Polycomb group 
that was shown to be able to ubiquitinate γ-H2AX (Ismail et al., 
2010). It was recently shown that UBC13 only acts as an E2 protein 
when the ubiquitin chain gets elongated (Christensen and Klevit, 
2009). Therefore, RNF8 might not be involved in the initial mono-
ubiquitination of γ-H2AX. It is possible that BMI1 mono-ubiqui-
tinates γ-H2AX, whereas RNF8 elongates the ubiquitin chain. The 
next protein in the cascade of recruitment, RNF168 (RING finger 
protein 168), finds its way to ubiquitinated H2AX with the help 
of HERC2 and elongates the K63-linked ubiquitin chain further 
(Doil et al., 2009; Stewart et al., 2009; Bekker-Jensen et al., 2010). 
K63-linked ubiquitin chains, in contrast to K48-linked ubiquitin 
chains, do not target the attached protein for degradation but are, 
among other functions, an important signal for DNA repair. The 
polyubiquitination via RNF168 also requires UBC13 and MMS2. 
The ubiquitin chain is then recognized and bound by RAP80 via its 
ubiquitin interacting motif (UIMs; Kim et al., 2007). RAP80 itself 

FANCJ. Duplicated genes occur quite often in Arabidopsis (for 
example, see Hartung et al., 2007) as there seems to have been a 
partial genome duplication in the family Brassicaceae.

BrcA1 A complex
The BRCA1 A complex is the best-described complex featuring 
the BRCA1–BARD1 heterodimer. In mammals, this complex was 
shown to function mainly in HR after DNA damage through its 
recruitment of the RAD51 protein that is essential for strand 
invasion (Scully et al., 1997b). In humans, the BRCA1 A complex 
is probably found in foci near DNA DSBs (Scully et al., 1997b). 
BRCA1 binds with its BRCT domain to phosphorylated ABRA1, 
which acts as a scaffold and binds BRCC36 (BRCA1/BRCA2-
containing complex subunit 36, also known as BRCC3), a deubiq-
uitinating enzyme, BRCC45 (BRCA1/BRCA2-containing complex 
subunit 45, also known as BRE), and RAP80, which is essential for 
the recruitment of BRCA1. BRCA1 itself binds to PALB2, which 
then localizes BRCA2 and RAD51 to the proximity of the dam-
aged DNA, where RAD51 can exercise its important function 
for HR. The most recently identified factor in this complex is 
NBA1 (New component of the BRCA1 A complex), also known 
as MERIT40; it interacts with BRCC45 and is also needed for an 
optimal A complex foci formation (Feng et al., 2009; Wang et al., 
2009). Bioinformatics also revealed that the A complex resembles 
the lid complex of the 26S proteasome, which can cleave ubiquitin 
(Wang et al., 2009).

Some of the members of this complex could also be found 
in another closely related cytoplasmic complex called BRISC 
(BRCC36 containing isopeptidase complex; Cooper et al., 2009). 
In humans, this protein complex consists of BRCC36, BRCC45, 
ABRO1 (Abraxas brother 1), and NBA1. The BRISC was shown 
to deubiquitinate K63-linked ubiquitin chains of unknown sub-
strates in the cytoplasm (Cooper et al., 2009). Homologs of all of 
its components can be found in the Arabidopsis genome, as well 
(see Table 1), so it is possible that a similar complex is functional in 
plants, as well. Most notably, in the moss P. patens, in which BRCA1 
or BARD1 is present, all the BRISC factors can also be found. Thus, 
it is possible that the BRISC complex is more widely conserved than 
the BRCA1 A complex and has an important function not only in 
seed plants, but also in more primitive plants.

Two homologs of HsBRCC36 could be identified in Arabidopsis: 
AtBRCC36A and AtBRCC36B (Block-Schmidt et al., 2010). These 
genes code for proteins with lengths of 406 and 405 amino 
acids, respectively. The overall identity between HsBRCC36 and 
AtBRCC36A is 31.3%, and between HsBRCC36 and AtBRCC36B, 
there is 30.1% identity on the protein level. The two Arabidopsis 
BRCC36 proteins are 90.9% identical and were probably dupli-
cated recently. Like the human ortholog, they both harbor an MPN 
domain, which is the only domain that has been described currently 
in these proteins. Expression of the two BRCC36 genes was found in 
all organs, with higher levels in flowers and siliques, a pattern that 
was similar to the expression patterns of AtBRCA1 and AtBARD1. 
In contrast to that of AtBRCA1, the transcription of both genes is 
not significantly induced after γ-irradiation.

Additionally, a single homolog to HsBRCC36 was found in many 
other plant species, whereas only Arabidopsis lyrata possesses two 
BRCC36 genes. As stated above, in P. patens, one BRCC36 homolog 
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homolog of HsCtIP present, which is called AtCOM1 (Daoudal-
Cotterell et al., 2002; Uanschou et al., 2007). The presence of these 
factors strongly suggest that a BRCA1 C-like complex might be 
present in Arabidopsis and may exhibit similar functions, such as 
participation in 5′ end resection. HsCtIP and HsBRCA1 were also 
shown to have a role in repairing DNA damage that is caused by 
topoisomerase inhibitors (Nakamura et al., 2010), but it remains to 
be determined whether the complete C complex is involved in this 
reaction and whether the plant homologs are involved in repairing 
the same kinds of damage.

further InterActIon pArtners of BrcA1
In addition to these complexes, BRCA1 can act together with several 
other proteins. For example, it was found associated with KU80, 
an important factor for the NHEJ pathway of DNA-damage repair 
(Wei et al., 2008). KU80 seems to play a role in the rapid recruit-
ment of BRCA1 to DSBs without exhibiting a direct interaction. 
This association is a strong sign for BRCA1 also being involved 
in the NHEJ pathway. Additionally, there have been other reports 
that suggest a role for BRCA1 in regulating NHEJ together with 
CHK2 (cell cycle checkpoint kinase 2) and ATM (Wang et al., 2006; 
Zhuang et al., 2006). Because BRCA1 and KU80 are also present 
in Arabidopsis (Riha et al., 2002; West et al., 2002; Gallego et al., 
2003), it is possible that AtBRCA1 and AtKU80 show a similar func-
tional interaction, but further investigation is needed to address 
this question.

Another example is the ubiquitination of γ-tubulin by BRCA1 
in humans (Starita et al., 2004), which inhibits the generation of 
supernumerary centrosomes and explains the involvement of 
BRCA1 in centrosome duplication. Despite the fact that plants have 
no centrosomes, γ-tubulin can be found and is required for micro-
tubule nucleation at microtubule organizing centers in Arabidopsis 
(Binarova et al., 2006). It is possible that BRCA1-dependent ubiq-
uitination has a role in this process, too. To our knowledge, this 
question has not been addressed yet in plants.

Apart from these examples there are several other factors known 
to interact with BRCA1 in mammals. It will be interesting to screen 
for further AtBRCA1 interaction partners in plants and to deter-
mine which of these interactions are conserved between the two 
kingdoms and whether plant-specific complexes with unique func-
tions can be revealed.

role of AtBrcA1, AtBArd1, And AtBrcc36A In hr And 
crosslInk repAIr
Human BRCA1 is one of the most important factors for genome 
stability, and it coordinates the DNA-damage response. Mutations 
in HsBRCA1 impair DNA repair by HR (overview in Huen et al., 
2010). Through the application of model recombination substrates 
(Swoboda et al., 1994) and the use of insertion mutants, Atbrca1 
mutants (Block-Schmidt et al., 2010), as well as Atbard1 mutants 
(Reidt et al., 2006), were shown to have defects in HR, which was 
especially prominent after induction of DSBs by bleomycin.

Recently, the effect of a mutation in AtBRCC36A and AtBRCC36B 
on HR was tested (Block-Schmidt et al., 2010). Surprisingly, only 
in Atbrcc36a was the HR frequency reduced to a level comparable 
to those of the Atbrca1 and Atbard1 mutants. It was surprising that 
AtBRCC36B, despite having 90% identity on the protein level to 

interacts with ABRA1, which, in its phosphorylated form, binds to 
the BRCT domains of BRCA1 (Liu et al., 2007; Wang et al., 2007). 
Through this interaction, BRCA1 comes to be in proximity to the 
DSB and can exert its functions in the repair of DNA damage.

Surprisingly, we were not able to detect homologs of several 
important factors for the recruitment of HsBRCA1 in the Arabidopsis 
genome. The two RING finger proteins RNF8 and RNF168 are absent, 
as well as BMI1, HERC2, the ubiquitin chain recognizing RAP80 
and the bridging protein ABRA1. Although we cannot exclude the 
possibility that the sequence conservation is too small to identify 
these factors in plants by bioinformatics, we favor the hypothesis that 
these factors are absent in the Arabidopsis genome and also in the 
genomes of other plants. Either non-related functional homologs 
exist in plants or the recruitment of the AtBRCA1–AtBARD1 het-
erodimer might be independent of K63-linked ubiquitin chains. 
The latter hypothesis raises the question of how AtBRCA1 might 
be recruited to sites of DNA damage in Arabidopsis. Because BRCA1 
acquired a PHD domain during plant evolution, this domain might 
participate in the recruitment of AtBRCA1 to damaged DNA. This 
hypothesis is strengthened by the demonstration of the involvement 
of H3K4me3 in genome stability in yeast. This mark can be detected 
near new DSBs, and it is speculated that it has an important function 
in making chromatin accessible for an unobstructed DSBR (Faucher 
and Wellinger, 2010).

BrcA1 B And c complexes
The BRCA1 B complex features  Fanconi anemia complementation 
group J (FANCJ; also known as BACH1 or BRIP1) and TOPBP1 in 
addition to the central BRCA1/BARD1 heterodimer. Additionally, 
the mismatch repair proteins mutL homolog 1 (MLH1) and mutS 
homolog 6 (MSH6) could be coimmunoprecipitated with FANCJ 
(Greenberg et al., 2006). The B complex is involved in controlling 
the G1/S cell cycle checkpoint, as well as in removing guanine quad-
ruplex structures and unhooking crosslinks. Thus, it can also pave 
the way for replication (Yu et al., 2003; Thompson and Hinz, 2009; 
Gong et al., 2010). MLH1 and MSH6 have already been described 
in Arabidopsis (Ade et al., 1999; Jean et al., 1999). Additionally, two 
FANCJ, but no obvious TOPBP1, homologs seem to be present in 
Arabidopsis (our unpublished data).

The BRCA1 C complex is characterized by the interaction of 
the BRCA1/BARD1 heterodimer with the protein CtBP interaction 
partner (CtIP, also known as RBBP8). The other interaction part-
ners in this complex are the members of the MRN complex: MRE11 
(meiotic recombination 11 homolog A), RAD50 (radiation sensitive 
50), and Nijmegen breakage syndrome 1 (NBS1, also known as 
NBN). A role of the C complex in G2/M checkpoint control was 
proposed first (Yu and Chen, 2004), but recently other functions of 
the C complex have been elucidated. It is proposed to be involved in 
the initial step of HR, namely end resection to form 3′ single-strand 
overhangs, and in the elimination of covalently bound DNA modi-
fications from DSBs (Yun and Hiom, 2009; Nakamura et al., 2010). 
However, it is also possible that BRCA1 is not involved in 5′ end 
resection and that this action depends only on CtIP and MRN. The 
formation of 3′ overhangs in humans still needs further investiga-
tion to determine which proteins are definitely involved. The MRN 
complex is highly conserved in Arabidopsis, as well (Bleuyard et al., 
2004; Waterworth et al., 2007; Amiard et al., 2010). There is also a 
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AtWUS (WUSCHEL), which is a protein that controls stem 
cell fate in the Arabidopsis shoot apical meristem (Laux et al., 
1996). Han et al. (2008) discovered that AtBARD1 can suppress 
AtWUS expression by binding to the AtWUS promoter region 
and that this protein is crucial for the restriction of AtWUS 
expression to the organizing center of the shoot apical meristem. 
Coimmunoprecipitation (CoIP) assays revealed that AtBARD1 
interacts with AtSYD (SPLAYED), a SWI–SNF2 ATPase subunit 
of the chromatin remodeling complex. Therefore, they proposed 
that AtBARD1 inhibits chromatin remodeling through the PHD 
domain and that this process is necessary for AtWUS expression 
(Han et al., 2008; Han and Zhu, 2009).

One of the three Atbard1 mutants that they examined showed 
no AtBARD1 expression, whereas the other two showed expression 
of a C-terminal fragment. Only the knockout mutant displayed 
severe developmental defects with enlarged meristems. This defect 
could be complemented through the expression of a C-terminal 
AtBARD1 fragment. Thus, the C-terminal fragment of AtBARD1, 
which contains the BRCT repeats, appears to be sufficient for the 
control of AtWUS expression. Surprisingly, an anti-AtBARD1 
antibody did not seem to detect full-length AtBARD1 in wild-
type extracts but instead gave a signal corresponding only to a 
C-terminal fragment (Han et al., 2008). Therefore, the authors sug-
gested that only a C-terminal part of AtBARD1 might be present 
in Arabidopsis plants. This hypothesis seems very unlikely to us 
because the complete AtBARD1 ORF was conserved during plant 
evolution. In the “truncated” AtBARD1 protein, the RING domain, 
which seems to be required for the interaction with AtBRCA1, is 
absent. The fact that both Atbard1 mutants, which showed expres-
sion of a C-terminal mRNA, displayed defects in DNA repair at 
the same level as the AtBRCA1 mutant (Reidt et al., 2006) dem-
onstrates that the N-terminal fragment of AtBARD1 is indeed 
essential for DNA repair. Further experiments will be necessary 
to clarify the matter.

the BrcA2 proteIn
BRCA2 was first identified in 1995 by Wooster et al. (1995) in a screen 
for breast cancer high-penetrance germline mutations. Orthologs of 
BRCA2 could be identified in various species, e.g., mouse, zebrafish, 
Drosophila, C. elegans and Ustilago maydis, but not in yeast (Sharan 
and Bradley, 1997; Marston et al., 1999; Kojic et al., 2002; Martin et al., 
2005; Titus et al., 2006; Klovstad et al., 2008). Arabidopsis thaliana is 
the only species known to have two homologs of the BRCA2 gene. 
Siaud et al. (2004) first described these homologs as a result of a recent 
duplication that is restricted to the BRCA2 locus. One BRCA2 gene 
is located in the subtelomeric region of chromosome IV (which was 
first named BRCA2(IV) but was referred to as BRCA2A in later pub-
lications) and the other, on chromosome V (first named BRCA2(V), 
but later referred to as BRCA2B). Both genes share 96.8% identity, 
are transcriptionally active and, in contrast to AtBRCA1 expression, 
are not induced by γ-irradiation. They are expressed in flower buds, 
but their expression can also be detected in shoot and root apexes 
and, in the case of BRCA2A, at moderate levels in leaves (Siaud et al., 
2004; Wang et al., 2010).

All BRCA2 proteins contain the characteristic BRC motifs in 
various numbers ranging from 1 in C. elegans and U. maydis up to 
15 in Trypanosoma (Kojic et al., 2002; Martin et al., 2005; Hartley 

AtBRCC36A, was not involved in HR in Arabidopsis. The Atbrcc36a/
Atbrcc36b double mutant behaved like the Atbrcc36a single mutant, 
which again shows that AtBRCC36B has no significant effect on HR.

To test for epistasis between Atbrca1 and Atbrcc36a, dou-
ble mutants were established and tested for their HR frequency 
(Block-Schmidt et al., 2010). The double mutant behaved like the 
single mutants, which means that there is indeed epistasis between 
AtBRCA1 and AtBRCC36A. Taking all of the current data into 
account, it is most likely that the deubiquitinating function of 
BRCC36 is needed to detach the BRCA1 A complex and the ubiq-
uitin chains from DNA after repair and thus conclude the DNA 
repair process.

In humans, BRCA1 has a role in meiotic sex chromosome inac-
tivation by silencing sex chromosomes in male meiosis during sper-
matogenesis (for an overview see Turner, 2007). In plants, studies 
on the potential role of AtBRCA1 and AtBARD1 in meiosis were 
conducted as well (Reidt et al., 2006). The amount of viable seeds 
and pollen was measured in both mutants, and no changes were 
found compared to wild-type plants. This means that BRCA1 and 
BARD1 are not essential for meiosis in plants, although possible 
minor functions could not be excluded by the study.

Also, none of the single BRCC36 T-DNA insertion mutant lines 
nor the double mutant showed any defects in development or fertil-
ity (Block-Schmidt et al., 2010), indicating that AtBRCC36A and 
AtBRCC36B have no essential role in meiosis, which was also true 
for AtBRCA1 and AtBARD1.

Mutated HsBRCA1 or HsBARD1 genes lead to hypersensitivity 
against DNA damaging agents like Mitomycin C (MMC), which 
crosslinks DNA (Westermark et al., 2003). Thus, the BRCA1–
BARD1 heterodimer seems to be involved directly or indirectly in 
the repair of crosslinked DNA.

Reidt et al. (2006) showed that both Atbrca1 and Atbard1 
mutants displayed a mild hypersensitivity after treating the plants 
with MMC. In contrast, no significantly increased sensitivity was 
measured after challenging the mutants with UV radiation and 
the DSB-inducing agent bleomycin. Because the Atbrca1/Atbard1 
double mutant did not behave differently from the single mutants, 
this indicates that both genes are epistatic in DNA crosslink repair 
in Arabidopsis. Interestingly, both Atbrcc36a and Atbrcc36b exhibit 
enhanced sensitivity to MMC, like Atbrca1 and Atbard1, indicating 
that BRCC36A and BRCC36B both have a role in crosslink repair, 
whereas only BRCC36A has a role in HR. Atbrcc36a/Atbrcc36b 
double mutants show the same sensitivity to MMC as the single 
mutants, and Atbrcc36a/Atbrca1 double mutants show no enhanced 
sensitivity, compared with the single mutants (Block-Schmidt et al., 
2010). Because AtBRCC36B is only involved in crosslink repair, one 
is tempted to speculate that only AtBRCC36A may be present in a 
putative BRCA1 A complex.

functIons of AtBArd1 In trAnscrIptIonAl regulAtIon
The BRCA1/BARD1 heterodimer in humans is implicated not 
only in DNA repair, but also in other processes such as transcrip-
tional regulation (Wu et al., 2008). The fact that BARD1 knock-
out mice are embryonically lethal further shows that BARD1 is 
essential for development in mammals (Irminger-Finger and 
Jefford, 2006). A recent report (Han et al., 2008) demonstrated 
that AtBARD1 is involved in the transcriptional regulation of 
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a comparison of BRCA2 proteins from human and Arabidopsis). 
Four BRC repeats could be identified in the AtBRCA2 proteins. 
Interestingly, BRC2 (BRC motifs were numbered in order of occur-
rence in the Arabidopsis proteins) is not identical between the two 
Arabidopsis homologs (Siaud et al., 2004).

and Mcculloch, 2008). HsBRCA2 is a very large protein consisting 
of 3418 amino acids harboring 8 BRC repeats (Bork et al., 1996). 
The AtBRCA2 genes encode for shorter proteins that are 1151 aa 
(BRCA2A) and 1155 aa (BRCA2B) long; they are 94.5% identical 
to each other and 21% identical to HsBRCA2 (see Figure 7 for 

FiguRe 6 | Recruitment of the BRCA1 A complex to a DSB in mammals. 
(A) After a double strand break (DSB) is recognized, ATM phosphorylates the 
histone variant H2AX in proximity to the DSB, which is subsequently called 
γ-H2AX. (B) Next, the mono-ubiquitination of the phosphorylated H2AX 
occurs. It is unclear which protein facilitates this, but it is possible that RNF8 is 
responsible for the initial ubiquitination together with the E2 ligase UBC13 and 
MMS2. Another hypothesis is that BMI1 mono-ubiquitinates γ-H2AX before 
RNF8 is recruited, and RNF8 elongates the K63-linked ubiquitin chain. (C) With 
the help of HERC2, RNF168 is recruited and further elongates the ubiquitin 
chain, again with UBC13 and MMS2. (D) The ubiquitin chain is then recognized 

by RAP80, a part of the BRCA1 A complex. This complex then orchestrates 
DNA repair by bringing RAD51 to the DSB. (Proteins with a known homolog in 
Arabidopsis are colored and the names are written in bold; ABRA1, Abraxas; 
ATM, ataxia telangiectasia mutated; BARD1, BRCA1 associated RING domain 
protein 1; BRCA1, breast cancer susceptibility gene 1; BRCA2, breast cancer 
susceptibility gene 2; BRCC36, BRCA1/BRCA2 containing complex subunit 36; 
BRCC45, BRCA1/BRCA2 containing complex subunit 45; MDC1, mediator of 
DNA-damage checkpoint protein 1; NBA1, new component of the BRCA1 A 
complex; PALB2, partner and localizer of BRCA2; RAD51, radiation 
sensitive 51)

FiguRe 7 | Structure of human and Arabidopsis BRCA2. The human BRCA2 and the two Arabidopsis BRCA2 proteins differ in terms of their length (3418 aa 
compared to 1151/1155 aa). Despite that difference, almost all the important domains of the human protein are conserved in plants. The only exceptions are the 
missing TR2 region and the reduced amount of BRC repeats in Arabidopsis. (OB, oligonucleotide binding; TR2, terminal repeat 2)
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Bioinformatics analysis was conducted to identify putative 
BRCA2 homologs in other plant species. Homologs can be found in 
many Viridiplantae species, including the green algae C. reinhardtii, 
V. carteri, and O. tauri, as well as all angiosperm genomes released 
thus far. For some species, more than one BRCA2 is annotated. 
However, closer examination of the gene order and the predicted 
domain structures revealed that the tandem duplications always 
seem to consist of only one gene in which the N-terminal and 
C-terminal regions are annotated separately. For S. moellendorffii, 
no BRCA2 homolog has been annotated, but a BLAST search led to 
a putative BRCA2 homolog. Interestingly, no BRCA2 homolog could 
be identified for P. patens, which reflects the situation for BRCA1 
and BARD1 (our own unpublished results). To date, no data are 
published for any plant BRCA2 homolog besides the research con-
ducted with the Arabidopsis BRCA2 proteins, and in the following, 
we will summarize the current state of knowledge. Surprisingly, in 
addition to evolutionarily conserved functions in DNA repair and 
recombination, a function of AtBRCA2 in a plant defense mecha-
nism, systemic acquired resistance (SAR), was revealed recently.

InterActIon studIes wIth ArAbidopsis BrcA2 
proteIns
Y2H studies demonstrated an interaction of both AtBRCA2 pro-
teins with AtRAD51 and AtDMC1, but not with other AtRAD51 
homologs (Siaud et al., 2004). These interactions were further con-
firmed by CoIP studies (Dray et al., 2006). For both complexes, 
interaction sites could be mapped to the N-terminal regions of the 
AtBRCA2 proteins. In contrast to mammalian BRCA2, the BRC 
repeats therefore seem to be the main binding sites for AtRAD51, 
and no additional RAD51 binding site in the C-terminal region of 
AtBRCA2 could be detected. Because the N-terminal fragments of 
BRCA2 used for CoIP contained the BRC repeats and the putative 
PhePP motif, a DMC1 interaction with the PhePP motif cannot be 
excluded, and further experiments are needed. Further Y2H studies 
with fragments containing one or more BRC repeats of AtBRCA2A 
or AtBRCA2B defined BRC2 of BRCA2A as the minimum suf-
ficient domain for the interaction with AtDMC1, and BRC4 for 
the interaction with AtRAD51 (Dray et al., 2006). Interestingly, a 
BRC3–BRC4 fragment, but not BRC3 or BRC4 alone, also interacts 
with AtDMC1, indicating that the combination of BRC repeats 
alters their abilities to bind complex partners, which is also known 
from interaction studies with HsBRCA2 fragments (see above). A 
fragment containing all four BRC repeats of AtBRCA2A even inter-
acted with human RAD51 and DMC1 in Y2H studies. Differences 
between AtBRCA2A and AtBRCA2B are described for the interac-
tion with the Arabidopsis homologs of DSS1, namely DSS1(I) and 
DSS1(V) (Dray et al., 2006). AtBRCA2B interacted in Y2H and 
CoIP studies with both DSS1 homologs, whereas AtBRCA2A only 
seemed to interact with DSS1(I). Interactions could be mapped to 
the C-terminal part of the proteins, where the DDB is located, which 
resembles the case in HsBRCA2. CoIP studies further revealed 
the existence of a tripartite complex consisting of AtBRCA2B, 
AtDSS1(I) and AtRAD51 or AtDMC1, in which both other com-
plex partners are bound to AtBRCA2B and do not seem to interact 
directly with each other (Dray et al., 2006). Recently, the presence 
of the AtBRCA2A–AtRAD51 complex could be demonstrated in 
planta (Wang et al., 2010).

HsBRCA2 interacts with the strand exchange protein HsRAD51 
(Chen et al., 1998a, b; Marmorstein et al., 1998) and is crucial for 
RAD51 foci formation after DNA damage (Sharan et al., 1997; 
Yuan et al., 1999). Both proteins colocalize in nuclear foci after the 
treatment of somatic cells with ionizing radiation (IR; Tarsounas 
et al., 2004). The BRC repeats are important for the interaction with 
HsRAD51. Multiple yeast two-hybrid and pull-down studies have 
been conducted to investigate the interaction between HsRAD51 
and single BRC motifs or fragments containing more than one BRC 
repeat (Wong et al., 1997; Chen et al., 1998b, 1999; Thorslund et al., 
2007). Another RAD51 interaction site could be mapped in the 
C-terminus of HsBRCA2, the so-called TR2 region (Mizuta et al., 
1997; Sharan et al., 1997; Esashi et al., 2005). In the TR2 region, 
a cyclin binding motif (CBM) and a CDK phosphorylation site 
are present (Davies and Pellegrini, 2007). TR2 regions are highly 
conserved in vertebrates, but they seem to be divergent in other 
species (Davies and Pellegrini, 2007; Thorslund and West, 2007). It 
was shown that the TR2 region interacts with multimeric RAD51 
and that this interaction is lost if the TR2 region is phosphorylated. 
CDK-dependent phosphorylation occurs at the late G2 phase of 
the cell cycle, whereas dephosphorylation occurs in response to IR 
(Esashi et al., 2005, 2007; Davies and Pellegrini, 2007). This phos-
phorylation/dephosphorylation mechanism seems to be a regula-
tory system to block HR when entering into mitosis, but to activate 
HR in response to DNA damage. A putative CBM could also be 
identified for both AtBRCA2 genes, but no CDK phosphorylation 
site has been described thus far (Wang et al., 2010).

Another highly conserved region in the BRCA2 protein is the 
DSS1/DNA-binding domain (DBD), which consists of a helical 
domain (HD), oligonucleotide/oligosaccharide binding folds (OB1, 
2, and 3), and a coiled-coil domain (Tower) inserted into OB2. 
Single-stranded DNA (ssDNA) is bound by the OB2 and OB3 
domains (Yang et al., 2002; Kojic et al., 2003). The HD and OB1 
domains bind DSS1, a protein originally identified as a candidate 
gene for split hand/split foot syndrome, which has been reported to 
be involved in many cellular processes besides DNA repair, includ-
ing development, and protein degradation (Crackower et al., 1996; 
Krogan et al., 2004). The AtBRCA2 proteins are also predicted to 
have a DBD homologous to that identified for the human BRCA2 
(Kojic et al., 2003; Siaud et al., 2004). Recently, it was shown that 
purified full-length HsBRCA2 mediates RAD51 filament forma-
tion and strand exchange after DNA damage by promoting the 
assembly of RAD51 onto RPA-coated ssDNA (Jensen et al., 2010; 
Liu et al., 2010; Thorslund et al., 2010). BRCA2-promoted RAD51 
loading is further stimulated by the BRCA2 interacting protein 
DSS1 (Liu et al., 2010). Therefore, BRCA2 is a key mediator of 
DNA repair via HR.

HsBRCA2 is also reported to interact with HsDMC1, a meiosis-
specific paralog of RAD51 (Thorslund et al., 2007). The primary 
interaction site could be mapped in front of the DBD and was 
called the PhePP motif. An interaction of DMC1 with the TR2 
region could be detected, but it was shown to be much weaker 
compared to the interaction of RAD51 with the TR2 region. This 
former interaction is not influenced by the phosphorylation status 
of TR2.. A putative PhePP motif could also be identified for the 
Arabidopsis BRCA2 genes located in between the BRC repeats and 
the DBD (Thorslund and West, 2007).
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In BRCA2-deficient spermatocytes, DSB formation occurs, but 
recombination fails to be completed and spermatocytes do not 
progress beyond early stages of prophase I. In these cells, no RAD51 
and DMC1 foci could be detected. Therefore, BRCA2 seems to 
be required for the correct localization of both recombinases to 
DSBs (Sharan et al., 2004). These results were further sustained by 
the examination of viable, but sterile, rats expressing a truncated 
BRCA2 protein. During spermatogenesis, homologous chromo-
somes failed to synapse, and meiosis did not progress beyond late 
zygotene (Cotroneo et al., 2007). The BRCA2 homologs of U. 
maydis and C. elegans have also been shown to be essential for 
meiosis (Kojic et al., 2002; Martin et al., 2005; Ko et al., 2008). 
Drosophila BRCA2 has been described as having a dual role in 
meiosis: in the repair of meiotic DSBs and the efficient activation 
of the meiotic recombination checkpoint (Klovstad et al., 2008). To 
examine a potential role of AtBRCA2 in meiosis, Siaud et al. (2004) 
silenced the expression of both BRCA2 genes during meiosis with 
RNAi under the control of the AtDMC1 promoter. Silencing of the 
BRCA2 genes resulted in partial sterility for most of the transfor-
mants. Abe et al. (2009) reported that silencing of both BRCA2 
genes by RNAi under the control of a constitutive promoter also 
led to partial sterility. In contrast, the double mutant they gener-
ated by crossing corresponding transposon mutants of the RIKEN 
collection showed an overall fertility that was similar to that of the 
wild-type, although male gamete development was partially defec-
tive. Wang et al. (2010), however, reported that the double mutant 
they generated was sterile. Siaud et al. (2004) investigated meiosis 
in BRCA2-silenced plants in detail. Silencing of AtBRCA2 led to 
severe male meiotic phenotypes. DAPI-stained chromosomes in 
pollen mother cells (PMCs) showed a failure in pairing and synap-
sis of homologous chromosomes, and no bivalents could be seen 
after prophase I. Univalents seemed to be entangled and segregated 
in an uncoordinated manner in anaphase I. Chromatin bridges 
could be seen between separating chromosomes. In anaphase 
II, chromatids improperly segregated with elements sometimes 
being left aside. Meiosis II resulted in the formation of polyads. 
The brca2 phenotype was dependent on SPO11-induced DSBs 
because it was eliminated in spo11 mutant plants. These observa-
tions indicated that meiotic HR was defective in BRCA2-silenced 
plants, and chromosomes were improperly connected, which led 
to fragmentation during separation processes. The coordination 
of chromosome movement was disturbed, and sister chromatid 
separation was also affected. This phenotype was similar to the 
rad51 meiotic phenotype described by Li et al. (2004) and different 
from the Atdmc1 meiotic phenotype described by Couteau et al. 
(1999). Atrad51 mutant plants were sterile; the PMCs were char-
acterized by univalents, severe chromosome fragmentation, and 
the formation of polyads instead of tetrads (Li et al., 2004). PMCs 
of Atdmc1 mutant plants displayed random segregation of univa-
lents, but no chromosome fragmentation could be observed. Their 
residual fertility was 1.5%, compared with that of the wild-type 
(Couteau et al., 1999). Siaud et al. (2004) also examined the effects 
of meiotic silencing of DMC1 and RAD51 by RNAi in wild-type 
and dmc1 mutant backgrounds. Silencing of DMC1 in a wild-type 
background led to a phenotype comparable to that described for an 
Atdmc1 mutant, but silencing of RAD51 did not result in a meiotic 
phenotype comparable to the mutant. Interestingly, the silencing 

functIons of AtBrcA2 In somAtIc dnA repAIr
The loss of BRCA2 in mice is embryonically lethal, and BRCA2-
defect mouse and human cells show genomic instability with accu-
mulation of chromosome breaks and radial chromosomes (Suzuki 
et al., 1997; Patel et al., 1998; Yu et al., 2000; Moynahan et al., 2001; 
Tutt et al., 2001). The loss of BRCA2 impairs HR-mediated DSBR, 
resulting in the use of error-prone mechanisms, such as NHEJ (Xia 
et al., 2001). To investigate the somatic functions of the AtBRCA2 
protein, Abe et al. (2009) used transposon insertion mutants 
found by searching the Ds mutant collection (Nossen background) 
established by the RIKEN Institute. Both single mutants showed 
hypersensitivity against the DNA crosslinking agent cisplatin and 
against γ-irradiation, whereas the double mutant showed an addi-
tive increase in sensitivity, compared with that in the single mutants. 
Double mutants heterozygous for one of the two BRCA2 genes 
showed the same phenotype after cisplatin treatment as the cor-
responding single mutants, leading to the conclusion that the single 
mutants are recessive mutants. Therefore, both AtBRCA2A and 
AtBRCA2B seem to be involved in DSBR in somatic cells. Additional 
studies with Atbrca2 mutants of the cultivar Columbia were con-
ducted recently, albeit with a slightly different outcome (Wang et al., 
2010). An Atbrca2a mutant was identified in a population gener-
ated by fast neutron mutagenesis. The Atbrca2b mutant used was 
a T-DNA insertion mutant of the SALK collection. Interestingly, 
only the Atbrca2a mutant was hypersensitive against the crosslink-
ing agent mitomycin C and the DSB-inducing agent bleomycin 
(Wang et al., 2010). Moreover, only the Atbrca2a mutant showed a 
defect in somatic HR. Thus, depending on the cultivar used in the 
respective study, there seemed to be redundant and distinct roles 
for BRCA2A and BRCA2B in DSBR, which could have been caused 
by the sequence variation in the BRC2 repeats. However, differences 
in the expression patterns cannot be excluded. Furthermore, it is 
possible that not all mutants used in the studies were complete 
knockouts. In the case of HR, a brca2a/b double mutant should be 
examined to exclude a role for AtBRCA2B in this repair pathway. 
Thus, Arabidopsis BRCA2 proteins seem to have a role in DSBR, 
especially in HR, that is similar to that of mammalian BRCA2, but 
their absence does not lead to embryonic lethality. This difference 
in viability between mammals and plants is also found in many 
other Arabidopsis DNA repair proteins for which mutants develop 
normally to adult stage but then show partial or full sterility, e.g., 
RAD51C, XRCC3 and RAD50 (Gallego et al., 2001; Bleuyard et al., 
2004; Abe et al., 2005).

functIons of AtBrcA2 In meIosIs
In meiosis, the correct pairing and segregation of homologous 
chromosomes requires the formation and repair of DNA DSBs 
(for review, see Inagaki et al., 2010). Expression analysis of mouse 
BRCA2 first pointed to an involvement for this protein in meiosis. 
It is highly expressed during spermatogenesis and was detected 
in early meiotic prophase I (Connor et al., 1997; Blackshear et al., 
1998; Chen et al., 1998a). It is difficult to analyze the role of 
BRCA2 in meiosis in mammals because inactivating this protein 
leads to embryonic lethality. However, mice expressing a trun-
cated BRCA2 showed a failure in spermatogenesis (Connor et al., 
1997), and the rescue of brca2 knockout mice by expressing human 
BRCA2 resulted in viable, but infertile, mice (Sharan et al., 2004). 
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plant defense. In HR, BRCA2 delivers RAD51 to DSBs and regulates 
its DNA binding. Wang et al. (2010) also showed that AtRAD51 is a 
suppressor of SNI1 and that AtRAD51 expression is SA-inducible. 
Microarray analysis revealed that AtBRCA2A influences the tran-
scription of key regulators of SAR. AtRAD51 is shown to bind 
directly to promoters of PR genes, which requires AtBRCA2A, but 
not AtBRCA2B. These results seem to show a unique function for 
AtBRCA2A in transcriptional regulation in SAR through its inter-
action with AtRAD51. The authors therefore suggested that the 
BRCA2A–RAD51 complex is involved in chromatin remodeling to 
facilitate transcription, and they further proposed that this complex 
plays a role in safeguarding against transcription-associated DNA 
instability. This role could reflect a similarity to the function of the 
human BRCA2–RAD51 complex in transcriptional regulation and 
could shed light on the connection between BRCA2 deficiency and 
the special predisposition to breast and ovarian cancer in humans.

conclusIons And perspectIve
Since the discovery of the first BRCA gene more than 20 years ago, 
breast cancer genes have been the focus of many research studies 
due to the severity of their associated diseases, namely breast and 
ovarian cancer. After thousands of studies, not only the influences 
of BRCA1 and BRCA2 on tumor formation, but also their involve-
ment in DNA-damage repair, are partly understood in mammals. 
In contrast, it might seem at first glance that the research on the 
plant homologs of the breast cancer proteins is still in its infancy. 
However, plants are valuable alternative models because, unlike in 
their respective mammalian mutants, mutations are not embryoni-
cally lethal. Surprising new insights have already been achieved, 
indicating that, during the evolution of the breast cancer genes, 
some functions were conserved, whereas other specific peculiarities 
arose. BRCA1 and BARD1 homologs in plants carry a PHD domain 
with unknown functions, and this domain, which is the most con-
served part of the proteins, is absent in mammals. Additionally, a 
BRCA2 homolog was shown to be involved in pathogen defense 
in plants. This not only demonstrates that there is more than con-
servation during breast cancer gene evolution, but it also reveals 
the need to learn more about the biological role of these genes 
in plants. With the acquisition of additional, more accurate plant 
genome sequences, it will also be possible to validate the hypothesis 
of BRCA1 and BARD1 evolution in plants and animals.
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of RAD51 in a dmc1 mutant background led to a phenotype similar 
to that caused by BRCA2 silencing. This finding can be taken as 
indicating a role of the AtBRCA2 proteins in mediating the func-
tion of both RAD51 and DMC1 in meiosis, which is similar to what 
is seen in the mammalian system. However, further experiments 
are required to define the influence of the BRCA2 proteins on both 
recombinases in A. thaliana in detail.

functIons of AtBrcA2 In cell prolIferAtIon And cell 
cycle regulAtIon
Besides HR, BRCA2 has been suggested to be involved in cell cycle 
regulation (Marmorstein et al., 2001; Kraakman-Van Der Zwet 
et al., 2002; Lomonosov et al., 2003; Bartek et al., 2004), transcrip-
tional regulation (Milner et al., 1997; Hughes-Davies et al., 2003), 
cytokinesis (Daniels et al., 2004; Nakanishi et al., 2007), and cell 
proliferation (Tian et al., 2005). Abe et al. (2009) showed that, 
occasionally, Atbrca2a/b double mutant plants display increased 
fasciation and abnormal phyllotaxy and that the rate of plants hav-
ing these phenotypes could be increased by γ-irradiation. Defects in 
DSBR, therefore, seem to lead to disorganization of the shoot api-
cal meristem. By using GUS reporter constructs, these researchers 
could further detect defects in cell cycle progression in the dividing 
cells of Atbrca2a/b double mutants. The effect was exacerbated by 
treatment with the DNA polymerase inhibitor aphidicolin and was 
strongly induced by cisplatin. This finding points to a function for 
BRCA2 in cell proliferation and cell cycle regulation in Arabidopsis.

functIons of AtBrcA2 In systemIc AcquIred 
resIstAnce
In a pioneering study, AtBRCA2A was recently shown to be impor-
tant in SAR, an inducible plant immune response (Wang et al., 
2010). SAR is induced by salicylic acid (SA) after pathogen attack 
and leads to broad transcriptional changes and the expression of 
antimicrobial PR proteins (Durrant and Dong, 2004). The molecu-
lar link between SAR and HR was discovered in 2007 by Durrant 
et al. (2007), who described the genetic interaction of AtSNI1, a 
transcriptional repressor of PR proteins, and the AtRAD51 paralog 
AtRAD51D. Wang et al. (2010) identified the Atbrca2a mutation 
by screening for additional mutants that were genetically linked 
to Atsni1. By fast neutron mutagenesis in the Atsni1 mutant back-
ground, they generated mutant plants in which the Atsni1 phe-
notype, including dwarfism and distorted leaves, was suppressed. 
Analysis of this Atbrca2a mutant revealed that AtBRCA2A is 
required for SA-induced expression of PR proteins. Interestingly, 
the effect of the Atbrca2b-mutation in an Atsni1-background was 
also examined, but there was no effect comparable to that of the 
Atbrca2a mutation. Further experiments sustained the surprising 
finding that only AtBRCA2A, but not AtBRCA2B, is important for 
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