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spanning the insertion. Downstream from the T-DNA in-
sertion expression was detected for all lines except
Atbrec36a-2. In  this line, T-DNA integration was
coupled with a deletion spanning the rest of the ORF
and parts of the 3XUTR of the gene. In the Atbrcc36b-1,
line T-DNA insertion was coupled with a duplication of
789 bp of the gene (data not shown). Thus, no full-length
BRCC36A4 or BRCC36B mRNAs could be detected in the
corresponding mutants.

None of the single mutants showed any obvious devi-
ation from normal growth. The plants were fertile and
produced seeds in numbers similar to the wild-type. We
also obtained Atbrec36a-1/b-2 double mutants by
crossing, but the absence of both homologs had no
visible effect cither, as the resulting plants exhibited
normal growth and fertility.

BRCC36A is required for intra- and
interchromosomal HR

Reidt et al. (19) showed that Atbhardl has a defect in HR.
To analyze the role of BRCC36 and BRCA1 in HR, we
crossed the reporter line 651 into the mutant backgrounds.
This recombination substrate consists of two overlapping
fragments of the b-glucuronidase gene (uidA) interrupted
by a hygromycin resistance marker. These separated uidA4
sequences share a 618-bp overlap in inverted orientation.
A functional wuidA gene can be restored by HR
(Figure 3A). Thus, after histochemical staining each re-
combination event is represented by a blue sector on the
plant. Plants homozygous for the T-DNA insertion and

the recombination substrate were used for the assays.
Seedlings were incubated in liquid germination medium
(GM) with bleomycin (5mg/ml), which induces single-
and double-strand breaks (31). After staining, recombin-
ation events were counted on the seedlings.

The Atbrce36a mutants showed a strong defect in HR:
in case of Athrcc36a-1 recombination is reduced to about
a third of the wild-type level and in case of Atbrec36a-2 to
about a 10th. In contrast, the Atbrcc36b mutants showed
no significant reduction in recombination efficiency
(Figure 3B): Although Atbrcc36b-2 seems to be less effi-
cient in HR than Atbrcc36b-1, standard deviations overlap
with wild-type for both mutants. Thus, despite their high
homology, the two homologs seem to play different roles
in HR. We also tested whether the Atbrcc36a-1 allele in its
hemizygous state is able to reduce HR. This was not the
case (data not shown) making it unlikely that the detected
reduction of HR is due to negative complementation of a
truncated BRCC36A protein.

As the main mechanism for the restoration of the
reporter gene in the line 651 is intrachromosomal recom-
bination (23), we were also interested in the role of
BRCC36 in other HR reactions. Therefore, we crossed
all four single mutants with the IC9C line and induced
DSBs by bleomycin treatment. In this case, restoration
of the B-glucuronidase gene is only possible through
interchromosomal recombination [Figure 3C, (24)].
Interestingly all mutants behaved in this background in
the same manner as in case of the recombination line
651. The HR frequency of Atbrcc36a-1 was reduced to
about a third in comparison to wild-type, whereas in

Figure 3. HR efficiencies in Atbrec36a-1/-2 and b-1/-2 (651 and IC9C) compared to wild-type. Figures show the recombination efficiencies in percent,
normalized to the wild-type control, in bleomycin treated plants. (A) Recombination trap harbored by the 651line. (B) HR efficiencies in the 651
background. (C) Recombination trap harbored by the IC9C line. (D) HR efficiencies in the IC9C background. Bars represent the standard deviation.
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case of Atbrcc36a-2 the reduction was more drastic to less
than a 10th. Both Atbrce36b mutants did not show any
reduction in HR (Figure 3D).

AtBRCC36A is epistatic to AtBRCA1 in HR

To characterize the role of BRCC36A in HR in more
detail, we wanted to elucidate its relation to BRCAL.
We have been able to show before the BRCAI is
involved in DNA crosslink repair in plants (19), but no
data on its involvement in HR have been published.
Therefore, we first tested whether BRCAI is, as its
homolog in mammals (32), indeed involved in HR.
Plants homozygous for the T-DNA insertion and the re-
combination substrate 651 were used for the assays. The
BRCAI insertion line used in this study was already
characterized by Reidt et al. (19) (SALK_ 014731,
Atbrcal-1). We found that the Athrcal-I mutant
revealed a defect in HR after bleomycin treatment
similar to the Atbrce36a mutants (Figure 4A). Finally,
to test a putative epistasis between BRCC36A and
BRCAI, we analyzed the recombination behavior of the
Atbrec36a-1/Atbreal-1 double mutant and the corres-
ponding single mutants. We found that the Atbrcc36a-1/
Atbrcal-1 double mutant behaved like both single
mutants (Figure 4A). Thus, BRCA1 and BRCC36A are
indeed epistatic in HR. As a control, we analyzed a
Atbrce36a-1/b-2 double mutant obtained in the 651
reporter background. The double mutant behaved like
the Atbrcc36a mutants, indicating again that BRCC36B
is dispensable for bleomycin-induced HR (Figure 4B).

BRCC36A is localized in the nucleus after genotoxic
stress

We previously demonstrated that BRCAT, together with
its partner BARDI, can be found in the plant nucleus (19).
To test whether BRCC36A is also located in the nucleus, a
C-terminal fusion of the ORF with the yellow fluorescent
protein (YFP) was cloned and stably transformed into
Arabidopsis. Several homozygous single locus lines were
subsequently analyzed. Surprisingly, in these lines the
protein was localized mainly in the cytoplasm under
standard growth conditions (Figure 5A). However, 1h
after the application of bleomycin, fluorescence was also
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observed in the nucleus (Figure 5B). This observation
demonstrates that BRCC36A is transferred into the
nucleus upon genotoxic stress.

BRCC36A is epistatic to BRCA1 in DNA crosslink repair

We showed that loss of BRCA1 and BARDI in
Arabidopsis  results in a mild sensitivity to the
DNA-crosslinking agent Mitomycin C [MMC; (19)]. We
therefore tested whether the same holds true for the
Atbree36a and  Atbrce36b mutants. Surprisingly, not
only the Atbrcc36a mutants, but also the Atbrec36b
mutants showed MMC sensitivity similar to Atbrcal-1
(Figure 6A). This indicates that in contrast to HR both
homologs play a role in crosslink repair. To define the role
of the proteins in detail, we obtained double mutants for
further testing. The sensitivity of the Atbrec36a-1/b-2
double mutant was comparable to that of the single
mutants (Figure 6B). To define the role of BRCC36A in
relation to BRCAL in crosslink repair, we combined the
Atbree36a-1 mutation with the Atbrcal-I mutation
(Figure 6C). The double mutant displayed no enhanced
sensitivity against MMC compared to the single mutants,
indicating that, as in the case of HR, BRCC36A might be
epistatic to BRCAL in this repair pathway, too. However,
as the applied MMC concentration is quite high and the
growth defects are minor in comparison to other mutants
with defects in DNA repair and recombination like
Atmus81 (33) this result should only be taken as hint
that both proteins act in the same repair pathway.
Treatment with other agents like bleomycin or methyl
methane sulfonate did not cause any response different
from that of wild-type.

DISCUSSION

Many DNA repair mutants show embryonic lethality in
mammals, but are viable in plants (34). This holds also
true for the BRCAl1 and BRCA2 mutants. Using
A. thaliana as a model organism it could be demonstrated
that besides a defect in double strand break repair in
somatic cells (17) BRCA?2 is required for meiotic recom-
bination (18). We were able to show that BRCAI is
required for DNA crosslink repair (19) and as reported
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Figure 4. HR efficiencies of double mutants in the 651 background. (A) Atbrcc36a-1, Atbreal-1 and the double mutant. (B) Atbrec36a-1, b-2, and
the double mutant. Figures show the recombination efficiencies in percent, normalized to the wild-type control, in bleomycin treated plants. Bars

represent standard deviations.
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A Untreated

B Treated

Figure 5. Localization of a BRCC36A-YFP fusion construct in Arabidopsis epidermal cells without treatment and 1 h after treatment with bleo-
mycin. (A) YFP- images of plantlets without treatment. BRCC36A is mainly localized in the cytoplasm. (B) YFP-images of treated plantlets. One
hour after application of genotoxic stress BRCC36A can also be detected in the nucleus. Arrows indicate the nucleus.
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Figure 6. Sensitivity of Atbrce36a-1/-2, Atbree36b-1/-2, Atbreal-1 and double mutants to the mutagenic agent Mitomycin C. Figures show the mean
weight of the treated seedlings determined in six independent experiments calculated as percent of the weight of the same genotype under control
conditions. Bars represent standard deviations. (A) Sensitivity of the single mutants. (B) Sensitivity of Atbrcc36a-1, Atbree36b-2 and the corres-
ponding double mutant. (C) Sensitivity of Atbrcc36a-1, Atbrcal-1 and the corresponding double mutant.

in this communication for somatic HR. This result was
expected, as a defect in HR has been reported after a
knockdown of BRCAI expression in mammalian cells
(32) and we reported previously that a knockout of the
heterodimeric partner of BRCA1, BARDI, also leads to a
defect in HR in Arabidopsis (19). However, neither
BRCA1 mutants nor BARDI1 mutants had a defect in
fertility (19).

The main purpose of the current work was to charac-
terize the role of two BRCC36 homologs in DNA repair.

Although it has been reported previously that BRCC36
depletion leads to radiation sensitivity in mammalian
cells (10), nothing was known about the involvement of
the protein in HR in any eukaryote. We were able to show
that knockouts of either or both BRCC36 homologs have
no visible effects on development or fertility of A. thaliana.
This indicates that BRCC36 like BRCA1 (19) and in
contrast to BRCA2 (18) has no essential role during
meiosis. In contrast, BRCC36A is required for intra-
and interchromosomal HR and DNA crosslink repair in
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somatic cells. This question has not been addressed for
BRCC36 homologs in animal systems before.
Furthermore, we demonstrated for the first time that a
BRCC36 homolog is epistatic to BRCAI in respect to
HR. These data, obtained in a plant, extend observations
from mammals, which show that BRCA1 and BRCC36
localize to radiation induced DNA damage foci (11).
Moreover, we could show that in Arabidopsis BRCC36A
is not permanently present in the nucleus, but localizes
there after application of genotoxic stress. It is tempting
to speculate that its transport is dependent on DNA
damage recognition and it will be interesting to define
the factors involved in the underlying mechanism by trans-
forming the BRCC36A-YFP fusion construct into
Arabidopsis mutants that have a defect in DNA damage
recognition.

The fact that the two BRCC36 homologs in Arabidopsis
are more closely related to each other than to their human
homolog indicates that they result from a recent gene
duplication.

Intriguingly, both homologs differ in their biological
function. Both proteins are identical at their N-Terminus,
where the MPN-domain is located, indicating that this
domain is not responsible for functional difference.
Notable is the higher variability of both homologs in the
middle of the protein, which may have an impact on the
conformation and/or interaction with other proteins thus
influencing the respective functions.

This phenomenon, that closely related homologs differ
in their functions, is found in Arabidopsis quite often (35),
also in genes involved in DNA repair: We reported before
that, of two closely related RADS homologs, AtRADSA
and AtRADSB, only AtRADS5A is involved in HR and
DNA crosslink repair (36) and in case of the closely
related RECQ helicases, AtRECQ4A and AtRECQ4B,
even antagonistic functions for HR have been found
(37). Thus, the function of duplicated genes might not
be preserved in the genome for long if they stay function-
ally redundant. Often proteins are involved in a row of
functions and after duplication some functions might be
taken over by one and others by the other homolog. Thus,
specific gene pairs might be in different transition stages
between full redundancy and non-, sub- or even
neofunctionalization. We found that BRCC36B has also
some function in crosslink repair. The proteins’ inability
to substitute for each other could be most easily explained
by the existence of different complexes that are both
required for the same DNA repair pathway. Indeed,
indirect evidence indicates that beside the BRCC/
BRCA1  A-complex another BRCC36-containing
complex, called BRISC (BRCC36-containing isopeptidase
complex), with deubiquitinating activity is present in
mammalian cells (12,38,39). We speculate that
BRCC36A might be a member of both complexes in
Arabidopsis, whereas BRCC36B might only be part of
one of these complexes, in which it might have a
non-redundant function to BRCC36A. The fact that the
moss Physcomitrella patens harbors a BRCC36 homolog,
but no BRCA1 and BARDI homologs in its genome can
be taken as further hint that BRCC36 has BRCAI-
independent functions. Thus, AtBRCC36B might be
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involved in AtBRCAI functions in
Arabidopsis.

At first glance it seems counterintuitive that the knock-
out of BRCC36, which is involved in deubiquitination
in humans, results in a phenotype similar to that caused
by the knockout of BRCAI1, which was shown to have
ubiquitinating activity as a heterodimer together with
BARDI. However, the opposing enzyme activities might
target different substrates. It has been shown that
K63-polyubiquitinated histones are deubiquitinated by
BRCC36 and its partners in mammalian cells (12,13,39),
whereas the substrate for BRCA1/BARDI1 ubiquitination
in DNA repair is still elusive. Indeed, the association
of BRCC36 with a DSB might be a prerequisite for
BRCAIl-mediated repair. Moreover, the release of
BRCAI1 and its partners from DNA after repair might
be favored by BRISC-mediated deubiquitination.

Beside the two BRCC36 homologs, another complex
partner, BRCC45, can be found as single copy gene in
the Arabidopsis genome. It will be interesting to define
its biological function in planta, too.
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