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Abstract

BRCAL carboxyl-terminal (BRCT) motifs are present in a number of proteins involved in DNA
repair and/or DNA damage signaling pathways. The BRCT domain-containing protein BRCTx
has been shown to interact physically with RAD18, an E3 ligase involved in postreplication repair
and homologous recombination repair. However, the physiological relevance of the interaction
between RAD18 and BRCTx is largely unknown. In this study, we showed that RAD18 interacts
with BRCTx in a phosphorylation-dependent manner and that this interaction, mediated via highly
conserved serine residues on the RAD18 C terminus, is required for BRCTx accumulation at DNA
damage sites. Furthermore, we uncovered critical roles of the RAD18-BRCTx module in UV-
induced DNA damage repair but not PCNA mono-ubiquitination or homologous recombination.
Thus, our results suggest that RAD18 has an additional function in the surveillance of the UV-
induced DNA damage response signal.
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1. Introduction

Genomic DNA constantly suffers a variety of insults caused by its intrinsic instability, as
well as by innumerable endogenous and environmental factors [1-4]. If unrepaired or
repaired incorrectly, the resulting damage can cause cell death, mutations and chromosomal
instability, which eventually lead to tumorigenesis [1-4]. Therefore, in response to DNA
damage, cells elicit an elaborate signaling network, which is collectively known as the DNA
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damage response pathway (DDR) [5, 6]. Through a molecular cascade consisting of sensors,
mediators, transducers, and effectors, the DDR coordinates several cellular processes,
including cell cycle checkpoints, DNA repair, cellular senescence, and apoptosis [7-9].

The breast cancer gene 1 (BRCA1) carboxyl-terminal (BRCT) domain represents a class of
phosphoprotein recognition motifs found on numerous DNA damage and checkpoint
proteins across species [10-12]. The human genome encodes more than 20 gene products
that contain BRCT domains, and many of these proteins have been implicated in DNA
damage checkpoint regulation, DNA repair, and cell cycle control [13-15]. BRCTx, one of
the BRCT domain-containing proteins, was originally identified in a database search for
novel BRCT domain proteins that localize to regions of frequent rearrangement in cancer
[16]. BRCTx was further conducted as a highly conserved RAD18-interacting protein in a
yeast two-hybrid screen [16]. The E3 ligase RAD18 is well known for its function in DNA
damage bypass and postreplication repair (PRR) in yeast and vertebrates via its ability to
facilitate proliferating cell nuclear antigen (PCNA) mono-ubiquitination at stalled
replication forks [17-20]. We recently found that, in addition to its traditional function in the
DNA damage bypass pathway, RAD18 is also an integral component in translating the
damage response signal to orchestrate homologous recombination repair (HRR) [21]. We
showed that RAD18 promotes homologous recombination in a manner strictly dependent on
its ability to be recruited to sites of DNA breaks and that this recruitment relies on the well-
defined DNA damage signaling pathway mediated by another E3 ligase, RNF8 [21-24]. We
further demonstrated that RAD18 functions as an adaptor to facilitate homologous
recombination through direct interaction with the recombinase RAD51C [21]. Although
BRCTx has been shown to interact with RAD18, the exact function of BRCTx in the DDR
pathway and whether it fits into the well-defined RAD18-mediated DNA damage-signaling
cascade remains unknown.

In this study, we provide evidence suggesting that BRCTx is a DNA damage response
protein that acts downstream of RNF8-RAD18 in the DNA damage signal transduction
cascade. We found that the RAD18-BRCTx interaction is mediated by the N-terminal
tandem BRCT domains of BRCTx and requires the phosphorylation of the Ser442 and
Ser444 residues on the RAD18 polypeptide. In addition, we showed that the specific
interaction between RAD18 and BRCTx is important for RAD18 function in UV-induced
DNA damage repair.

2. Materials and methods
2.1. Antibodies

Antibodies against pH2AX, RAD18, RAD51 and 53BP1 were described previously [21, 25].
Anti-GST and anti-myc antibodies were purchased from Santa Cruz Biotechnology. Anti-
HA polyclonal and anti-Flag (M2) monoclonal antibodies were purchased from Abcam and
Sigma, respectively.

2.2. Cell culture and transfection

293T and HeLa Cells were maintained in RPMI 1640 supplemented with 10% fetal bovine
serum and 1% penicillin and streptomycin. SF9 insect cells were maintained in Grace's
medium supplemented with 10% fetal bovine serum. Human cell lines were maintained in
37 °C incubator with 5% CO2, whereas insect cells were maintained at 27 °C. RAD18™
MEFs were gifts from Dr. M Yamaizumi (Kumamoto University, Japan). Cell transfection
was performed using Lipofectamine 2000 (Invitrogen), following the manufacture's
protocol.
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2.3. Plasmids

Full-length and deletion mutants of human RAD18 and mouse BRCTx were generated by
PCR and subcloned into the pDONR201 vector using Gateway technology (Invitrogen). The
corresponding fragments in entry vectors were transferred into a Gateway-compatible
destination vector, which harbors an N-terminal triple-epitope tag (S-protein, Flag, and
streptavidin-binding peptide; SFB), HA or Myc epitope tag for expression in mammalian
cells.

2.4. Establishment of stable cell lines and affinity purification of SFB-tagged protein

complexes

293T cells were transfected with plasmids encoding SFB-tagged proteins. Cell lines stably
expressing tagged proteins were selected by culturing in medium containing puromycin (2
pg/ml) and confirmed by immunoblotting and immunostaining. For affinity purification,
293T cells stably expressing tagged proteins were lysed with NETN buffer (20 mM Tris-
HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA, and 0.5% Nonidet P-40) for 20 min. Crude
lysates were removed by centrifugation at 14,000 rpm at 4°C for 10 min, and pellet was
sonicated for 40 sec in high-salt solution (20 mM HEPES [pH 7.8], 0.4 M NaCl, 1 mM
EDTA, 1 mM EGTA, and protease inhibitor) to extract chromatin-bound protein fractions.
The supernatants were cleared at 14,000 rpm to remove debris and then incubated with
streptavidin-conjugated beads (Amersham Biosciences) for 2 h at 4°C. The beads were
washed three times with NETN buffer, and then bead-bound proteins were eluted with
NETN buffer containing 1 mg/ml biotin (Sigma). Eluted proteins were incubated with S
protein beads (Novagen). The beads were again washed three times with NETN buffer and
then subjected to SDS-PAGE. Protein bands were excised and digested, and the peptides
were analyzed by mass spectrometry.

2.5. Co-immunoprecipitation and western blotting

For co-immunoprecipitation assays, constructs encoding SFB-tagged and Myc-tagged
proteins were transiently co-transfected into 293T cells. Cells were lysed with NETN buffer
containing 20 mM NaF, 1 pg /ml of pepstatin A, and 1 ug /ml aprotonin on ice for 20 min.
After removal of cell debris by centrifugation, the soluble fractions were collected and
incubated with S-protein beads for 2 h at 4°C. Beads were washed three times with NTEN
buffer, boiled in 2 x SDS loading buffer, and resolved on SDS-PAGE. Membranes were
blocked in 5% milk in TBST buffer and then probed with antibodies as indicated.

2.6. Immunofluorescence staining

To visualize damage-induced foci, cells cultured on coverslips were treated with gamma
radiation (10 Gy) for 6 h. Cells were then washed with PBS and fixed using 3%
paraformaldehyde solution for 10 min at room temperature and then extracted with buffer
containing 0.5% Triton X-100 for 5 min. Samples were blocked with 5% goat serum and
incubated with primary antibody for 20 min. Samples were washed and incubated with
secondary antibody for 20 min. Cells were then counterstained with DAPI to visualize
nuclear DNA.

2.7. Cell survival assays

Cells (1 x 10%) were seeded onto 60-mm dishes in triplicates. At 24 h after seeding, cells
were treated with UV radiation as indicated. The medium was replaced 24 h later and cells
were then incubated for 14 days. Resulting colonies were fixed and stained with Coomassie
blue and colonies were counted.
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2.8. Gene conversion assay

Cells (1 x 106) were electroporated with 12 ug of DR-GFP plasmid together with 12 ug of
pCBASce plasmid at 270 V, 975 pyF using a BioRad genepulsar 11 as described previously
[26]. Cells were plated onto 10 cm dishes and incubated in culture medium for 48 h before
FACS analyses. Means were obstained from three independent experiments.

2.9. Chromatin fractionation

Chromatin fractions were prepared as described previously, with some modifications [21,
25, 27]. Briefly, 4 h after treatment with UV radiation (60 J/m2), cells were collected and
washed once with PBS. Cell pellets were subsequently resuspended in NETN buffer (20
mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA, and 0.5% Nonidet P-40 and protease
inhibitors) and incubated on ice for 20 min. Crude lysates were removed by centrifugation at
14,000 rpm at 4 °C for 10 min, and pellet was recovered and resuspended in 0.2 M HCI for
20 min. The soluble fraction was then neutralized with 1 M Tris-HCI (pH 8.0) for further
analysis.

2.10. GST pull-down assay

GST fusion proteins were expressed in £. coli and purified as described previously [25].
GST fusion protein (2 pg) or GST alone was immobilized on glutathione Sepharose 4B
beads and incubated with lysates prepared from cells that were transiently transfected with
plasmids encoding indicated proteins.

2.11. Retrovirus production and infection

pDONR201-RAD18 constructs were transferred into a Gateway-compatible pEF1A-HA-
FLAG or SFB-tagged retroviral vector. Virus supernatant was collected 48 h after the co-
transfection of retroviral vectors and pcl-ampho into BOSC23 cells. MEFs were infected
with viral supernatant in the presence of polybrene (8 pg/ml), and then Cells were selected
in growth medium containing 2 pg/ml puromycin. Protein expression in transduced cells
was confirmed by western blotting or immunofluorescence staining using anti-Flag
antibodies.

3. Results and discussion

3.1. BRCTx is a DNA damage response protein

BRCT domains are evolutionarily conserved modules that exist in numerous prokaryotic and
eukaryotic proteins [10-12]. Most BRCT domains function as protein-protein modules that
recognize phosphorylated serine motifs, and interactions between BRCT domains and
phosphorylated proteins are thought to have essential roles in the transduction of DNA
damage signals; however, it is unclear whether and how the BRCT domain-containing
protein BRCTx participates in mammalian DNA damage responses.

We first performed structural analysis of the BRCTx protein sequence. Interestingly, in
contrast to a previous study, we found that not one but two BRCT domains are present in the
BRCTx N terminus [16] (Fig. 1A). Because many BRCT domain-containing proteins form
nuclear foci after DNA damage (e.g., MDC1 and BRCAL), we investigated the nuclear
localization of BRCTx before and after DNA damage. BRCTx protein normally localizes
diffusely in the nuclei (Fig. 1B). However, after gamma irradiation, BRCTx relocalized to
nuclear foci that co-localized with phosphorylated H2AX (yH2AX), 53BP1 and RAD18 foci
(Fig. 1B and C), suggesting that BRCTx relocalizes to sites of DNA damage and probably
functions in the DNA damage response pathway.
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Having shown that BRCTx accumulates at sites of DNA damage, we next sought to identify
the region(s) within BRCTx important for its translocation to ionizing radiation-induced foci
(IRIF). As shown in Figure 1D, whereas wild-type and C-terminal deletion mutant of
BRCTx both localized to IRIF, deletion of either one of the two BRCT domains impaired
BRCTx IRIF formation. These observations suggest that both BRCT domains are essential
for targeting BRCTx to IRIF.

3.2. BRCTx interacts with RAD18 in a phosphorylation-dependent manner

To better understand BRCTx functions in DNA damage response, we generated a human
HEK-293T-derived cell line stably expressing a triple-tagged BRCTx for the identification
of potential BRCTx-interacting proteins. Following a tandem affinity purification (TAP)
scheme, proteins associated with BRCTx were identified by mass spectrometry analysis. We
repeatedly found RAD18, a well known E3 ligase involved in postreplication repair and
homologous recombination repair, as a major BRCTx binding partner (Fig. 2A). In fact, an
interaction between BRCTx and RAD18 has been previously reported [16]. We performed
co-immunoprecipitation experiments and confirmed an interaction between RAD18 and
BRCTYX, suggesting that these two proteins indeed associate with each other /in vivo (Fig.
2B).

Next, we sought to identify the region(s) within BRCTx responsible for its interaction with
RAD18 by using SFB-tagged wild-type BRCTx and a series of BRCTx deletion mutants
(Fig. 1A). We showed that deletions of either the first or the second BRCT domain of
BRCTx led to a dramatic decrease in BRCTx-RAD18 interaction, indicating that both the
tandem BRCT domains of BRCTx are required for its binding to RAD18 (Fig. 2B).
Conversely, using a series of overlapping RAD18 truncations and deletion mutants spanning
its entire coding sequence, we mapped the minimal BRCTx-binding region to residues 439
to 470 of RAD18 (Fig. 2C and 2D).

As BRCT is a phosphoprotein-binding domain, we reasoned that the N-terminal tandem
BRCT domains of BRCTx might bind specifically to phosphorylated RAD18, and pull-
down assays confirmed this hypothesis (Fig. 2E). We then generated several serine point
mutants within the BRCTx-binding region of RAD18. Indeed, in contrast to wild-type and
S441A and S443A mutants of RAD18, the S442A and S444A mutants had highly reduced
binding abilities to BRCTx (Fig. 2F). Moreover, the serine double mutant of RAD18
(S442/444A) totally lost its binding ability to BRCTx, suggesting that residues Ser442 and
Ser444 of RAD18 are critical for the BRCTx-RAD18 interaction (Fig. 2F). Interestingly, the
Serd42 and Ser444 residues of RAD18 are highly evolutionarily conserved, suggesting that
they may carry out an important function of RAD18 (e.g., an interaction with BRCTX) (Fig.
2G).

3.3. RAD18 acts upstream of BRCTx

Our previous studies have shown that RAD18 proteins are recruited to sites of DNA breaks
and rely on the well-defined DNA damage signaling pathway mediated by RNF8 [21-24].
To define where BRCTx fits into this established DNA damage signaling cascade, we
examined DNA damage-induced BRCTx foci formation in a panel of MEF cell lines
defective in various components known to be involved in this DDR pathway. No IR-induced
BRCTx foci formation was observed in RAD18- and RNF8-deficient MEFs, in sharp
contrast to their wild-type counterparts (Fig. 3A). Moreover, RAD18-S442/444 A mutant
failed to restore BRCTx foci formation in RAD18-/- cells (Fig. 3B). Conversely, both wild-
type RAD18, and its S442/444A mutant, which is impaired in binding to BRCTx, could still
relocalize to y-H2AX containing foci (Fig. 3C). These data suggest that BRCTx acts
downstream of RNF8 and RAD18 in the known DNA damage signal transduction pathway.
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3.4. RAD18-BRCTx interaction is required for efficient repair of UV-induced DNA damage

To explore the physiological relevance of the highly conserved serine residues of RAD18,
which are required for its binding to BRCTX, we first set out to determine whether the
RAD18 S442/444A mutant would be defective in restoring cell survival after DNA damage.
RAD18-/- MEFs reconstituted with wild-type RAD18, the RAD18-S442/444A mutant, or
vector alone were treated with various doses of UV radiation. Clonogenic assays indicated
that only the cells reconstituted with wild-type RAD18, but not those reconstituted with the
RAD18 S442/444A mutant, restored cell survival after UV treatment (Fig. 4A). These
results suggest that the specific interaction between RAD18 and BRCTx is critical for
RAD18 function in the UV-induced damage repair pathway. In agreement with this
hypothesis, BRCTx-null MEFs display increased sensitivity to UV irradiation [16].

The known functions of RAD18 /n vivo are to facilitate PCNA mono-ubiquitination, which
is required for DNA damage bypass in response to UV-induced lesions, and accumulation of
RADS51C at damaged chromatin, which is required for homologous recombination in
response to IR-induced lesions [21]. We first tested whether the binding of RAD18 to
BRCTx is required for RAD18 function in promoting UV-induced PCNA mono-
ubiquitination. Unexpectedly, both wild-type RAD18 and the RAD18 S442/444A mutant
restored UV-induced PCNA mono-ubiquitination in RAD18-deficient MEFs (Fig. 4B).
Moreover, the S442/444A mutant also restored HRR, indicating that the ability of RAD18 to
bind to BRCTx is also not required for the homologous recombination function of RAD18
(Fig. 4C), consistently, Brctx-null MEFs are not overtly sensitive to ionizing radiation [16].
Thus, RAD18 might participate in UV-induced damage repair through a yet-to-be-identified
pathway via its interaction with BRCTX.

4. Conclusions

In this study, we reported that RAD18 interacts with BRCTx in a phosphorylation-
dependent manner. Whereas this interaction appears to be largely dispensable for RAD18
function in PCNA mono-ubiquitination and homologous recombination, it is clearly
necessary for the full function of RAD18 in promoting cell survival after UV-induced DNA
damage. Therefore, it is likely that RAD18, via its interaction with BRCTXx, functions
through a yet-to-be-identified pathway in the surveillance of the UV-induced DNA damage
response signal.
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Abbreviations

BRCT BRCAL carboxyl-terminal

DDR DNA damage response

HRR homologous recombination repair

IRIF ionizing radiation-induced foci

MEFs mouse embryonic fibroblasts

PRR postreplication repair

PCNA proliferating cell nuclear antigen

SFB S-protein, Flag, and streptavidin-binding peptide
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Fig.1. BRCTx forms|R-induced foci

(A) Schematic representation of BRCTx and its deletion mutants used in this study. (B)
Localization of BRCTx in response to IR. 293T cells transfected with SFB-tagged BRCTx
were treated with IR, fixed, and immunostained with anti-Flag and anti-pH2AX antibodies.
(C) Colocalization of BRCTx with 53BP1 and RAD18. 293T cells transfected with SFB-
tagged BRCTx were treated with IR, fixed, and immunostained with anti-Flag and
anti-53BP1 or RAD18 antibodies. (D) The BRCT domains of BRCTx target it to IR-induced
foci. 293T cells expressing indicated Flag-tagged proteins were treated with IR, fixed and
immunostained with anti-Flag and anti-pH2AX antibodies.
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(A) 293T cells stably expressing SFB-tagged-BRCTx were used for tandem affinity
purification of protein complexes specifically from chromatin fractions. Tables are
summaries of proteins identified by mass spectrometry analysis. Letters in bold indicate the
bait proteins. (B and D) Mapping of the corresponding regions required for the BRCTx-
RADZ18 interaction. Immunoprecipitation reactions were performed using S-protein beads
and then subjected to western blot analyses using antibodies as indicated. (C) Schematic
representation of wild-type and deletion mutants of RAD18 used in this study. (E)
Phosphorylation-dependent interaction between BRCTx and RAD18. GST or GST-BRCTx
was incubated with cell lysates containing exogenously expressed Flag-tagged wild-type
RAD18, with or without phosphatase (PPase). Bound RAD18 was analyzed by anti-Flag
immunoblotting. Lower gel shows amounts of RAD18 protein used in these experiments.
(F) Both the Ser#42 and Ser*44 residues of RAD18 are required for its binding to BRCTx.
293T cells were transfected with plasmids encoding SFB-tagged BRCTx together with
plasmids encoding Myc-tagged wild-type or serine point mutants of RAD18. Cells were
collected 24 h after transfection. Coimmunoprecipitation reactions were performed using S-
protein beads, and cells were then subjected to immunoblotting using the antibodies as
indicated. (G) Alignment of the BRCTx binding region of RAD18 from different species.
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Fig.3. RAD18isrequired for BRCTx foci formation

(A) Genetic dependence of BRCTx relocalization after IR treatment. RAD18- and RNF8-
deficient MEFs and their wild-type counterparts infected with HA-Flag-tagged BRCTx were
irradiated, fixed, and immunostained using anti-pH2AX and anti-Flag antibodies. (B)
Binding to RAD18 is required for BRCTx foci formation. RAD18-deficient MEFs infected
with SFB-tagged wild-type RADA18 or the serine double mutant were transfected with HA-
tagged BRCTx and then were irradiated, fixed, and immunostained using anti-Flag
monoclonal and anti-HA polyclonal antibodies. (C) Binding to BRCTX is not required for
RAD18 foci formation. RAD18-deficient MEFs infected with HA-Flag-tagged wild-type
RADZ18 or the serine double mutant were irradiated, fixed, and immunostained using anti-
pH2AX and anti-Flag antibodies.
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Fig. 4. RAD18-BRCTx interaction isrequired for efficient repair of UV-induced DNA damage
(A) The S442/444 A mutant of RAD18 is defective in restoring cell survival after UV
treatment. RAD18-deficient cells were transduced with a control virus or a virus expressing
HA-Flag-tagged wild-type RAD18 or the serine double mutant (S442/444A), which does
not bind to BRCTx. Cell survival assays were performed as described in Materials and
Methods. Date are presented as means and SD (error bars) from three independent
experiments. (B) Binding to BRCTx is not required for RAD18 function in UV-induced
PCNA monoubiquitination. RAD18-deficient cells were transduced with a control virus or a
virus expressing HA-Flag-tagged wild-type RAD18 or the serine double mutant
(S442/444A), which does not bind to BRCTx. Chromatin fractions were isolated (see
Materials and Methods) and immunoblotted with the indicated antibodies. (C) Binding to
BRCTx is not required for RAD18 function in homologous recombination. Gene conversion
assays were performed as described in Materials and Methods. The percentage of GFP-
positive cells was determined by flow cytometry 48 h after electroporation. Data shown are
Means and SD (error bars) from three independent experiments.
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