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BRCA1 ubiquitinates its
ghosphorylation-dependent
inding partner CtIP
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BRCA1 (Breast Cancer Susceptibility Gene 1) possesses
an N-terminal Ring domain and tandem C-terminal
BRCT motifs. While the Ring domain has E3 ubiquitin
ligase activity, the BRCA1 BRCT domains specifically
recognize phospho-serine motifs. Here, we demonstrate
that BRCA1 Ring domain catalyzes CtIP ubiquitination
in a manner that depends on a phosphorylation-mediated
interaction between CtIP and BRCA1 BRCT domains.
The BRCA1-dependent ubiquitination of CtIP does not
target CtIP for degradation. Instead, ubiquitinated CtIP
associates with chromatin following DNA damage and
participates in G2/M checkpoint control. Thus, we pro-
pose that BRCA1 can regulate the functions of its sub-
strates through nonproteasomal pathways that do not
involve substrate degradation.
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Results and Discussion

The BRCA1 gene (Breast Cancer Susceptibility Gene 1)
encodes a polypeptide of 1863 amino acids that contains
an N-terminal Ring domain and tandem C-terminal
BRCT domains. The Ring domain of BRCAI has E3 ubig-
uitin ligase activity (Lorick et al. 1999; Brzovic et al.
2001; Hashizume et al. 2001; Ruffner et al. 2001; Baer
and Ludwig 2002; Chen et al. 2002; Xia et al. 2003; Sato
et al. 2004, Starita et al. 2004, 2005; Kleiman et al. 2005),
while the BRCT domain has recently been demonstrated
to be a phospho-protein interaction domain (Manke et al.
2003; Rodriguez et al. 2003; Yu et al. 2003; Glover et al.
2004). Breast cancer-associated mutations have been
found in both the Ring and BRCT domains of BRCAI,
suggesting that these two regions are critical for BRCA1
tumor suppression. To explore whether these domains
may function together in a coordinated fashion, we ex-
amined whether a BRCA1 BRCT domain-binding pro-
tein CtIP would be ubiquitinated in a BRCA1-dependent
manner.
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CtIP is a phosphorylation-dependent binding partner
of the BRCA1 BRCT domain (Wong et al. 1998; Yu et al.
1998; Yu and Chen 2004; Varma et al. 2005). It tran-
siently interacts with BRCA1 in G2 phase, and partici-
pates in BRCAIl-dependent G2/M checkpoint control
(Yu and Chen 2004; Greenberg et al. 2006). To determine
whether CtIP is ubiquitinated in vivo, we transfected
293T cells with vectors encoding HA-tagged ubiquitin.
As shown in Figure 1A, CtIP was clearly conjugated with
polyubiquitin chains, suggesting that CtIP is ubiquiti-
nated in vivo. Next, we explored whether BRCAI par-
ticipates in CtIP ubiquitination. To do so, we used
BRCAI-deficient HCC1937 cells and HCC1937 cells re-
constituted with wild-type BRCA1 (HCC1937-BRCA1
cells) (Yu et al. 2003). While endogenous CtIP was
readily ubiquitinated in HCC1937-BRCA1 cells, CtIP
ubiquitination was barely detectable in HCC1937 cells
(Fig. 1B), suggesting that wild-type BRCA1 is required for
the ubiquitination of endogenous CtIP.

To demonstrate that BRCA1 directly ubiquitinates
CtIP, we also performed in vitro ubiquitination assays.
Full-length CtIP, BRCAI, and BARDI1 were generated
and purified from sf9 cells infected with corresponding
baculoviruses. In the presence of E1 ubiquitin activating
enzyme and E2 ubiquitin conjugating enzyme (UbcH5¢),
CtIP was ubiquitinated by wild-type BRCAI (Fig. 1C; see
also Supplementary Fig. S1). And as expected, wild-type
BRCALI1 is also autoubiquitinated in vitro (Fig. 1C). We
mutated I1e26 to Ala (I26A) in the BRCA1 Ring domain.
This [26A mutant does not abolish the tertiary structure
of the BRCA1 Ring domain but specifically disrupts the
contact site of the BRCA1 Ring domain with E2 ubiqui-
tin conjugase (Brzovic et al. 2003). Therefore, the 126A
mutant of BRCAL still interacts with its Ring domain-
binding partner BARDI but specifically loses its E3 li-
gase activity. As shown in Figure 1C, the I26A mutant
does not ubiquitinate CtIP in vitro, suggesting that the
ubiquitination of CtIP observed in these reactions is spe-
cifically dependent on the E3 ligase activity of BRCAL.

Polyubiquitination often serves as a signal for protein
degradation. To characterize the potential biological
consequences of CtIP ubiquitination, we compared
the stability of CtIP in HCC1937 cells and HCC1937-
BRCAI1 cells. Interestingly, when we blocked de novo
CtIP synthesis in these cells with cycloheximide, the
rate of CtIP degradation remained constant regardless of
BRCALI status, suggesting that the BRCAIl-dependent
ubiquitination of CtIP is not associated with CtIP deg-
radation (Supplementary Fig. S2). Both HCC1937 cells
and HCC1937-BRCA1 cells were also treated with
MG132, a proteasome inhibitor. As a control, it blocked
ubiquitination-mediated Aurora B degradation (Supple-
mentary Fig. S2; Nguyen et al. 2005). However, the half-
life of CtIP still remained unchanged, suggesting that
CtIP degradation is independent of the proteasome path-
way (Supplementary Fig. S2).

Much evidence suggests that BRCAI participates in
various aspects of the DNA damage response in a man-
ner that requires both the Ring and BRCT domains of
BRCAI1 (Scully et al. 1999; Ruffner et al. 2001; Morris
and Solomon 2004). We have also shown that CtIP par-
ticipates in BRCA1-dependent G2/M checkpoint control
following DNA damage (Yu and Chen 2004). Therefore,
we investigated whether CtIP ubiquitination is regulated
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Figure 1. BRCAI ubiquitinates phosphorylated CtIP in vivo and in
vitro. (A) CtIP is ubiquitinated in vivo. 293T cells were transfected
with or without plasmid encoding HA-tagged ubiquitin (Ub). (Top
panel) Ubiquitination of CtIP was analyzed by immunoprecipitation
and immunoblotting with indicated antibodies. (Bottom panel) Cell
lysates were also blotted with anti-CtIP antibodies. (B) The intact
BRCA1 BRCT domain is required for CtIP ubiquitination. HCC1937
cells or HCC1937-BRCAL cells were transfected with HA-Ub. En-
dogenous CtIP was significantly ubiquitinated in HCC1937-BRCA1
cells, but not in HCC1937 cells. (C) CtIP is ubiquitinated by BRCA1
in vitro. Full-length CtIP was incubated with wild-type BRCAL1 or
enzymatically inactive I26A mutant. The reaction products were
then fractioned by SDS-PAGE and detected by immunoblotting
with indicated antibodies.

by DNA damage and how it participates in the DNA
damage response. Both HCC1937 and HCC1937-BRCA1
cells were treated with v-irradiation. Although, we
didn’t observe any change of CtIP ubiquitination in the
soluble faction of 0.5% NP40 lyses buffer, interestingly
ubiquitinated CtIP was detected in the chromatin frac-
tion only following DNA damage (Fig. 2A). Moreover,
this effect was observed in HCC1937-BRCA1 cells but
not in HCC1937 cells, suggesting that BRCA1 is re-
quired for chromatin association and ubiquitination of
endogenous CtIP following DNA damage. As expected, a
significant portion of BRCA1 associated with chromatin
fractions following DNA damage. Nearly 50% of CtIP
were ubiquitinated and associated with chromatin fol-
lowing DNA damage (Fig. 2B; see also Supplementary
Fig. S3). To exclude the possibility of antibody cross-
reactions, we repeated these experiments using 293T
cells stably expressing Flag-tagged CtIP. Again, we found
that a fraction of ubiquitinated CtIP was tightly associ-
ated with chromatin following vy-irradiation (Fig. 2C).
HCC1937 cells only express a truncated form of
BRCAL1 in which the C-terminal BRCT domain is lost
(Tomlinson et al. 1998; Yu et al. 2003). Because of this
C-terminal deletion, the truncated BRCA1 of HCC1937
cells cannot interact with CtIP through the BRCT do-
mains (Yu et al. 1998; data not shown). However, the
truncated BRCA1 species contains an intact N-terminal
Ring domain and should retain its E3 ligase activity. The
fact that this species cannot effectively promote CtIP
ubiquitination in HCC1937 cells (Fig. 1B) suggests that
the BRCA1/CtIP interaction is critical for CtIP ubiqui-
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tination. Our early studies have shown that the BRCA1
BRCT domain specifically binds the Ser327-phosphory-
lated forms of CtIP (Yu and Chen 2004). To examine the
importance of this phospho-dependent BRCA1/CtIP in-
teraction for CtIP ubiquitination, we used a Ser327-to-
Ala (S327A) mutant of CtIP that fails to associate with
BRCAI1 (Yu and Chen 2004). Indeed, only the wild type,
but not the S327A-mutant, CtIP was ubiquitinated in
the chromatin fraction (Fig. 2D), suggesting that a direct
interaction between BRCA1 and CtIP is important for
the ubiquitination and chromatin association of CtIP in
vivo. To confirm that BRCA1 is the E3 ubiquitin ligase
that catalyzes CtIP ubiquitination in the chromatin frac-
tions, HCC1937 cells were reconstituted with either
wild-type BRCA1 or I26A-mutant BRCAL. Significantly,
only wild-type BRCA1, but not the I26A mutant, could
promote CtIP ubiquitination in these cells (Fig. 2E),
again suggesting that the intact E3 ligase activity of
BRCALI is necessary for the ubiquitination and chroma-
tin association of CtIP.

Since protein ubiquitination may influence its local-
ization, we next examined the subnuclear localization of
CtIP before and after DNA damage. The peak of CtIP
expression is in G2 phase (Yu and Chen 2004). Therefore,
only ~30% cells showed clearly CtIP staining. CtIP is
evenly distributed throughout the nucleus in both un-
treated HCC1937 cells and untreated HCC1937-BRCA1
cells. However, following vy-radiation, CtIP relocated to
nuclear foci in HCC1937-BRCA1 cells, but not in
HCC1937 cells (Fig. 3A). The nuclear foci of CtIP colo-
calized with yH2AX, a marker of DNA damage sites, and
BRCALI (Fig. 3B; see also Supplementary Fig. S4), suggest-
ing that CtIP relocalizes to the sites of DNA damage.
Moreover, only wild-type BRCA1, but not the I126A E3
ligase mutant of BRCAI, restored DNA damage-induced
CtIP focus formation in HCC1937 cells (Fig. 3C; see also
Supplementary Fig. S5), suggesting that formation of
CtIP foci requires the E3 ligase activity of BRCA1. Again,
only wild-type CtIP, but not the S327A mutant, translo-
cated to DNA damage sites, suggesting that the BRCA1/
CtIP interaction is also essential for CtIP focus forma-
tion (Supplementary Fig. S6). It is likely that the CtIP
foci reflect the concentrated localization of chromatin-
associated ubiquitinated CtIP following DNA damage,
as we observed in Figure 2.

We have previously demonstrated that BRCA1, CtIP,
and the BRCA1/CtIP interaction are each required for
the transient G2/M checkpoint control (Yu and Chen
2004). Here, we further examined this DNA damage-in-
duced G2/M checkpoint control in HCC1937 cells ex-
pressing either wild-type BRCA1 or the 126A mutant.
Only cells reconstituted with wild-type BRCA1, but not
the I26A mutant, restored G2/M checkpoint control fol-
lowing DNA damage (Fig. 3D), suggesting that BRCA1
E3 ligase activity is also essential for this G2/M check-
point control. Given the critical role of CtIP in this
checkpoint control, CtIP is likely the major substrate of
BRCAI1 that governs this G2/M checkpoint following
DNA damage.

In conclusion, our data show that CtIP is a physiologi-
cal substrate of the BRCAI E3 ligase. BRCA1 recruits
CtIP through its C-terminal BRCT domains and pro-
motes CtIP ubiquitination through its N-terminal Ring
domain. The ubiquitinated CtIP is not targeted for deg-
radation. Instead, ubiquitinated CtIP binds to chromatin
following DNA damage and is likely to be involved in
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Figure 2. Ubiquitinated CtIP associates with chromatin following DNA damage. HCC1937 cells and HCC1937-BRCAL cells (A), HCC1937-
BRCAL1 cells (B), or 293T cells (C) stably expressing Flag-CtIP were treated with y-radiation (10 Gy). Chromatin extraction was prepared as
described in Materials and Methods. The lysates were analyzed by immunoprecipitation and immunoblotting with indicated antibodies. (D)
Phosphorylation of CtIP S327 site is important for CtIP ubiquitination in chromatin fractions. 293T cells were transfected with vectors
encoding wild-type CtIP or S327A mutant and then treated with y-radiation (10 Gy). Chromatin extraction was prepared and analyzed. (E)
BRCAL E3 ligase activity is required for CtIP ubiquitination following DNA damage. HCC1937 cells were transfected with wild-type BRCA1
or [26A mutant, and treated with y-radiation (10 Gy). Chromatin extraction was prepared and analyzed.

DNA damage checkpoint control. Thus, we propose that
the BRCAI Ring domain and BRCT domains act to-
gether and regulate various BRCA1-dependent functions
through protein ubiquitination. This mode of action re-
sembles that of SCF (Skpl1-Cullin-F-box) complexes, in
which Ring domain subunits ubiquitinate substrates
that are recognized in a phospho-dependent manner by
F-box-containing proteins.

Our results suggest that CtIP ubiquitination is re-
quired for its chromatin binding and damage-induced
foci formation, and may play a pivotal role in G2/M
checkpoint control. Interestingly, mono-ubiquitination
of FANCD?2, a Fanconi Anemia protein, is also essential
for its chromatin binding, damage-induced foci forma-
tion, S-phase checkpoint activation, and DNA repair
(Garcia-Higuera et al. 2001; Taniguchi et al. 2002; Wang
et al. 2004; Montes de Oca et al. 2005). Taken together,
these data suggest that DNA damage-induced protein
mono- and polyubiquitination may serve as another type
of signaling cascade that regulates cellular DNA damage
responses. Exactly how ubiquitination of FANCD2 or
CtIP influences cell cycle checkpoint and DNA repair
remains to be determined.

We also attempted to map the BRCA1-dependent ubiq-
uitination sites on CtIP, which contains total 84 Lys
residues. However, based on our in vitro ubiquitination
assays (data not shown), it appears that CtIP can be ubiq-
uitinated by BRCA1 interchangeably at multiple lysine
residues. We hope that the additional ongoing experi-
ments will eventually reveal CtIP ubiquitination sites
and further confirm the role of the BRCA1-dependent
CtIP ubiquitination in DNA damage checkpoint control.

Beside BRCA1, CtIP has also been shown to interact
with another E3 ubiquitin ligase STAH-1 (Germani et al.
2003). However, whether SIAH-1 really regulates CtIP
ubiquitination or degradation has not been demonstrated
either in vitro or in vivo (Germani et al. 2003). Thus,
the functional significance of CtIP/SIAH-1 interaction is

not clear and needs to be further investigated. We have
shown previously that the BRCA1 BRCT domain also
recognizes phospho-BACH1. However, we did not ob-
serve BACHI1 ubiquitination in our experimental sys-
tems. One possibility is that there are other partners in
the BRCA1/BACHI1 complex, and BRCALI ubiquitinates
BACHI1-associated proteins instead of directly targeting
BACHI1 for ubiquitination. Further studies will be
needed to test this possibility.

Materials and methods

Cell culture, antibodies, and plasmids

All cell lines were maintained in RPMI 1640 medium with 10% fetal calf
serum at 37°C in 5% CO, (v/v). To measure CtIP degradation, cells were
treated with cycloheximide (40 pg/mL) and MG132 (30 uM).

Mouse anti-Flag (M2) antibody was purchased from Sigma. Mouse anti-
HA antibody was purchased from Covance. Polyclonal anti-CtIP anti-
bodies were used for immunoprecipitation and Western blot as described
previously (Yu and Chen 2004). Monoclonal mouse anti-CtIP antibody
(14-1) was used for immunostaining (Yu and Baer 2000). Rabbit anti-
phospho-Histone H3 antibodies were purchased from Upstate Biotech-
nology, Inc.

Wild-type CtIP and S327A mutant were cloned into pCIN4 as de-
scribed previously (Yu and Baer 2000; Yu and Chen 2004). Wild-type
BRCA1 and I126A mutant were cloned into pIRES2-EGFP with one S tag
and tandem Flag tag at the N terminus.

Chromatin extraction preparation

The preparation of chromatin fraction was described previously (Ward
and Chen 2001). Briefly, cells were lysed with NETN buffer (0.5% NP-40,
2 mM EDTA, 50 mM Tris-HCI at pH 8.0 and 100 mM NacCl). The in-
soluble chromatin fractions were treated with 0.2 M HCL. The soluble
extraction was neutralized with 1 M Tris-HCI (pH 8.5) and then used for
further analysis.

Cell transfection, immunoprecipitation, immunoblotting, and
immunostaining

Cell transfection, immunoprecipitation, and immunoblotting were per-
formed with standard protocol as described previously (Yu and Chen
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2004). For transfection of HCC1937 cells and HCC1937-BRCA1 cells, we
used the electroporation method according to a protocol from the manu-
facturer (Bio-Rad). In Figure 1, A and B, cells were lysed in NETN buffer
with the additional 1% SDS. Cell lysates were boiled for 10 min, and 10
vol NETN buffer were added to dilute SDS to 0.1% for further immuno-
precipitation.

For immunostaining, cells were treated with 5 Gy of y-irradiation.
After 2 h, cells were fixed with 3% paraformaldehyde for 20 min, fol-
lowed by treatment with 0.5% Triton X-100 for 5 min. Cells were incu-
bated with anti-CtIP mAD (14-1) at 1:20 dilution, with anti-BRCA1 an-
tibodies (from Upstate Biotechnology) at 1:500 dilution, with anti-Flag
mAD (M2 from Sigma) at 1:2000 dilution, or with anti-yH2AX antibodies
(from Upstate Biotechnology) at 1:500 dilution and were then incubated
with goat anti-mouse IgG- Rhodamine (from Jackson Laboratory) at 1:600
dilution and goat anti-rabbit IgG-FITC (from Jackson Laboratory) at 1:600
dilution. For any quantitative analysis, 1000 cells or transfected cells
were counted. Cells with more than eight foci were considered as foci-
positive cells. Every experiment was repeated at least three times.

G2/M checkpoint assay

Cells were exposed to 2 Gy y-irradiation and incubated at 37°C in 5%
CO, (v/v) for one hour. Cells were fixed with 3% paraformaldehyde and
stained with rabbit anti-phospho-Histone H3 antibody, followed by in-
cubation with Rhodamine-conjugated goat anti-rabbit IgG secondary an-
tibody. Positive-stained cells were observed by immunofluorescence mi-
Croscopy.

Baculoviral expression

Baculoviral expression and purification of full-length BRCA1/BARD1
heterodimers were described previously (Wu-Baer et al. 2003). Plasmid
for baculoviral expression of the CtIP polypeptides was constructed by
inserting the appropriate cDNA sequences into the pVL1393 (Pharmin-
gen). The F13-GST-CtIP-6H/pVL1393 plasmid encodes full-length human
CtIP with a N-terminal tag of 246 amino acids containing three tandem
Flag epitopes and the glutathione S-transferase (GST) sequence and a
C-terminal tag composed of hexahistidine. To generate recombinant
baculoviruses, Sf9 cells were transfected with the appropriate expression
plasmid using the BaculoGold transfection kit (Pharmingen). Sf9 spinner
cells were then infected with FI3-GST-CtIP-6H recombinant baculovi-
ruses at a multiplicity of infection of approximately two plaque-forming
units per cell. The FI3-GST-CtIP-6H polypeptides were purified from Sf9
cell lysates using a two-step procedure involving sequential affinity chro-
matography on a Ni-NTA resin and glutathione-agarose bead (Wu-Baer et
al. 2003).

In vitro ubiquitination assay

Twenty-five-nanogram aliquots of purified FI3-GST-CtIP-6H polypep-
tides were added to 30 pL in vitro ubiquitination reactions (Wu-Baer et al.
2003), and the reaction products were fractionated by SDS-PAGE.
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