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Abstract
Mutation of the BRCA1 tumor suppressor gene predisposes women to hereditary breast and
ovarian cancers. BRCA1 forms a heterodimer with BARD1. The BRCA1/BARD1 heterodimer
has ubiquitin ligase activity, considered to play crucial roles in tumor suppression and DNA
damage response. Nevertheless, relevant BRCA1 substrates are poorly defined. We have
developed a new approach to systematically identify the substrates of ubiquitin ligases by
identifying proteins that display enhanced incorporation of His-tagged ubiquitin upon ligase co-
expression; using this method, we identified several candidate substrates for BRCA1. These
include scaffold attachment factor B2 (SAFB2), Tel2, as well as BARD1. BRCA1 was found to
enhance SAFB protein expression and induce Tel2 nuclear translocation. Identification of the
ubiquitination substrates has been a major obstacle to understanding the functions of ubiquitin
ligases. The quantitative proteomics approach we devised for the identification of BRCA1
substrates will facilitate the identification of ubiquitin ligase-substrate pairs.
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INTRODUCTION
Covalent modification of cellular proteins by ubiquitin targets them for degradation or
otherwise alters their function. Addition of lysine-48-linked poly-ubiquitin chains targets
proteins for degradation by the 26S proteasome whereas addition of other types of poly-
ubiquitin chains such as lysine-6-linked chains can exert functions other than protein
degradation. The ubiquitin system plays important roles in a wide variety of biological
phenomena including tumorigenesis (for reviews see 1,2). A number of oncogene and anti-
oncogene products were found to be targets of ubiquitination, leading to the idea that
malfunction of protein ubiquitination could modulate the tumorigenic process. The products
of several oncogenes and anti-oncogenes display ubiquitin ligase activities, and it can be
expected that identification of their substrates would greatly advance our understanding of
the mechanism of tumorigenesis.
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Women with hereditary BRCA1 mutations have very high risk of breast and ovarian cancers
(65% and 40%, respectively). In addition, 30-40% of sporadic breast cancers display
reduced or absent BRCA1 expression. The BRCA1 protein has been implicated in a diverse
array of biological processes such as the DNA damage response, cell cycle checkpoint,
transcription, chromatin remodeling, X chromosome inactivation, and centrosome
duplication (for reviews see 3-5). While these processes are essential to all cell types,
BRCA1 mutation results in tumors of very restricted tissues. The basis for this tissue-
specific tumor suppressor activity is not well understood.

BRCA1 forms a stable heterodimer with BARD1, and this complex displays ubiquitin ligase
activity. Many tumor-associated missense mutations target the RING finger domain of
BRCA1 which is essential for the ubiquitin ligase activity, suggesting that this activity plays
an important role in tumor suppression. In addition, these RING finger domain mutants are
also defective for restoring DNA damage checkpoint function in BRCA1-deficient cells,
suggesting that the ubiquitin ligase activity of BRCA1 is also critical for the DNA damage
response 6. Data mainly from in vitro reactions suggested that BRCA1/BARD1 can
ubiquitinate several different proteins, including BRCA1/BARD1 7,8, histones 6,7,9,
FANCD2 10, p53 11, RNA polymerase II 12, nucleophosmin 13, and CtIP 14. However, it is
not yet established whether these proteins are valid targets in vivo or what kind of BRCA1
functions are mediated by ubiquitination of these proteins.

Interestingly, unlike most known ubiquitin ligases that catalyze the formation of lysine-48-
linked poly-ubiquitin chains, BRCA1/BARD1 catalyzes the formation of lysine-6-linked
chains, which do not result in protein degradation 8,15. In addition, it was shown that
proteins with lysine-6-linked poly-ubiquitin accumulate at sites of DNA damage in a
BRCA1-dependent manner, suggesting an important role of this unconventional poly-
ubiquitin chains in DNA damage response 16.

A key to the understanding of BRCA1 function is to pinpoint its substrates and to elucidate
the role of their ubiquitination. However, the identification of the substrates of a ubiquitin
ligase is generally a difficult task because of the lack of an established method. Using
quantitative proteomics, we devised an approach to systematically identify the substrates of
a ubiquitin ligase through detection of proteins displaying enhanced incorporation of His-
tagged ubiquitin upon ligase expression. We applied this method to BRCA1/BARD1 and
identified several candidate substrates, including scaffold attachment factor B2 (SAFB2) and
Tel2 as well as auto-ubiquitination of BARD1. BRCA1 ubiquitinated SAFB and increased
its protein expression whereas Tel2 nuclear translocation was induced by BRCA1. The
method reported here is applicable to other ubiquitin and ubiquitin-like protein ligases.

EXPERIMENTAL PROCEDURES
Cell culture

Mouse embryonic fibroblasts from BRCA1-exon11-null and wild-type mice were obtained
from Dr. Chu-Xia Deng at the NIDDK/NIH 17. Mouse embryonic fibroblasts and U2OS
cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with
10% fetal calf serum. 293T cells were cultured in DMEM supplemented with 10% calf
serum. 786-O cells were cultured in RPMI1640 medium supplemented with 10% fetal calf
serum. MCF-7 cells were cultured in minimum essential medium supplemented with 10%
fetal calf serum and non-essential amino acids. Calcium phosphate co-precipitation was used
for plasmid DNA transfection. Doxorubicin was purchased from Sigma-Aldrich. Human
BRCA1 siRNA (P-002111-01-05) and control siRNA (D-001210-02) were purchased from
Dharmacon and were transfected using Lipofectamine 2000 reagent (Invitrogen). The target
sequences for shRNAs are as follows: human SAFB (targeting both SAFB1 and SAFB2),
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GCGGAGGAAGAGGACCTATTT; luciferase, GCACTCTGATTGACAAATACGATTT.
BRCA1 and empty vector adenoviruses were generated using AdEasy XL adenoviral vector
system (Stratagene).

Protein sample preparation, ICAT (isotope-coded affinity tag) reagent labeling, and mass
spectrometry

293T cells (ten 15 cm plates each) were transfected with His-tagged ubiquitin K48R mutant
together with BRCA1 and BARD1 or with empty vector. Forty-eight hours after
transfection, the cells were lysed in a buffer containing 20 mM Tris, pH 8.0/6 M guanidine
HCl/0.5 M NaCl/5 mM imidazole. Proteins conjugated with His-ubiquitin K48R were
isolated by nickel-NTA agarose (Qiagen) under denaturing conditions followed by elution
with a buffer containing 20 mM Tris, pH 8.0/0.5 M NaCl/1 M imidazole. The samples were
concentrated using a Microcon YM-3 column (Millipore) and eluted in 50 mM Tris, pH 8.5.
These procedures yielded 355 g and 160 g proteins for BRCA1/BARD1 and empty vector
sample, respectively, which were used for labeling with the cleavable ICAT reagent
(purchased from Applied Biosystems; BRCA1/BARD1 sample: isotopically light ICAT;
empty vector sample: isotopically heavy ICAT). The two labeled samples were combined,
digested with trypsin (Promega), and fractionated by off-line cation-exchange
chromatography using ICAT Cartridge-Cation Exchange (Applied Biosystems). ICAT
reagent-labeled peptides were purified using an avidin affinity column (ICAT Cartridge-
Avidin, Applied Biosystems) to capture the biotin tag present in the reagent. The biotin tag
was cleaved from the ICAT-labeled peptides by treatment with trifluoroacetic acid.

Released peptides were analyzed by capillary high performance liquid chromatography-
tandem mass spectrometry (HPLC-ESI-MS/MS), using a Thermo Fisher LTQ linear ion trap
mass spectrometer fitted with a New Objective PicoView 550 nanospray interface. On-line
HPLC separation of the digests was accomplished with an Eksigent NanoLC micro HPLC:
column, PicoFrit™ (New Objective; 75 m i.d.) packed to 10 cm with C18 adsorbent (Vydac;
218MSB5, 5 m, 300 Å); mobile phase A, 0.5% acetic acid (HAc)/0.005% TFA; mobile
phase B, 90% acetonitrile/0.5% HAc/0.005% TFA; gradient 2 to 42% B in 1 hr; flow rate,
0.4 l/min. MS conditions were: ESI voltage, 2.9 kV; isolation window for MS/MS, 3;
relative collision energy, 35%; scan strategy, survey scan followed by acquisition of data
dependent collision-induced dissociation (CID) spectra of the seven most intense ions in the
survey scan above a set threshold.

Mass spectrometry data analysis
Raw data were converted to mzXML format using ReAdW and were searched against the
human the IPI human protein database (v 3.24; 66,923 protein entries) using SEQUEST
Cluster 3.1 SR1. Variable modifications considered in the searches included methionine
oxidation and addition of light (+227) and heavy (+236) ICAT tags to cysteine. The peptide
mass tolerance was set as 3.0 Da. The SEQUEST search result was analyzed by the Trans-
Proteomic Pipeline [for a review see 18] version 3.0. Peptide/protein identifications were
validated by Peptide/ProteinProphet 19,20. A ProteinProphet score of 0.7 was used as a
cutoff, which corresponded to false identification rate of 2.1 %. Protein abundance ratios
were calculated using ASAPRatio 21. Sample-dependent normalization was not employed
because of the significant difference in the quantity of protein between the BRCA1/BARD1
and empty vector samples.

Immunoprecipitation and immunoblotting
Immunoprecipitation was performed as described 22. The indicated amounts of cell lysates
were separated by SDS-PAGE and analyzed by immunoblotting as described 23. The
following antibodies were used: mouse monoclonal anti-HA (16B12. Covance); mouse
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monoclonal anti-SAFB (6F7, Millipore); rabbit polyclonal anti-BRCA1 (C-20, Santa Cruz
Biotechnology); rabbit polyclonal anti-BARD1 (59N, gift from Dr. Richard Baer, Columbia
University); mouse monoclonal anti-FLAG (M2, Sigma-Aldrich); mouse monoclonal anti-
tubulin (DM1A, Sigma-Aldrich): and rabbit polyclonal anti- Myb-binding protein p160
(40-1200, Zymed/Invitrogen).

RESULTS
Quantitative proteomic identification of ubiquitination substrates for BRCA1/BARD1

BRCA1/BARD1 catalyzes the formation of lysine-6-linked, but not lysine-48-linked
polyubiquitin chains. As shown in Figure 1A, expression of BRCA1/BARD1 dramatically
enhanced the conjugation of K48R mutant ubiquitin to cellular proteins. To identify the
proteins ubiquitinated by BRCA1/BARD1, we compared the His-tagged ubiquitin-K48R-
conjugated proteins in the presence or absence of co-expressed BRCA1/BARD1. We
expressed Hisubiquitin-K48R in human embryonic kidney 293T cells, with and without co-
expressed BRCA1/BARD1, purified the His-ubiquitin-K48R conjugated proteins using Ni++

affinity column under denaturing conditions (6M Guanidine-HCl), and compared the His-
ubiquitin-K48R-conjugated proteins by using quantitative proteomics (Figure 1B). It was
anticipated that the substrates of BRCA1/BARD1 would be more efficiently ubiquitinated in
the presence of co-expressed BRCA1/BARD1. Using this approach, we detected enhanced
ubiquitination of a number of proteins by BRCA1/BARD1 as well as auto-ubiquitination of
BARD1 (Table 1).

Among the ubiquitination substrates identified, SAFB2 was particularly interesting. SAFB2
is 75 % homologous to SAFB1, and these proteins have been implicated in a variety of
cellular processes such as chromatin organization, transcriptional regulation, RNA splicing,
and stress response 24. Both SAFB1 and SAFB2 have been shown to bind to and inhibit the
transcriptional activity of estrogen receptor α (ERα). 25-29. Importantly, the SAFB1 and
SAFB2 genes map to chromosome 19p13 and display a high rate of loss of heterozygosity
(22~47%) in sporadic breast cancers 30.

BRCA1 ubiquitinates SAFB and increases its expression
We confirmed that co-expression of BRCA1, BARD1, and HA-ubiquitin induces
ubiquitination of His-tagged SAFB2 in vivo (Figure 2). 293T cells were transfected with the
indicated expression constructs and His-SAFB2 was purified under denaturing conditions.
Purified His-SAFB2 was analyzed for ubiquitination by anti-HA immunoblotting. As shown
in Figure 2 top, incorporation of HA-ubiquitin to His-SAFB2 was significantly enhanced by
co-expression of BRCA1 and BARD1. Interestingly, ubiquitination of SAFB2 appears to
result in increased SAFB2 protein levels (Figure 2, bottom), which may be due to the
formation of lysine-6-linked poly-ubiquitin chains that can compete with the formation of
lysine-48-linked polyubiquitin chains. Consistent with this notion, we found that adenoviral
expression of BRCA1 in 786-O renal carcinoma cells results in a significant increase in
SAFB protein expression (Figure 3A). (Note that the anti-SAFB antibody recognizes both
SAFB1 and SAFB2, which co-migrate).

The role of BRCA1 in increasing SAFB protein levels was further examined by
downregulating BRCA1 expression. As shown in Figure 3B, siRNA-mediated knock-down
of BRCA1 in 786-O cells resulted in a concomitant decrease in SAFB protein expression,
suggesting that BRCA1 normally functions in increasing SAFB protein expression. We also
analyzed SAFB protein expression in BRCA1-exon 11-null mouse embryonic fibroblasts.
As shown in Figure 3C, SAFB protein expression was significantly reduced in BRCA1-
exon11-null mouse embryonic fibroblasts. Although exon 11 is the largest BRCA1 exon and
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encodes approximately 60% of the protein, BRCA1-exon11-null mouse cells can still
express a defective BRCA1 fragment with an N-terminal RING finger ubiquitin ligase
domain, which may explain the residual expression of SAFB.

These results suggest that the BRCA1/BARD1 heterodimer ubiquitinates SAFB and
increases SAFB protein levels. By regulating the expression of SAFB, which is a co-
repressor of ERα, BRCA1/BARD1 may control estrogen-dependent transcription.

SAFB reduces BARD1 protein expression
During the course of our analysis of molecular interactions between BRCA1/BARD1 and
SAFB, we found that co-expression of SAFB2 in 293T cells resulted in dramatic reduction
of the levels of BARD1, but not BRCA1 (Figure 4A). To map the domains in BARD1 and
SAFB2 that are required for the SAFB2-mediated reduction of BARD1, we used a series of
deletion mutants of BARD1 and SAFB2. The expression of a BARD1 deletion mutant that
lacks the C-terminal BRCT domain was reduced by SAFB2, but when the deletion included
the ankyrin repeat domain of BARD1, the levels of BARD1 were not reduced in the
presence of SAFB2 (Figure 4B). The RING finger domain of BARD1 was also required for
reduced protein expression by SAFB2 (Figure 4B). Regarding the SAFB2 domains, N-
terminal deletion to residue 672 had no effect on BARD1 reduction, but deletion from the C-
terminus to residue 560 abolished BARD1 reduction, indicating that SAFB2 C-terminus is
required for BARD1 reduction (Figure 4C). Furthermore, when FLAG-SAFB2 was
exogenously expressed in MCF-7 breast cancer cells using a lentiviral vector, the
endogenous BARD1 protein expression was significantly reduced (Figure 4D).

We then asked whether downregulation of SAFB would result in increased BARD1 protein
levels. We employed lentiviral expression of short hairpin RNA (shRNA) targeting both
SAFB1 and SAFB2 to knock down SAFB expression in MCF-7 cells (using luciferase
shRNA as control). As shown in Figure 4E, knock-down of SAFB resulted in an increase of
endogenous BARD1, indicating that endogenous SAFB can downregulate the BARD1
protein levels. Since the ubiquitination of SAFB by BRCA1/BARD1 appears to result in
increased SAFB protein expression (Figure 2 and 3), our results suggest that there may a
feedback loop regulating the SAFB and BARD1 protein levels (Figure 4F).

Tel2 ubiquitination and nuclear translocation by BRCA1
In our quantitative proteomic analysis of BRCA1/BARD1 substrates, we also found a 3.2-
fold enhancement of ubiquitination of Tel2 by BRCA1/BARD1 (Table 1). Tel2 is a human
homolog of a regulator of telomere length, TEL2, in budding yeast 31 and a DNA damage/S-
phase checkpoint protein, CLK-2/RAD5, in C. elegans 32-34. Tel2 interacts with all six
phosphatidylinositol 3-kinase-related protein kinases (PIKKs) and maintains their protein
expression levels 35. A recent structural and functional study demonstrated that Tel2 forms a
complex with Tit1 and Tit2 and participates in Hsp90-dependent maturation of PIKKs 36. In
addition, budding yeast TEL2 was shown to be required for localization of TEL1/ATM (a
PIKK and a central regulator of DNA damage response) to a DNA break 37. Identification of
Tel2 as BRCA1/BARD1 ubiquitination substrate is of particular interest because both
BRCA1/BARD1 and PIKKs such as ATM and ATR play important roles in DNA damage
signaling.

We constructed an N-terminally FLAG-tagged human Tel2 expression vector and analyzed
the ubiquitination of Tel2 by BRCA1/BARD1 using co-expression in 293T cells. The
FLAG-Tel2 was immunoprecipitated under denaturing conditions and the conjugation of
HA-ubiquitin to FLAG-Tel2 was analyzed by anti-HA immunoblotting. As shown in Figure
5, BRCA1/BARD1 induced ubiquitination of FLAG-Tel2; moreover, the level of
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ubiquitination was dramatically enhanced upon treatment with a DNA damaging chemical,
doxorubicin. Although the levels of Tel2 were not affected by the presence of BRCA1, we
observed nuclear accumulation of GFP-Tel2 upon BRCA1/BARD1 co-expression or
doxorubicin treatment (Figure 6). These results suggest that BRCA1 ubiquitinates Tel2 and
modulates Tel2 subcellular location.

DISCUSSION
In this report, we describe a new strategy to identify the substrates of ubiquitin ligases based
on detection of enhanced His-ubiquitin conjugation after ubiquitin ligase co-expression.
Using this approach, we identified several candidate substrates for BRCA1/BARD1. We
confirmed the ubiquitination of two substrates, SAFB2 and Tel2, and demonstrated that
BRCA1 increases SAFB protein expression whereas nuclear translocation of Tel2 is induced
by BRCA1.

BRCA1 plays a key role in the cellular response to DNA damage, which is conserved in
different cell types, but germline inactivation of BRCA1 predominantly results in cancers of
breast and ovary. The basis for this tissue-specific tumor suppressor activity of BRCA1 has
not, as yet been elucidated. One model to explain this activity involves a role for BRCA1 in
the regulation of estrogen signaling. BRCA1 was shown to strongly inhibit the
transcriptional activity of ERα 38,39, but the mechanism of transcriptional inhibition by
BRCA1 was not clear.

SAFB2 and its close homolog SAFB1 are transcriptional co-repressors that bind to ERα and
inhibit its transcriptional activity. The SAFB1 and SAFB2 loci map to chromosome 19p13
and display a high rate of loss of heterozygosity (22 – 47%) in sporadic breast cancers.
Taken together, these observations suggest that SAFB might be a missing link between
BRCA1 and estrogen receptor activity and that ubiquitination of SAFB by BRCA1/BARD1
might contribute to the tissue-specific tumor suppressor activity of BRCA1. In future
studies, more detailed analysis of the deletion and mutation of the SAFB locus in breast and
ovary cancers as well as their relation to ERα expression status and BRCA1 mRNA/protein
levels may provide important insight into the role of the BRCA1-SAFB-ERα pathway in
hormone-dependent tumorigenesis.

In our studies, we also found evidence suggesting that SAFB reduces the BARD1 protein
expression. SAFB expression reduced the protein levels of both transfected and endogenous
BARD1, while RNAi suppression of SAFB resulted in increased endogenous BARD1
protein levels (Figure 4). Besides its function as a heterodimerization partner for BRCA1,
BARD1 was proposed to have BRCA1-independent functions 40. BARD1 was shown to
bind and stabilize p53 and overexpression of BARD1 resulted in p53-dependent
apoptosis 41. BRCA1 is not only dispensable for apoptosis induction by BARD1, but also
counteracts BARD1-induced apoptosis 41. Knock-down of BRCA1 expression by siRNA or
the disruption of BRCA1/BARD1 heterodimer formation by peptide competition resulted in
cytoplasmic translocation of BARD1 and subsequent apoptosis 42,43. An excess of BARD1
over BRCA1 and cytoplasmic localization of BARD1 have been linked to induction of
apoptosis by BARD1 41. If the relative abundance of BRCA1 and BARD1 determines cell
survival, then the levels of these two proteins need to be coordinately regulated.
Downregulation of BARD1 by SAFB may explain how the expression of BRCA1 and
BARD1 are coordinately regulated.

Tel2 has been shown to bind and stabilize PIKKs 35, which include ATM, ATR, DNA-
PKcs, mammalian target of rapamycin (mTOR), suppressor with morphological effect on
genitalia 1 (SMG1), and transformation/transcription domain-associated protein (TRRAP).
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A recent study also uncovered that Tel2 in conjunction with Tit1 and Tit2 acts as co-
chaperone for Hsp90-dependent maturation of PIKK complexes 36. PIKKs such as ATM
and ATR play central roles in the cellular response to DNA damage. There is also evidence
that budding yeast Tel1/ATM requires Tel2 for localization to the site of a DNA break 37.
Thus, Tel2 appears to be an important regulator of DNA damage signaling. BRCA1/BARD1
also play a pivotal role in DNA damage response and BRCA1 was shown to act downstream
of ATR/ATM 44.

Our proteomic screen identified Tel2 as a BRCA1/BARD1 substrate. Further analysis
demonstrated that BRCA1 is able to induce Tel2 ubiquitination and cause nuclear
translocation of Tel2. By quantitative immunoblotting, it was estimated that HeLa cells and
HTC75 fibrosarcoma cells contain 11,000 molecules of Tel2, 14,000 – 22,000 molecules of
ATM, and 80,000 – 200,000 molecules of mTOR per cell 36. This suggests that the quantity
of Tel2 is limiting compared to PIKKs and that subcellular distribution of Tel2 may impact
the activity of different PIKKs located in different subcellular compartments. BRCA1-
induced nuclear accumulation of Tel2 may be a mechanism to allocate limiting Tel2 to
nuclear PIKKs such as ATM and ATR upon DNA damage.

BRCA1/BARD1 generates non-conventional lysine-6-linked poly-ubiquitin chains.
Therefore, we employed a His-tagged ubiquitin K48R mutant for proteomic identification of
BRCA1/BARD1 substrates. Compared with wild-type ubiquitin, there is less incorporation
of the K48R mutant into cellular proteins in the absence of co-expressed BRCA1/BARD1.
This allowed more sensitive detection of BRCA1/BARD1-dependent ubiquitination events.
However, we also observed that incorporation of wild-type ubiquitin into cellular proteins
was enhanced by co-expression of E3 ubiquitin ligases that generate conventional lysine-48-
linked poly-ubiquitin chains. This suggests that His-tagged wild-type ubiquitin can be used
for the identification of the substrates of these E3 ligases. In addition, we also found that
several SUMO E3 ligases can significantly enhance the incorporation of SUMO to cellular
proteins upon co-expression, suggesting that the SUMO E3 ligase substrates can be
identified by His-SUMO quantitative proteomics approach similar to the one presented in
this article.

It is estimated that there are several hundred E3 ubiquitin ligases encoded in the human
genome, but, in most cases, their ubiquitination substrates have not been identified.
Ubiquitin ligases and their substrates often do not interact tightly, which has hampered the
identification of ligase-substrate pairs. We recently reported a protein expression profiling
approach to identify candidate ubiquitination substrates by their increased abundance in cells
without functional ubiquitin ligase compared with cells that contain the ubiquitin ligase 45.
Using this approach, we were able to identify known and novel substrates for the VHL
ubiquitin ligase 45. However, a major limitation of the protein expression profiling approach
is that mass spectrometry-based quantitative proteomics cannot currently detect every
protein in mammalian whole cell proteome. The analysis of sub-proteomes such as
subcellular fractions could increase the proteome coverage by protein expression profiling
approach. The His-ubiquitin quantitative proteomics approach presented in this article and
its further refinement will complement the protein expression profiling approach, and
together they will increase our knowledge about ubiquitin ligase-substrate pairs.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Quantitative proteomic strategy for the identification of BRCA1/BARD1
ubiquitination substrates
(A) The BRCA1/BARD1 heterodimer enhances the conjugation of HA-ubiquitin-K48R to
cellular proteins. 293T cells were transfected with HA-ubiquitin-K48R with or without
BRCA1/BARD1. Forty-eight hours after transfection, the incorporation of HA-ubiquitin-
K48R to cellular proteins was examined by anti-HA immunoblotting using 30 μg whole cell
lysate.
(B) Outline of the proteomic identification of the BRCA1/BARD1 ubiquitination substrates.
Co-expression of BRCA1/BARD1 results in enhanced incorporation of His-ubiquitin-K48R
to substrate proteins. His-ubiquitin-K48R conjugated proteins can be purified by nickel
affinity chromatography under stringent denaturing conditions. BRCA1/BARD1 substrates
can be identified as proteins displaying enhanced conjugation with His-ubiquitin-K48R
upon BRCA1/BARD1 co-expression.
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Figure 2. SAFB2 ubiquitination by BRCA1/BARD1
293 T cells were transfected with His-SAFB2, HA-ubiquitin, BRCA1, and BARD1 as
indicated. Forty-eight hours after transfection, His-SAFB2 was isolated using nickel affinity
chromatography under denaturing conditions. Ubiquitination of His-SAFB2 was analyzed
by anti-HA immunoblotting (top), and His-SAFB2 was detected by anti-SAFB
immunoblotting (bottom).
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Figure 3. BRCA1/BARD1 increases SAFB protein expression
(A) Adenoviral expression of BRCA1 increases SAFB protein levels. 786-O renal
carcinoma cells were infected with BRCA1 or empty vector adenovirus. Forty-eight hours
after infection, the expression levels of BRCA1, SAFB, and tubulin were examined by
immunoblotting using 30 μg whole cell lysate. Note that anti-SAFB antibody recognizes
both SAFB1 and SAFB2, which co-migrate.
(B) BRCA1 knock-down results in reduced SAFB protein expression. 786-O cells were
transfected with BRCA1 or control siRNA and 48 hours after transfection, the expression
levels of BRCA1, SAFB, and tubulin were examined by immunoblotting using 30 μg whole
cell lysate.
(C) BRCA1-exon 11-null mouse embryonic fibroblasts display reduced SAFB protein
expression.
The expression levels of BRCA1, SAFB, and tubulin in BRCA1-exon 11-null or wild-type
mouse embryonic fibroblasts were examined by immunoblotting using 30 μg whole cell
lysate.
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Figure 4. SAFB reduces BARD1 protein expression
(A) SAFB2 co-expression reduces BARD1 protein expression in 293T cells. 293T cells
were transfected with BARD1 and BRCA1 with or without SAFB2. Forty-eight hours after
transfection, the expression levels of BARD1 and BRCA1 expression were examined by
immunoblotting using 30 μg whole cell lysate.
(B) Ankyrin repeat domain and RING finger domain of BARD1 are required for BARD1
reduction by SAFB2. 293T cells were transfected with full-length BARD1 or a BARD1
deletion mutant lacking the BRCT domain, BRCT and ankyrin repeat domains, or RING
finger domain (all N-terminally FLAG-tagged) in the presence or absence of co-transfected
SAFB2. The expression of full-length BARD1 and deletion mutants was examined by anti-
FLAG immunoblotting using 30 μg whole cell lysate.
(C) SAFB2 C-terminus is required for BARD1 reduction.
293T cells were transfected with BARD1 alone or together with full-length SAFB2
(encoding amino acids 1-953) or SAFB2 mutant lacking the N-terminal 672 amino acids
(encoding amino acids 673-953) or the C-terminal 394 amino acids (encoding amino acids
1-559). BARD1 expression was examined by immunoblotting using 30 μg whole cell lysate.
(D) Exogenous SAFB2 expression results in reduced BARD1 in MCF-7 cells.
MCF-7 breast cancer cells were infected with FLAG-SAFB2 or empty vector lentivirus and
the expression of SAFB, BARD1, and Myb-binding protein p160 was examined by
immunoblotting using 30 μg whole cell lysate.
(E) SAFB knock-down increases BARD1 expression in MCF-7 cells.
MCF-7 cells were infected with lentivirus expressing short hairpin RNA against SAFB
(targeting both SAFB1 and SAFB2) or luciferase and the expression of SAFB, BARD1, and
Myb-binding protein p160 was examined by immunoblotting using 30 μg whole cell lysate.
(F) Model for the regulation of SAFB and BARD1 protein levels.
BRCA1/BARD1 ubiquitinates SAFB and increases SAFB protein levels, which may
mediate the repression of estrogen receptor α transcriptional activity. SAFB, in turn,
downregulates BARD1 expression, which may constitute a feedback mechanism to regulate
the SAFB and BARD1 protein levels.
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Figure 5. Tel2 ubiquitination by BRCA1/BARD1
293 T cells were transfected with FLAG-Tel2, HA-ubiquitin, BRCA1, and BARD1 as
indicated. Where indicated, the cells were also treated with 1 μM doxorubicin for 12 hours
before harvesting the cells. Forty-eight hours after transfection, FLAG-Tel2 was purified by
anti-FLAG immunoprecipitation under denaturing conditions. Ubiquitination of FLAG-Tel2
was analyzed by anti-HA immunoblotting (top) and FLAG-Tel2 was detected by anti-FLAG
immunoblotting (bottom).
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Figure 6. BRCA1/BARD1 induces Tel2 nuclear accumulation
U2OS cells were co-transfected with GFP-Tel2 and empty vector or BRCA1 and BARD1.
Where indicated, GFP-Tel2 transfected cells were also treated with 1 μM doxorubicin for 12
hours. The subcellular location of GFP-Tel2 was examined by immunofluorescence
microscopy.
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Table 1

Proteins displaying increased ubiquitination upon BRCA1/BARD1 co-expression

Relative abundance +BRCA1/BARD1 : -BRCA1/BARD1a

BARD1 19.0

SAFB2 14.4

Splicing factor 3a subunit 2 3.2

Tel2 3.2

Hox-c4 2.9

Stromal cell-derived factor 2-like protein 1 2.7

PAI1 RNA- binding protein 1 2.5

FMRP interacting protein 2.4

DKFZP434K1421 protein 2.3

Eukaryotic initiation factor 5a 2.3

Ataxin-2 2.2

Histidine triad nucleotide-binding protein 1 2.2

NADH-ubiquinone oxidoreductase 2.1

Chd7 2.0

a
Relative abundance of each protein in the His-ubiquitin-K48R-conjugated protein fraction with and without BRCA1/BARD1 co-expression as

determined by ICAT
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