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Background: BAG6 complex functions in tail-anchored targeting and ERAD, but its role in the nucleus is not clear.
Results: BAG6 phosphorylation and nuclear localization are critical for DDR; UBL4A and GET4 translocate to nucleus upon
DNA damage.
Conclusion: All three components participate in DDR.
Significance:Our work identified a nuclear function for the BAG6 complex.

BCL2-associated athanogene 6 (BAG6) is a member of the
BAG protein family, which is implicated in diverse cellular pro-
cesses including apoptosis, co-chaperone, and DNA damage
response (DDR). Recently, it has been shown that BAG6 forms a
stable complex with UBL4A and GET4 and functions in mem-
brane protein targeting and protein quality control. The BAG6
sequence contains a canonical nuclear localization signal and is
localized predominantly in the nucleus. However, GET4 and
UBL4A are found mainly in cytoplasm. Whether GET4 and
UBL4A are also involved in DDR in the context of the BAG6
complex remains unknown. Here, we provide evidence that
nuclear BAG6-UBL4A-GET4 complex mediates DDR signaling
and damage-induced cell death. BAG6 appears to be the central
component for the process, as depletion of BAG6 leads to the
loss of both UBL4A and GET4 proteins and resistance to cell
killing by DNA-damaging agents. In addition, nuclear localiza-
tion of BAG6 and phosphorylation of BAG6 by ATM/ATR are
also required for cell killing. UBL4A and GET4 translocate to
the nucleus upon DNA damage and appear to play redundant
roles in cell killing, as depletion of either one has no effect but
co-depletion leads to resistance. All three components of the
BAG6 complex are required for optimal DDR signaling, as
BAG6, and to a lesser extent, GET4 and UBL4A, regulate the
recruitment of BRCA1 to sites of DNA damage. Together our
results suggest that the nuclear BAG6 complex is an effector in
DNA damage response pathway and its phosphorylation and
nuclear localization are important determinants for its
function.

DNA damage response (DDR)4 is an evolutionally conserved
pathway that coordinates cell cycle check point activation,
DNA repair, and cellular apoptosis, which is essential for the
maintenance of genomic integrity (1). Central to DDR are two
kinases, ATM and ATR, which are activated primarily through
DNA double-strand breaks and replication stress, respectively,
and initiate the signaling transduction cascade by phosphory-
lating their substrates. ATM and ATR are members of the
phosphatidylinositol 3-kinase-related kinase family that prefer-
entially phosphorylate substrates at serine or threonine residue
followed by a glutamine (S/TQ motif). Genome-wide screens
for ATM/ATR substrates using phospho-specific S/TQ anti-
bodies have identified �700 potential ATM/ATR substrates,
revealing extensive signaling networks involved in the rapid
and complex response to DNA damage (2, 3).
One of the putative ATM/ATR substrates identified in our

screen is BAG6 (also known as BAT3/Scythe) (3). The BAG6
gene, located on chromosome 6 within the class III region of
human major histocompatibility complex, encodes the 124-
kDa BAG6 protein (4), a member of BAG family proteins
involved in diverse biological processes (2). Initially identified
in Xenopus as a binding partner of a potent apoptosis inducer
Reaper, BAG6/Scythe was shown as a positive regulator of apo-
ptosis (5, 6). Depletion of BAG6 prevents Reaper-induced apo-
ptosis, and expression of an N-terminal domain truncated
BAG6 alone is able to induce apoptosis in vitro (5). Moreover,
BAG6 also plays an important role in DNA damage-induced
and endoplasmic reticulum stress-induced apoptosis (7, 8).
Recently, BAG6/BAT3 has been shown to facilitate DOT1L-
mediated H3K79 dimethylation and promote DNA damage-
induced 53BP1 foci formation at G1/G2 cell cycle phases (9).
Consistent with the notion that BAG6 is involved in diverse
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cellular processes, including cell cycle progression, T cell func-
tion, immune response, and differentiation, targeted deletion of
Bag6 in mice results in lethality associated with pronounced
developmental defects in the lung, kidney, and brain (10).
Importantly,many of the BAG6 functions are operated through
Hsp70-mediated protein refolding and ubiquitin-mediated
proteolysis of misfolded proteins (11–13).
Several recent studies reported the identification of a stable

ternary complex formed by BAG6 with GET4 (also known as
C7orf20 and Trc35) andUBL4A (also known as Get5 andGdx),
two well defined components of the tail-anchored protein tar-
geting pathway, which facilitates the delivery of tail-anchored
proteins to endoplasmic reticulum (ER) (13, 14). Moreover, the
BAG6 complex also functions as a regulator in the endoplasmic
reticulum-associated degradation (ERAD) system (15). BAG6
exhibits in vitro holdase activity thatmaintains the unfolded poly-
peptides in soluble state thereby enhancing the efficiency of
ERAD.Because both tail-anchored targeting andERADtakeplace
in the cytoplasm, together these studies suggest that BAG6 com-
plex regulates cellular protein quality control in cytoplasm by tar-
geting multiple substrates for a variety of cellular functions.
The BAG6 sequence contains a canonical bipartite nuclear

localization signal (NLS) near its C terminus. As expected,
immune-fluorescence staining of exogenously expressed BAG6
shows a predominantly nuclear localization, and mutating the
canonical NLS resulted in BAG6 accumulation in cytoplasm
(16). EndogenousBAG6 is found in bothnucleus and cytoplasm
and is shuttled between the two compartments in a cell cycle-
dependent manner (17). Interestingly, both exogenously
expressed GET4 and UBL4A localize predominantly in the
cytoplasm, and overexpressed GET4 is able to retain both
endogenous and exogenously expressedBAG6 in the cytoplasm
(15). Therefore, questions remain as to whether UBL4A and
GET4 in the context of the BAG6 complex also play a role in
DDR, a process that involves predominantly nuclear proteins.
Here, we provide evidence that the BAG6 complex is a compo-
nent of the DDR signaling network. We show that nuclear
BAG6 is a substrate of ATM/ATR kinase and that BAG6
nuclear localization and phosphorylation are essential for cel-
lular sensitivity to DNA damage. Importantly, UBL4A and
GET4, which localize mainly in the cytoplasm in unstressed
cells, translocate to nuclear upon DNA damage, and together
the BAG6 complex is required for proper recruitment of DDR
factors to sites of DNA damage.

EXPERIMENTAL PROCEDURES

Cell Culture, Chemicals, and Antibodies—HeLa, MCF7,
FT169 (A-T cells), and YZ5 (ATM-complemented A-T cells)
were maintained in DMEM, and U2OS cells in McCoy’s 5A
medium, all supplemented with 10% fetal bovine serum (FBS).
The stable ATM knockdown cell line was a generous gift from
Dr. B. Chen (University of Texas Southwestern). Doxorubicin,
chloroquine,MG132, lactacystin, andATM inhibitor KU55933
were purchased from Sigma.
Antibodies used in the study are as follows: anti-BAG6 and

ATM from Abcam; anti-C7ORF20/GET4, Brca1-pS1457,
ATM-pS1981, Brca1-pS1387, SMC1-pS966, ATR, andV5 from
Bethyl Laboratories; anti-UBL4A, �-tubulin, and FLAG (M2)

from Sigma;Myc (9E10) and GFP from Santa Cruz Biotechnol-
ogy. For Western blotting, all antibodies were diluted 1:1000,
except for BAG6, which was diluted 1:10,000.
Expression Vectors and Stable Cell Lines—Full-length GFP-

BAG6 was a generous gift from Dr. S. Kornbluth (Duke
University). Human GET4 and UBL4A were cloned into
pcDNA4/TO/myc-HisB (Invitrogen) andpEYFP-C1 (Invitrogen),
respectively, from a cDNApool of HeLa cells. V5-BAG6-WTwas
generated by subcloning BAG6 to pcDNA3.1-V5 (inserted at
BamHI/EcoRI sites) vector. Phosphorylation mutant (V5-
BAG6-S212A) was generated by BAG6-Ser212 substitution to
alanine. Nuclear localization mutant (V5-BAG6-NLSmt) was
made as described in Ref. 16. DNA transfections were per-
formed using TransIT-LT1 reagent (Mirus) or Lipofectamine
2000 (Invitrogen). To generate GFP-BAG6-WT, V5-BAG6-WT,
V5-BAG6-S212A, V5-BAG6-NLSmt expressing cell lines, U2OS
cellswere transfectedwith theDNAplasmidsusingLipofectamine
2000 reagent, and stable clones were selected with Geneticin (GE
Healthcare). Single clones expressing comparable amounts of
exogenous proteins were used in the experiments.
RNA Interference—siRNAused in thisworkwere synthesized

by IDT, Sigma, or Invitrogen. SiRNA transfections were carried
out using LipofectamineRNAiMAX (Invitrogen) according to the
manufacturer’s protocols. The siRNA sequences for ATR and
BAG6weredescribed inRefs. 18and7, respectively. siRNAagainst
the BAG6–3�-UTR region is GCUCUAUGGCCCUUCCUCA;
control siRNAs (NC1 or NC2) were purchased from Sigma. The
siRNA sequences for UBL4A and GET4 are: UBL4A-1, CCCUG-
GAGAAGGUGCUACUAGAAGA; UBL4A-2, UCCAAAGUC-
UUGGCCCGCCACUUCA; UBL4A-3�-UTR, 5�-GGCACAAG-
AGGACAUCUAACCACCT-3� and3�-ACCCGUGUUCUCCU-
GUAGAUUGGUGGA-5�; GET4–1, GAGAUUGACCCACAA-
UAAA; GET42, GUGCUACAGUUUCUCUGUU.
Immunofluorescence—Cells grown on poly-D-lysine-coated

coverslips were fixed with 4% formaldehyde (w/v) and 2%
sucrose in PBS and permeabilized in 0.5% Triton X-100 in PBS.
Cells were incubated with primary antibody in 2% BSA/PBST
for 1 h followed by Alexa Fluor 488-or 594-conjugated second-
ary antibodies for 30 min and counterstained with DAPI.
Images were captured on a Nikon Eclipse TE2000-U fluores-
cence microscope controlled by NIS-Elements (Nikon).
Cell Survival andChromatin FractionationAssays—Cell sur-

vival was determined with WST-1 assay (Roche Applied Sci-
ence). Chromatin fractionations were performed as described
in Ref. 19. Briefly, cells were harvested by trypsinization,
washed with PBS, and resuspended in buffer A (10 mM HEPES
(pH 7.9), 10 mM KCl, 1.5 mM MgCl2, 0.34 M sucrose, 10% glyc-
erol, 1 mM DTT, and protease inhibitors). Triton X-100 was
added to a final concentration of 0.1%, and cells were incubated
for 5 min on ice. Cytosolic proteins (S1) were separated from
the nuclei by low speed centrifugation (1300 � g for 4 min at
4 °C). Isolated nuclei were washed once with buffer A and lysed
in buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, protease
inhibitors). After a 10-min incubation on ice, soluble nuclear
proteins (S2) were separated from chromatin by centrifugation
(1700 � g for 4 min at 4 °C). Finally, chromatin (P3) was resus-
pended in Laemmli buffer and sheared by sonication.
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Quantification and Statistical Analysis—ImageJ (National
Institutes of Health, Bethesda, MD) was used for Western blot
quantification. Protein levels were normalized to loading con-
trols unless indicated otherwise. Statistical analyses were per-
formed using Student’s two-tailed t test.

RESULTS

GET4 andUBL4AAre Associated with BAG6—Weoriginally
identified BAG6 as a putative ATM/ATR substrate through its
cross-reactivity to multiple pSQ antibodies (3). To analyze the
signaling pathways that BAG6 functions, we isolated endoge-
nous nuclear BAG6 complexes from cycling and hydroxyurea-
treated HeLa andMCF7 cells and identified the associated pro-
teins by mass spectrometry (MS). Consistent with previously
published results (13–15), we repeatedly detected UBL4A and
GET4 in BAG6 IP (Fig. 1, A and E). We also detected small
number of BRCA1 peptides from BAG6 IP and components of
the BAG6 complex in BRCA1 IP. To determine the relationship

among the three components, we knocked down each protein
with siRNA and examined how the complex formation was
affected. Interestingly, whenBAG6was knocked down, levels of
UBL4A and GET4 were greatly reduced (Fig. 1B); in contrast,
the BAG6 level was not affected by either GET4 or UBL4A
knockdown. Knocking down GET4 also resulted in a slight
reduction of UBL4A protein level, whereas knocking down
UBL4A had no effect onGET4. However, when bothGET4 and
UBL4A were knocked down, the BAG6 protein level was
reduced by�3-fold (Fig. 1D). Real-time quantitative PCR anal-
ysis showed thatmRNA levels ofUBL4AandGET4 remained at
levels similar to those in control knockdown (Fig. 1C), suggest-
ing that BAG6 is required to maintain GET4 and UBL4A at the
protein level. However, neither GET4 nor UBL4A protein can
be restored by treating the cells with proteasome or lysosome
inhibitors (supplemental Fig. 1,A and B). Next, we investigated
whether GET4 or UBL4A is required for the BAG6 complex
formation. To this end, we performed IP with a BAG6 antibody

FIGURE 1. UBL4A and GET4 are components of the BAG6 complex. A, number of peptide-spectrum matches of BRCA1 and BAG6 complex components
identified by mass spectrometry. Immunoprecipitation was performed with nuclear extracts prepared from HeLa S3 suspension or MCF7 cells not treated or
treated with hydroxyurea (HU). B, protein levels of BAG6, GET4, and UBL4A in HeLa cells transfected with the indicated siRNAs determined by Western blotting.
Control (Ctrl) and SMC3 siRNA transfections served as negative controls. �-Tubulin served as a loading control. C, knockdown of BAG6 gene performed as
described in B. mRNA levels of BAG6, UBL4A, and GET4 were assessed by Real-time quantitative PCR. Relative mRNA expression was normalized to 34B4
transcript. D, HeLa cells mock transfected or transfected with nontargeting siRNA (siCtrl) or siRNA against BAG6, GET4, and UBL4A together. Whole cell extracts
were analyzed by Western blotting E, immunoprecipitation of endogenous BAG6 performed with whole cell lystes prepared from HeLa cells depleted of BAG6,
GET4, and UBL4A.
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in HeLa cells that were transfected with either GET4 or UBL4A
siRNA. As shown in Fig. 1E, loss of UBL4A had no effect on the
amount of GET4 associated with BAG6, and loss of GET4 had
no effect on the amount of UBL4A associated with BAG6.
Together these data suggest that BAG6 plays an organizing role
in the complex tomaintain the integrity of the complex and that
GET4 and UBL4A can independently interact with BAG6.
GET4 and UBL4A Translocate from Cytoplasm to Nucleus

uponDNADamage in a BAG6-dependentManner—Previously
published results suggest that the BAG6 complex plays an
important role in protein quality control in several cellular pro-
cesses that take place in the cytoplasm. However, BAG6 con-
tains a canonical NLS and was found in both nucleus and cyto-
plasm (16). We next examined the subcellular localization of
BAG6 complex in cycling and IR-treated cells by immuno-
staining. Consistent with previous reports, BAG6 exhibited
strong staining in the nucleus in normal cycling cells and
remained in the nucleus following ionizing irradiation (Fig. 2A).

Because no commercial antibodies that specifically recognize
endogenous GET4 and UBL4A by immunofluorescence are
available, we generated U2OS cell lines stably expressing Myc-
GET4 and YFP-UBL4A. Consistent with published results (15)
Myc-GET4 was found predominantly in the cytoplasm,
whereas YFP-UBL4Awas found in both cytoplasm and nucleus
(Fig. 2A). After IR, both GET4 and UBL4A accumulated in the
nucleus, indicating their translocation to nucleus. To confirm
the immunostaining results and obtain independent evidence
for endogenousGET4 andUBL4A translocation, we performed
chromatin fractionation in HeLa and U2OS cells and detected
the protein distribution byWestern blotting.As shown in Fig. 2,
B and C, and supplemental Fig. 2, both UBL4A and GET4 were
localized predominantly in the cytoplasm (S1) in normal
cycling cells, but were enriched in soluble nuclear fraction (S2)
and chromatin-bound fractions (P3) upon DNA damage; in
contrast, BAG6 was distributed in all three fractions before IR,
and DNA damage did not cause significant change in its local-

FIGURE 2. UBL4A and GET4 translocate to nucleus upon DNA damage. A, U2OS cells or U2OS cells stably expressing Myc-GET4 or YFP-UBL4A were treated
with IR. Subcellular localizations of indicated proteins were examined by immunostaining (anti-BAG6 and Myc) or directly with YFP fluorescence signals. B,
chromatin fractionations were performed using untreated or IR-treated U2OS cells. S1, cytoplasm fraction; S2, soluble nucleus fraction; and P3, chromatin-
bound fraction. SMC1 and GRB2 serve as fractionation control for nuclear and cytoplasmic proteins, respectively. C, quantification of nuclear fraction (S2�P3)
of BAG6 complex was done before and after IR. Western blotting signals of nuclear fraction were normalized to total (S1�S2�P3) protein levels. All error bars
represent mean � S.D. (n � 3). *, p � 0.05. D, chromatin fractionation was performed on IR-treated U2OS cells stably expressing wild-type BAG6 (BAG6-WT) or
BAG6 nuclear localization mutant (BAG6-NLSmt).
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ization (Fig. 2C). To determine whether DNA damage-induced
GET4 and UBL4A translocation depends on BAG6, we per-
formed chromatin fractionation experiments inU2OS cells sta-
bly expressing BAG6 nuclear localization signal mutant
(NLSmt). As shown in Fig. 2D, DNA damage-induced nuclear
enrichment of GET4 and UBL4A were reduced in NLSmt-ex-
pressing cells, indicating that GET4 and UBL4A translocation
depends on nuclear BAG6.
BAG6 Is Phosphorylated in Response to DNA Damage in an

ATM/ATR-dependent Manner—BAG6 was previously identified
as a putative substrate of ATM/ATR kinase, as it cross-reacts to
several pS/TQ antibodies including anti-BRCA1-pS1457, anti-
BRCA1-pS1387, and anti-ATM-pS1981 antibodies (3). To con-
firm that BAG6 is a substrate of ATM/ATR, we immunopre-
cipitated the phospho-proteins from IR-treatedHeLa cells with
each of these antibodies and immunoblotted themwith an anti-
BAG6 antibody. As shown Fig. 3A, all three antibodies were
able to recognize phosphorylated BAG6 from cells exposed to
DNA damage, and BRCA1-pS1387 showed the best induction.
We also immunoprecipitated GFP-tagged BAG6 from GFP-
BAG6 stably overexpressing U2OS cells with a GFP antibody
and detected phosphorylated exogenous BAG6 with BRCA1-
pS1387 antibody (Fig. 2B). These results suggest that BAG6 is
indeed phosphorylated and is unlikely co-precipitated with
other phosphorylated proteins.
To test whether BAG6 is an ATM substrate, we inhibited

ATM kinase activity by pretreating the HeLa cells with an
ATM-specific inhibitor KU55933 and examined BAG6 phos-
phorylation by BRCA1-pS1387 IP followed by BAG6 Western
blotting. Successful inhibition of ATM kinase activity was con-
firmed by the reduction of ATM autophosphorylation (ATM-
pS1981) (Fig. 3C). A decrease in BAG6 phosphorylation, but
not a decrease in total BAG6 protein level, was observed in
the IR-treated cells, indicating that BAG6 phosphorylation
depends on ATM activity. Consistent with these data, BAG6
phosphorylation was also compromised in a fibroblast cell line
derived from A-T patient (FT169) and an ATM stable knock-
down cell line as well as siATM-transfected GFP-BAG6 stable
cells (Fig. 3, D–F). ATM/ATR is another kinase that shares
substrate consensus similar to that of ATM, but is activated
mainly in response to DNA replication block and to IR at later
times (20). Because both ATM and ATR may phosphorylate
BAG6, we tested whether ATR is also involved in BAG6 phos-
phorylation. We transiently knocked down ATR by siRNA and
found that depletion of ATR did not affect BAG6 phosphory-
lation upon IR treatment (Fig. 3G), suggesting that ATR is not
the major kinase for IR-induced phosphorylation; in contrast,
phosphorylation of BAG6 was compromised upon UV treat-
ment (Fig. 3H), Together, these data suggest that BAG6 is phos-
phorylated upon DNA damage.
Next, we asked whether GET4 and UBL4A regulate BAG6

phosphorylation. To this end, we transiently knocked down
GET4 and UBL4A in U2OS cells stably expressing GFP-BAG6
withmultiple siRNAsequences andexaminedBAG6phosphor-
ylation upon doxorubicin treatment, which also generates dou-
ble-stranded DNA breaks. We immunoprecipitated GFP-
BAG6 and detected its phosphorylation by BRCA1-pS1387
Western blotting. As shown in Fig. 3I, knocking down UBL4A

resulted in a marked reduction of BAG6 phosphorylation com-
paredwith a control knockdown at 12 h after doxorubicin treat-
ment; in contrast, knockdown GET4 had no obvious effect on
BAG6 phosphorylation (Fig. 3J). Taken together, our data sug-
gest that BAG6 is phosphorylated upon DNA damage in an
ATM-dependentmanner and thatUBL4A is required formain-
taining the BAG6 phosphorylation.
BAG6 Phosphorylation at Serine 212 in the Nucleus Is Neces-

sary for DNA Damage Sensitivity—BAG6 protein has five
potential ATM/ATR phosphorylation S/TQ consensus motifs.
Comparison of the BAG6 sequence with the phospho-antibody
recognition motifs predicts Ser26 and Ser212 as the most possi-
ble phosphorylation sites (Fig. 4A).We thereforemutated these
two serine residues to alanines (S26A or S212A) and tested
DNA damage-induced BAG6 phosphorylation.We used U2OS
cells stably overexpressing V5-taggedwild-type (WT), S26A, or
S212A BAG6 mutants and examined phosphorylated BAG6
protein by V5 IP followed by anti-BRCA1-pS1387 immuno-
blotting. As shown in Fig. 4B, whereas IR-induced phosphory-
lation of BAG6-S26A was not affected, phosphorylation of
BAG6-S212Awas almost completely abolished, suggesting that
Ser212 is the major BAG6 phosphorylation site. In addition,
BAG6 phosphorylation in a mutant that localizes mainly in the
cytoplasm (NLSmt) was also abolished, suggesting that the
phosphorylation occurs in the nucleus (Fig. 4C).
Initially identified as apoptosis regulator, BAG6 has been

shown to mediate apoptosis induced by several agents, includ-
ing ER stress (8) and DNA damage (7). To test whether GET4
and UBL4A also mediate this function, we treated U2OS stably
expressing V5-BAG6,Myc-GET4, and YFP-UBL4Awith doxo-
rubicin and measured cell viability using the WST-1 assay.
Consistent with published data, we found that cells overex-
pressing WT-BAG6 were significantly more sensitive to doxo-
rubicin-induced cell death than parental U2OS cells (Fig. 5A).
Overexpressing Myc-GET4 or YFP-UBL4A resulted in a mod-
erate increase of doxorubicin-induced cell death (Fig. 5A), sug-
gesting that they play less important roles than BAG6 in cell
death. To test whether BAG6 phosphorylation is required for
this function, we performed the similar experiments with
U2OS cells stably expressing S212A andNLSmutants of BAG6.
As shown in supplemental Fig. 3A, cells overexpressing BAG6
NLS mutant or phosphorylation S212A mutant are less sensi-
tive to doxorubicin-induced cell death than that of U2OS cells,
suggesting that these mutants failed to potentiate DNA dam-
age-induced cell death. Similar results were also obtained when
the endogenous BAG6 was knocked down by 3�-UTR targeting
siRNA (Fig. 5B). Next, we investigated DNA damage sensitivities
in U2OS cells depleted of BAG6, GET4, and UBL4A and found
that whereas loss of GET4 or UBL4A alone had no significant
effect on survival upon DNA damage (supplemental Fig. 3B),
knocking down BAG6 or simultaneously knocking down both
GET4 and UBL4A resulted in moderate resistance to DNA dam-
age (Fig. 5C). As the BAG6 protein level is reduced in GET4 and
UBL4A double knockdown, together our data suggest that a
reduction of BAG6 is correlated with DNA damage resistance.
BAG6 Complex Regulates IR-induced BRCA1 Focus

Formation—BRCA1, the familial breast tumor suppressor,
plays an important role in maintaining genome integrity. Upon
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exposure to DNA damage, BRCA1 translocates to sites of the
damage, where it mediates DDR signaling and homologous
recombination-mediated repair. We detected by mass spec-
trometry a small number of BRCA1 peptides in BAG6 IP and

BAG6 components in BRCA1 IP (Fig. 1A). We confirmed the
interaction with BAG6 and BRCA1 IP followed by Western
blotting (Fig. 6A). To determine whether BAG6 complex par-
ticipates in BRCA1-mediated response, we examined IR-in-
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duced BRCA1 focus formation in cells depleted each compo-
nent of the BAG6 complex. As shown in Fig. 6, C andD, BAG6,
GET4, and UBL4A knockdown cells exhibited amarked reduc-

tion of IR-induced BRCA1 foci. In addition, focus formation of
RAP80 and Abraxas was also impaired in BAG6 and UBL4A
knockdown cells, but not in GET4 knockdown cells (Fig. 6,

FIGURE 3. BAG6 is phosphorylated in an ATM/ATR-dependent manner. A, HeLa cells treated with IR (10 Gy) were subjected to immunoprecipitation with the
indicated phospho-antibodies. Phosphorylated BAG6 was detected with BAG6 antibody. B, U2OS cells stably expressing GFP-BAG6 were treated with IR (10 Gy)
and subjected to GFP IP. Phosphorylation of GFP-BAG6 was detected by Western blotting (IB) with anti-BRCA1-pS1387 antibody. C, HeLa cells were pretreated
with an ATM kinase inhibitor KU55933 for 1 h before IR (10 Gy). Cells were harvested at indicated times after exposure to IR. Phosphorylated BAG6 was
immunoprecipitated with anti-BRCA1-pS1387 antibody and detected with a BAG6 antibody. D, HeLa cells stably knocked down ATM (shATM) or control (shGFP)
were treated with 10 Gy of IR and harvested at the indicated times. Phosphorylated BAG6 was immunoprecipitated with anti-BRCA1-phospho-S1387 antibody
and detected by Western blotting with a BAG6 antibody. E, YZ5 (A-T �ATM) and FT169 (A-T) cells were treated with IR (10 Gy) and harvested at indicated times.
Phosphorylated BAG6 was immunoprecipitated with anti-BRCA1-pS1387 antibody and detected by Western blotting with a BAG6 antibody. F, U2OS cells
stably expressing GFP-BAG6 were either transfected with the indicated siRNAs or pretreated with an ATM kinase inhibitor KU55933 for 1 h before IR. Phos-
phorylation of GFP-BAG6 was detected as described in B. G and H, HeLa cells were transfected with the indicated siRNAs and were treated with 10 Gy of IR or
UV (60 Joules/m2). BAG6 phosphorylation was assessed as in C. I and J, U2OS cells stably expressing GFP-BAG6 were transfected with indicated siRNAs and were
treated with doxorubicin (Doxo; 2 �g/ml). Phosphorylation of GFP-BAG6 was assessed as in B.

FIGURE 4. BAG6 protein is phosphorylated at Ser212 in response to DNA damage. A, alignment of BRCA1 and ATM phosphorylation motifs and potential
BAG6 phosphorylation motifs. B, U2OS cells stably overexpressing V5-tagged wild-type (WT) or BAG6 point mutants (S26A, S212A) immunoprecipitated with
anti-V5 antibody. BAG6 phosphorylation was assessed by Western blotting using anti-BRCA1-pS1387 antibody. C, U2OS cells stably expressing V5 tagged
BAG6 and treated with doxorubicin (Doxo; 2 �g/ml) for the indicated times. Phosphorylation of V5-BAG6-WT was assessed by immunoprecipitation with
anti-V5 antibody and immunoblotting with BRCA1-pS1387 antibody.

FIGURE 5. BAG6 nuclear localization and phosphorylation potentiate DNA damage induced cell death. A, U2OS cells and U2OS cells stably expressing the
indicated proteins were treated with doxorubicin (2 �g/ml). Cell survival was determined using WST-1 assay at indicated times. B, U2OS cells stably expressing
wild-type BAG6 (WT), BAG6 nuclear localization mutant (NLSmt), BAG6-S212A phospho-mutant (S212A) were transfected with an siRNA targeting the 3�-UTR
region of BAG6 to knock down endogenous BAG6. Cells were treated with doxorubicin and assayed for survival as described in A. C, HeLa cells transfected with
indicated siRNAs were treated with doxorubicin and assayed for cell survival at indicated times. All error bars represent mean � S.D. (n � 3). *, p � 0.05; **, p � 0.01.
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E–G). Knocking down endogenous BAG6 with 3�-UTR target-
ing siRNA in BAG6 stable cells showed that exogenous GFP-
BAG6 can partially restore DNA damage sensitivity (Fig. 3G).
Finally, we examined IR-induced �H2AX in the absence of
BAG6 complex (supplemental Fig. 4) and found a moderate
reduction of �H2AX focus-forming cells at 6 h after IR, but not
at later times. These results suggest that double-strand break
repair function of BAG6 knockdown cells remains largely
intact.

DISCUSSION

BAG6 Plays a Major Role in Complex Organization—We
show that, among the three components, BAG6 plays a more
important role in the complex organization, as loss of BAG6
results in the reduction of GET4 and UBL4A proteins, whereas
loss of either GET4 or UBL4A alone has no obvious effect on
BAG6 level; however, loss of GET4 and UBL4A together leads
to the reduction of BAG6 protein Because mRNA levels of the
two proteins were not affected, it suggests that the regulation is
at protein level.
Interestingly, whereas GET4 and UBL4A (Get5 in yeast) are

evolutionarily conserved from yeast to human, BAG6 is only
found in higher eukaryotes. Yeast Get4 and Get5 form a stable
complex (Get4/5) without Bag6, but Get5 is considerably larger
in size than its human counterpart UBL4A, containing an
N-terminal domain (Get5-N) that is not found in higher
eukaryotes (7). Structural studies of Get4/5 complex revealed
that the Get5 N-terminal domain mediates its interaction with
Get4, whereas the Get5 C terminus mediates Get4/5 dimeriza-
tion (9, 21). However, as the higher eukaryotes do not have the
Get5-N domain, it was speculated that another protein that
contains a Get5-N-like region could substitute this domain for
Get4 binding (21). Our results suggest that BAG6 can indeed
functionally substitute the Get5-N domain for the stabilization
of GET4 and UBL4A; however, structural analysis is necessary
to provide direct evidence.
BAG6 Complex Is an Integral Component of the DNA Dam-

age Response Network—It has been shown previously that
BAG6protein plays an important role inDNAdamage-induced
cell death (21) and the formation of IR-induced 53BP1 foci (22).
However, it is not clear whether GET4 and UBL4A, which
mainly localize in the cytoplasm, also participate in DDR. Here
we present evidence that nuclear BAG6 complex containing
both UBL4A and GET4 is an integral component of the DNA
damage response network. We show that BAG6 is phosphory-
lated in an ATM/ATR-dependent manner at Ser212, an S/TQ
consensus motif, and that maintaining this phosphorylation
depends on one of its partner UBL4A; further we show that
BAG6phosphorylation in the nucleus is necessary for this func-
tion. Importantly, GET4 and UBL4A, which are primarily

located in the cytoplasm, translocate to the nucleus upon DNA
damage in a BAG6-dependent manner. Moreover, depletion of
BAG6 compromises the formation of DNA damage-induced
BRCA1 foci and leads to resistance to DNA damage-induced
cell death.
Our finding that depletion of BAG6 also results in simulta-

neous loss of GET4 and UBL4A raises an important question
regarding all functional studies of BAG6, namely, whether the
cellular phenotypes observed in BAG6 knockdown or knock-
out are attributed to loss of BAG6 itself or to that of all three
components in the BAG6 complex. Our data suggest that
whereas some DDR defects arise from loss of each individual
component, others are attributed mainly to loss of BAG6. We
show that overexpression of BAG6 can potentiate DNA dam-
age-induced cell death, and siRNA-mediated knockdown of
BAG6 leads to resistance; however, knockdown of GET4 or
UBL4A alone has negligible effect on cell death. Importantly,
when both GET4 and UBL4A are knocked down simultane-
ously, which results in a reduction of BAG6, cells are more
resistant to killing by DNA-damaging agents, indicating that
the effect is likely caused by loss of BAG6 protein. It appears
that whereas the intact complex is necessary for timely DDR
signaling, GET4 and UBL4A are dispensable for induction for
cell death. Follow-up investigations to identify the direct targets
in each pathway will provide insights at molecular levels.
There also appears to be a subtle difference between GET4

and UBL4A in their involvement in DDR: whereas knocking
downGET4 does not affect BAG6phosphorylation, RAP80 and
Abraxas recruitment, knocking down UBL4A results in weak-
enedBAG6phosphorylation at later times in response to IR and
a moderate reduction of RAP80 and Abraxas recruitment.
There results suggest thatUBL4Amayplay amore direct role in
DDR. Interestingly, the role of UBL4A in ERAD also appears to
be different from that of GET4/Trc35 (15). Although UBL4A is
required for efficient degradation ofmisfolded ER proteins, it is
dispensable for the solubility of ERAD substrates. On the other
hand, GET4/Trc35 may play an essential role in maintaining a
cytosolic pool of BAG6, as well as in maintaining the solubility
of ERAD substrates.
Does BAG6 Complex Control Multiple Cellular Processes

through Modulating Protein Ubiquitination?—BAG6 plays an
essential role in multiple cellular processes. Thus far, a com-
mon underlying theme of most of the functions is associated
with its co-chaperone activities. The presence of the UBL
domains in BAG6 and UBL4A provides a tantalizing clue, link-
ing the BAG6 complex to protein ubiquitination system. From
this perspective, it is not surprising to uncover a role of the
BAG6 complex in DDR, as protein ubiquitination has emerged
as an important regulatory mechanism for DDR signaling (1,

FIGURE 6. BAG6 complex regulates IR-induced BRCA1 focus formation. A, co-immunoprecipitation of endogenous BAG6 and BRCA1 from HeLa cell nuclear
extract followed by Western blotting. Two BRCA1 antibodies (Ab80 and Ab81) and BAG6 antibody were used for IP. B, representative images of DNA damage-
induced BRCA1 and RAP80 foci in U2OS cells depleted of BAG6 complex.U2OS cells were transfected with the indicated siRNA and treated with 10 Gy IR. Cells
were fixed at 8 h after IR and stained with indicated antibodies. The scale bar represents 10 �m. C and D, quantification of BRCA1 and the RAP80 foci containing
U2OS cells depleted of BAG6 complex. Cells with �15 foci were counted as focus-positive cells. At least 300 cells were counted for each time point. All error bars
represent mean � S.D. (n � 3). *, p � 0.05; **, p � 0.01. E, representative images of Abraxas immunostaining of U2OS cells transfected with the indicated siRNAs.
G, U2OS or U2OS stably expressing indicated BAG6 proteins and transfected with a siRNA targeting 3�-UTR of BAG6. Cells forming IR-induced foci were counted
as described above.
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23). An expanding list of E3 ligases and ubiquitin hydrolases
(RNF8, RNF168, KAP1/Trim28, BRCA1, BARD1, USP7, UP1,
and BRCC36, to name a few) have been reported to function at
multiple stages in DDR including damage detection, signal
amplification, and termination. It is conceivable that protein
quality control plays a crucial role to ensure proper response
when tens, perhaps hundreds of proteins rapidly translocate to
sites of damage, and is particularly important for large proteins
such as BRCA1. The identification of direct targets of the BAG6
complex in DDR signaling and cell death holds the key to the
understanding of its functions in DDR at molecular levels.
A Model for BAG6 Function in DDR—Based on current and

published data, we propose a highly speculative model to
explain how three components of the BAG6 complex play dif-
ferential roles in DDR signaling and cell death (Fig. 7). It
appears that BAG6 can exist in at least three different com-
plexes containing BAG6-UBL4A, BAG6-GET4, and BAG6-
UBL4A-GET4 (supplemental Fig. 5), i.e. it needs at least one
partner to be stabilized. This arrangement is consistent with
our data that GET4 and UBL4A can interact with BAG6 inde-
pendently of the presence of the other. These BAG6 complexes
are shuttled between cytoplasm and nucleus possibly in a cell
cycle-dependent manner (17). Upon DNA damage, checkpoint
activation leads to ATM/ATR-dependent BAG6 phosphoryla-
tion and either increased nuclear import, or decreased nuclear
export, resulting a net accumulation of nuclear complexes.
Although the tertiary complex is required for timely assembly
of DDR signaling complex at sites of damage, all three com-
plexes are functional in the induction of cell death too. This
functional redundancy is consistent with our data that knock-
down either GET4 or UBL4A does not appreciably affect cell
death, but simultaneous knockdown of both results in resist-
ance. It would also predict that the direct target(s) in the cell
killing pathway binds to BAG6, regardless of its partner(s).
Finally, because co-IP experiment cannot distinguish the three

BAG6 complexes, structural study is the ultimate tool to inves-
tigate how BAG6 complexes are organized.
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