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BGL3 lncRNA mediates retention of the
BRCA1/BARD1 complex at DNA damage sites
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Wenge Zhu4,5, Yi Yao2, Qibin Song2, Xiangpan Li2, Xinzhi Li6, Chenxi Jia1,* & Huadong Pei4,5,**

Abstract

Long non-coding RNAs (lncRNAs) are emerging regulators of
genomic stability and human disease. However, the molecular
mechanisms by which nuclear lncRNAs directly contribute to DNA
damage responses remain largely unknown. Using RNA antisense
purification coupled with quantitative mass spectrometry (RAP-
qMS), we found that the lncRNA BGL3 binds to PARP1 and BARD1,
exhibiting unexpected roles in homologous recombination. Mecha-
nistically, BGL3 is recruited to DNA double-strand breaks (DSBs) by
PARP1 at an early time point, which requires its interaction with
the DNA-binding domain of PARP1. BGL3 also binds the C-terminal
BRCT domain and an internal region (amino acids 127–424) of
BARD1, which mediates interaction of the BRCA1/BARD1 complex
with its binding partners such as HP1c and RAD51, resulting in
BRCA1/BARD1 retention at DSBs. Cells depleted for BGL3 displayed
genomic instability and were sensitive to DNA-damaging reagents.
Overall, our findings underscore the biochemical versatility of RNA
as a mediator molecule in the DNA damage response pathway,
which affects the accumulation of BRCA1/BARD1 at DSBs.
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Introduction

BRCA1 is a key player in homologous recombination (HR), which is

frequently mutated in familial breast and ovarian cancers (Roy et al,

2011; Zhao et al, 2017). Poly-(ADP-ribose) polymerase (PARP) inhi-

bitors selectively kill breast and ovarian cancers with BRCA1 muta-

tions (Tangutoori et al, 2015; Lord & Ashworth, 2017; D’Andrea,

2018). Accumulation of BRCA1 at sites of DNA damage is required

for the proper response to DSBs (Jackson & Bartek, 2009; Ciccia &

Elledge, 2010). BRCA1 forms three distinct complexes through its C-

terminal BRCT repeats domain, which associates with different

adaptor proteins: ABRAXAS, BACH1, and CtIP (Cantor et al, 2001;

Yu & Chen, 2004; Yun & Hiom, 2009; Huen et al, 2010; Coleman &

Greenberg, 2011). In addition to the C-terminal BRCT domain,

BRCA1 contains an N-terminal RING domain that binds BARD1 to

form a RING heterodimer core complex (Brzovic et al, 2001). The

BRCA1/BARD1 complex is proposed to function in two distinct

steps in the HR: (i) 50–30 resection of DSBs to generate 30 ssDNA
overhangs, and (ii) binding and loading RAD51 recombinase onto

the ssDNA (Greenberg et al, 2006; Huen et al, 2010; Zhao et al,

2017). Although compelling evidence suggests that BRCA1/BARD1

functions in HR and tumorigenesis (Huen et al, 2010; Jiang & Green-

berg, 2015), the regulation of BRCA1/BARD1 following DNA

damage remains not fully understood. In addition to proteins,

whether RNA molecules are directly involved in the BRCA1/BARD1

signaling axis is largely unknown.

Long non-coding RNAs (lncRNAs) are RNA transcripts that do

not code for protein. These are arbitrarily considered to be at least

200 nucleotides in length, based on a convenient practical cut-off

in RNA purification protocols that distinguishes lncRNAs from

short non-coding RNAs such as microRNAs (Mercer et al, 2009;

Fatica & Bozzoni, 2014). The human genome contains thousands

of lncRNAs (Mercer et al, 2009; Ponting et al, 2009; Kung et al,

2013), but the specific biological functions and biochemical mecha-

nisms of most lncRNAs are still largely unknown (Mercer et al,

2009; Quinn & Chang, 2016). Small RNAs generated at DSBs are

implicated in mammalian DNA repair (Wei et al, 2012; Keskin

et al, 2014). Recent studies show that following formation of DSBs,

bidirectional transcription events adjacent to the breaks generate

small RNAs that trigger the DNA damage response by local RNA:

RNA interactions (Di Micco et al, 2006; Francia et al, 2012).

LncRNAs are also emerging as regulators of genome stability
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(Khanduja et al, 2016; Munschauer et al, 2018). LncRNAs can be

broadly induced by DNA damage and regulate DNA repair

processes (Zhang & Peng, 2015), but the precise mechanism of

action for individual lncRNAs in the DNA damage response (DDR)

is generally unknown. Previous studies reported that lncRNA

BGL3 critically regulates Bcr-Abl-mediated cellular transformation

by acting as a competitive endogenous RNA (Guo et al, 2015).

However, the functions of lncRNA-BGL3 in genome stability and

cancer remain a conundrum.

In this study, we used RNA antisense purification coupled with

quantitative mass spectrometry (RAP-qMS) technology to identify

lncRNA-BGL3 binding proteins. We found that lncRNA-BGL3 binds

to PARP1 and BARD1, exhibiting unexpected roles in HR. Further-

more, BGL3 is recruited to DSBs at an early time point. We also

explored the functions and underlying mechanisms of BGL3 in

genome integrity.

Results

BGL3 directly binds BARD1/PARP1 in cells

To identify proteins that directly interact with BGL3 in living cells,

we captured and characterized BGL3-interacting proteins in 293T

cells by using RNA antisense purification coupled with quantitative

mass spectrometry (RAP-qMS) (Engreitz et al, 2013; McHugh et al,

2015; McHugh & Guttman, 2018; Munschauer et al, 2018;

Fig EV1A; Dataset EV1). Specifically, 4-thiouridine-labeled 293T

cells were treated with 365-nm UV light, which allowed covalently

crosslinking proteins to RNA instead of other proteins (Baltz et al,

2012). LncRNA–protein complexes were purified by RNA hybrid

selection with antisense oligonucleotides that target BGL3 under

denaturing and reducing conditions at high temperature, to mini-

mize the contamination of indirectly bound proteins (McHugh

et al, 2015; Fig EV1A). We employed a label-free quantitative

proteomics approach to compare the resulting proteins to those

captured in purifications with antisense oligonucleotides that target

the well-characterized “RNA component of mitochondrial RNA

processing endoribonuclease” (RMRP) (Esakova & Krasilnikov,

2010), which is not expected to interact with the same proteins as

BGL3 (Munschauer et al, 2018). The RT–PCR product sequencing

analysis confirmed that the lncRNA being pulled down by the

RNA antisense pull-down experiment is indeed BGL3 (Fig EV1B

and C, and sequencing files shown as Dataset EV3). In three

biological replicates, 224, 234, and 214 proteins were quantified,

and 217 proteins were quantifiable in at least two replicates

(Fig EV1D). We also achieved good reproducibility in protein

quantification in three replicates, with Pearson correlation coeffi-

cients from 0.83 to 0.86 (Fig EV1E), demonstrating our ability to

perform differential analyses of lncRNA-interacting proteins under

various conditions. We quantified more than 100 BGL3-interacting

proteins in triplicate; these are involved in the DDR, DNA metabo-

lism, cell cycle regulation, and other pathways (Figs 1A and EV1F;

Dataset EV2).

GO enrichment analysis showed that 19 of the BGL3-interacting

proteins are involved in the DDR pathway (Fig 1B; Dataset EV2).

We focused on BARD1 and PARP1, which are the key regulators in

DDR (Ray Chaudhuri & Nussenzweig, 2017; Fig 1A and B). We used

RNA pull-down assays and RNA immunoprecipitation (RIP) to vali-

date these interactions. Both assays showed that BGL3 binds to

BARD1 and PARP1 in cells and in vitro (Figs 1C–H and EV2A–F).

We confirmed these interactions in a non-denaturing pull-down

assay (Fig EV2B); BRCA1 was also pulled down with BGL3 through

BARD1. BGL3-BARD1 interactions increased upon DNA damage,

but BGL3-PARP1 interactions did not (Fig 1C). To further explore

this interaction, we mapped BGL3 binding sites on BARD1 and

PARP1. As shown in Figs 1E and F, and EV2C and D, both RNA

pull-down and RIP results indicated that BARD1 binds to BGL3

through its C-terminal BRCT domain (amino acids 566–777) and an

internal region (amino acids 127–424). Both the DNA-binding

domain (DBD, amino acids 1–373) and BRCT domain (amino acids

374–524) of PARP1 bind to BGL3 (Figs 1G and H, and EV2E and F).

We could not identify a specific region in BGL3 responsible for

PARP1/BARD1 binding (data not shown), perhaps because the full-

length BGL3 structure is essential for this binding. To test the speci-

ficity of this interaction, we examined BRCA1, HP1c, and other

proteins in the HR pathway; we observed no interactions with BGL3

(Fig 1C and D).

BGL3 is recruited to DNA damage sites

To investigate the possible roles of BGL3 in DDR, we performed flu-

orescence in situ hybridization (FISH) assays to examine the subcel-

lular localization of BGL3 upon exposure to DNA damage.

Endogenous lncRNA-BGL3 accumulated at DNA damage sites gener-

ated by laser micro-irradiation (Fig 2A), suggesting that lncRNA-

BGL3 functions in proximity to DNA lesions. BGL3 co-localized with

endogenous or overexpressed BARD1 in cells following DNA

damage (Fig EV3A). The kinetics of BGL3 recruitment showed that

BGL3 is recruited to DSBs at a very early time point, with a peak at

▸Figure 1. BGL3 directly binds BARD1/PARP1.

A Proteins captured by BGL3 and RMRP antisense purifications. Proteins with an absolute log2 (fold change) > 1 and �log10 (P-value) > 1.3 (compared with control
purification) were considered as proteins enriched by BGL3 specifically.

B Protein–protein interaction network of the DDR-related proteins captured by lncRNA-BGL3.
C, D RNA pull-down assay for BGL3-BARD1/PARP1 interactions before and after irradiation. Biotinylated in vitro-transcribed lncRNA-BGL3 sense or antisense transcripts

were incubated with HEK-293T cell lysates with or without ionizing radiation (10 Gy) with 1-h recovery for in vitro streptavidin RNA pull-down assays, followed by
Western blots using the indicated antibodies.

E–H Schematic representation of BARD1 (E)- or PARP1(G)-truncated mutants used in this study. HA-tagged full-length or deletion mutants of BARD1 (F) or PARP1 (H)
were transfected into 293T cells. Forty-eight hours later, BGL3 RNA pull-down assay was performed, and arrowheads indicate the bands for HA-tagged full-length
or deletion mutants of BARD1 (F).

Source data are available online for this figure.
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5 min (Fig 2A). To rule out possible off-target effects of the FISH

probe, we depleted BGL3 using siRNA; BGL3 accumulation disap-

peared, demonstrating the specificity of our assay (Fig EV3B). We

also found that DNA damage induced BGL3 translocation from the

cytoplasm to the nucleus and promoted its binding to chromatin

(Fig EV3C).
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BGL3 regulates genome stability

To further monitor the effects of BGL3 deficiency on genome stabil-

ity, we prepared metaphase chromosome spreads from wild-type

and BGL3-depleted cells. Untreated BGL3-depleted cells showed a

nearly threefold increase of spontaneous single chromatid breaks

compared to wild-type cells (Fig 2B), suggesting an intrinsic defect

in genome stability in BGL3-deficient cells. In support of this result,

downregulation of BGL3 resulted in cellular hypersensitivity to

ionizing radiation and DNA-damaging reagents (Figs 2C and D, and

EV3D and E), with decreased DSB repair efficiency as indicated by

delayed cH2AX disappearance (Figs 2E and EV3F). Consistent with

these results, the Trypan Blue dye exclusion test showed that

BGL3 knockdown promoted cell death following DNA damage

(Fig EV4D).

BGL3 is required for HR and BRCA1/BARD1 accumulation at DSBs

Next, we examined whether BGL3 regulates DNA repair using well-

established reporter assays for HR and NHEJ. As shown in Fig 3A,

BGL3 depletion decreased HR frequency similar to the effect

achieved by depleting the key HR factor CtIP (Sartori et al, 2007;

Yun & Hiom, 2009). Conversely, we did not observe a significant

change in NHEJ frequency in BGL3 knockdown cells (Fig 3B).

BGL3 depletion also rendered cells hypersensitive to PARP inhibi-

tors (veliparib and olaparib) (Fig EV4A), also supporting BGL3’s

role in HR. Importantly, knockdown of BGL3 had no significant

effect on cell cycle profile or cell growth without DNA damage,

indicating that the effects of BGL3 knockdown on HR were not

caused by cell cycle change or cell proliferation deficiency

(Fig EV4B and C).

To ascertain the detailed functions of BGL3 in HR, we examined

the accumulation of several DDR factors at DNA lesions induced

by ultraviolet laser micro-irradiation. BGL3 deficiency resulted in

compromised accumulation of BRCA1, BARD1 (Fig 3C and D;

quantification shown in Fig EV5A and B), and downstream factors,

such as CtIP, RAD51, and RPA70 (Figs 3E and F, and 4A; quan-

tification for RAD51 and RPA70 shown in Fig EV5C and D).

However, BGL3 deficiency did not affect accumulation of upstream

regulators of BARD1, such as cH2AX, MDC1, NBS1, RNF8, and

ubiquitination signals (FK2) (Fig EV5E–H). BGL3 depletion also

had no effect on 53BP1 and Ku80 recruitment to DNA damage sites

(Fig EV5I and data not shown). Based on these results, we hypoth-

esized that lncRNA-BGL3 regulated HR through its effect on DNA

end resection. Using an anti-BrdU antibody staining technique that

only detects DNA in single-stranded form (Broderick et al, 2016),

we consistently found that camptothecin triggered substantial

ssDNA formation in control cells but not in BGL3-depleted cells

(Fig EV5J).

BRCA1 forms three distinct complexes through its C-terminal

BRCT repeats, associating with three different adaptor proteins:

ABRAXAS, BACH1, and CtIP (Cantor et al, 2001; Wang et al, 2007;

Huen et al, 2010; Coleman & Greenberg, 2011; Wang, 2012). Deple-

tion of BGL3 also affected CCDC98, BACH1, and CtIP recruitment to

DNA damage sites (Fig 4A–C). In BARD1 recruitment kinetics exper-

iments, BGL3 mainly regulated BARD1 retention at DSBs

(Fig EV6A). Knockdown of BGL3 had no effect on total levels of

BARD1, BRCA1, and other DDR proteins (Fig EV6B), and BGL3

levels also did not change after DNA damage (Fig EV6C). Given that

both BGL3 and BARD1 regulated HR and that BGL3 affected BARD1

recruitment, it is proposed that BGL3 functions through BARD1. To

test this hypothesis, we knocked down both BGL3 and BARD1, and

then examined HR efficiency. As shown in Fig 4D and E, double

knockdown of BGL3 and BARD1 showed similar HR efficiency and

RAD51 recruitment compared to single knockdown of each. These

results indicate that BGL3 and BARD1 function in the same pathway.

BGL3 enhances molecular interactions between BARD1 and
its partners

Our results suggest that BGL3 interacts with and affects BARD1

function but not protein levels, perhaps serving as a scaffold to

enhance molecular interactions between BARD1 and other DNA

damage proteins. In support of this notion, knockdown of BGL3

markedly decreased BARD1-HP1 interaction, which is important for

BARD1 retention at DSBs (Lee et al, 2013; Wu et al, 2015; Peng

et al, 2019) (Fig 5A). In response to DNA damage, BARD1 interacts

with Lys9-dimethylated histone H3 (H3K9me2) (Fukuda et al,

2016). This interaction is mediated by HP1 through direct binding of

the chromo shadow domain of HP1 to a conserved PxVxL motif in

▸Figure 2. BGL3 is recruited to DNA damage sites and regulates genome stability.

A BGL3 is recruited to DNA damage sites. U2OS cells were subjected to laser micro-irradiation to generate DSBs in a line pattern. The relocation kinetics of BGL3 to DSBs
was monitored by RNA fluorescence in situ hybridization (FISH) in a time course as indicated. BGL3 intensities at the laser line were normalized into a numerical
value using Nikon NIS-Elements AR software (version 4.40.00). Data are presented as mean � SD of four biological replicates.

B Chromosome aberrations induced by BGL3 depletion. Wild-type or BGL3 depleted BJ-5ta cells were used in the metaphase spread analysis for spontaneous DNA
breaks. Representative image (left panel) and the percentage of cells containing at least one DNA break (right panel). Data are presented as mean � SD of three
biological replicates. Two-tailed Student’s t-test, **P < 0.01.

C MCF-7 cells were treated as indicated, and cell response to ionizing radiation was analyzed by colony formation assays (left panel). Data are presented as
mean � SEM of four independent experiments and analyzed by two-way analysis of variance (ANOVA), **P < 0.01. Knockdown efficiency of BGL3 siRNA was
examined by qRT–PCR and normalized to b-actin (middle panel); data are presented as mean � SD of three biological replicates. Two-tailed Student’s t-test,
**P < 0.01. Knockdown efficiency of CtIP siRNA was examined by blotting (right panel).

D MCF-7 cells were transfected with the indicated siRNAs. Cell sensitivity to camptothecin (CPT), hydroxyurea (HU), etoposide (ETO), or ionizing radiation was
determined by MTS assays. Data are presented as mean � SD of three biological replicates. Two-tailed Student’s t-test, *P < 0.05, **P < 0.01, NS: no significant
difference.

E BGL3 deficiency inhibits DNA damage repair. Quantification of c-H2AX foci at indicated times after irradiation (2 Gy) is presented. Data shown are results of three
independent experiments (100 cells for each experiment), presented as mean � SD, two-tailed Student’s t-test, *P < 0.05, **P < 0.01, NS: no significant difference.

Source data are available online for this figure.
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the BRCT domain of BARD1 (Bannister et al, 2001; Lachner et al,

2001; Wu et al, 2015; Fukuda et al, 2016). BARD1-HP1 interaction

regulates BRCA1/BARD1 retention at DSBs. BGL3 also affected

binding of RAP80 (Kim et al, 2007; Huen et al, 2010; Hu et al, 2011;

Wang, 2012; Wu et al, 2012; Jiang & Greenberg, 2015), a subunit of

the BRCA1 A complex, to K63-linked ubiquitin (Fig 5B), which
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Figure 3. BGL3 regulates HR and BRCA1/BARD1 accumulation at DSBs.

A, B U2OS cells integrated with HR or NHEJ reporter were transfected with the indicated siRNAs and subjected to the HR (A) or NHEJ assay (B) as described in Materials
and Methods. Data presented as mean � SD of four biological replicates and positive cell percentages as compared with the control group. Two-tailed Student’s t-
test, **P < 0.01. NS: no significant difference.

C–F Wild-type (CTRL) or BGL3 knockdown U2OS cells were subjected to micro-irradiation; 1 h later, cells were fixed and processed for immunostaining with indicated
antibodies. Representative images of BRCA1 (C), BARD1 (D), RAD51 (E), and RPA70 (F) accumulation at sites of laser-induced DNA damage are shown.
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mediates BRCA1 complex recruitment (Sobhian et al, 2007).

However, BRCA1-BARD1 heterodimer formation was not affected

(Fig 5A). The precise mechanism or mechanisms by which BGL3

promotes RAP80 binding to ubiquitin remain to be elucidated, but

might include inducing a conformational change in the BRCA1 A

complex.
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Previous studies also showed that both BRCA1 and BARD1 inter-

act with RAD51 and that BRCA1-BARD1 enhances recombinase

activity of RAD51 (Scully et al, 1997; Zhao et al, 2017). This process

is critical for BRCA1/BARD1 functions in HR. Therefore, we deter-

mined whether BGL3 affected BARD1-RAD51 interaction. As shown

in Fig 5A, depletion of BGL3 significantly affected BARD1 binding to

RAD51. To directly assess these mechanisms, we purified HP1c,
RAD51, BARD1, and BGL3, and then examined BARD1-HP1 and

BARD1-RAD51 interactions with or without BGL3, respectively. As

shown in Fig 5C, in vitro biochemical experiments show that BGL3

promotes BARD1 binding to HP1c and RAD51. Thus, BGL3 binds

BARD1, serving as a scaffold to enhance the molecular interaction

between BARD1 and HP1/RAD51.

BGL3 is recruited to DNA damage sites at an early time point
by PARP1

Following DNA damage, BGL3 is recruited to DNA damage sites

(Fig 2A). Although recruitment of certain repair complexes depends

on specific upstream signaling kinases, e.g., ATM (ataxia telangiec-

tasia-mutated) and ATR (ataxia telangiectasia and Rad3-related)

(Falck et al, 2005; Mu et al, 2007; Blackford & Jackson, 2017), deple-

tion of these two kinases had no detectable impact on BGL3 recruit-

ment (Fig 6A). Caffeine treatment showed the similar results

(Fig 6A), implying that ATM or ATR is not the upstream regulator of

BGL3. Among critical early regulators of the DDR (Li & Yu, 2013; Ray

Chaudhuri & Nussenzweig, 2017), only PARP was required for BGL3

accumulation after ultraviolet laser micro-irradiation (Figs 6A and B,

and EV7A and B). PARP inhibitor treatment or PARP1 knockdown

diminished BGL3 accumulation at DNA damage sites (Figs 6A and B,

and EV7A and B). PARP1 affected BGL3 recruitment only at an early

time point and had no effect thereafter (Figs 6C, and EV7A and B).

We reason that PARP1 interacts with BGL3 and acts as a recruiter

of BGL3 at an early time point. Both the DBD (amino acids 1–373)

and BRCT domain (amino acids 374–524) of PARP1 bind to BGL3

(Figs 1G and H, and EV2E and F). Thus, we transfected U2OS cells

with PARP1 siRNA and reconstituted these cells with siRNA-resistant

WT PARP1 or the BGL3 binding-deficient mutant. As shown in

Fig EV7C, BGL3 recruitment to DSBs was rescued in both WT PARP1

and BRCT domain-deficient cells, but not in cells expressing the DBD

deletion mutant. We concluded that the DBD of PARP1 interacts with

and recruits BGL3 to DNA damage sites. Although the BRCT domain

of PARP1 also binds BGL3, this domain is not essential for BGL3

recruitment to DNA damage sites at an early time point (Fig EV7C).

The DBD-BGL3 interaction is also important for BARD1 recruitment

and HR efficiency (Fig EV7D and E), further supporting our notions.

We next analyzed BGL3 retention at DSBs at a late time point.

BGL3 interacts with and works together with BARD1, and BARD1

retention at DSBs requires BARD1 BRCT domain–HP1c interactions

at a late time point (Lee et al, 2013; Wu et al, 2015). So we investi-

gated whether HP1 affects BGL3 retention at DNA damage sites at a

late time point. As shown in Figs 6D and EV7F, HP1c, neither HP1a
nor HP1b, affected BGL3 retention at a late time point. But BGL3 did

not directly bind HP1c (Fig 1D). Perhaps BGL3 forms a complex

with BARD1, promoting BARD1-HP1 interaction, and BGL3 reten-

tion at DSBs depends on BARD1-HP1 interaction. In support of this

concept, depletion of BARD1 affected BGL3 retention at a late time

point but had no effect at an early time point (Fig EV7G).

Discussion

Most studies about DNA damage response have focused on proteins

involved in these signaling pathways. However, whether RNA

◀ Figure 4. BGL3 and BARD1 function together to regulate HR.

A–C Parental or BGL3-deficient U2OS cells were subjected to laser micro-irradiation to generate DSBs in a line pattern. DDR factor recruitment was examined 2 h later.
Data shown are the average of three independent experiments, and 100 cells were counted for each experiment. Data are presented as mean � SD and analyzed
by two-tailed Student’s t-test, **P < 0.01.

D U2OS cells were transfected with the indicated siRNAs, and 48 h later, HR efficiency was determined using the reporter assay, as described in the Materials and
Methods. Data shown are the average of three independent experiments. Data are presented as mean � SD and analyzed by two-tailed Student’s t-test, NS: no
significant difference.

E U2OS cells were transfected with the indicated siRNA, and RAD51 accumulation at sites of laser-induced DNA damage was examined. Data shown are the average
of three independent experiments, and 100 cells were counted for each experiment. Data are presented as mean � SD and analyzed by two-tailed Student’s t-test,
NS: no significant difference. Knockdown efficiency of BARD1 siRNA was examined by blotting (bottom left panel), and knockdown efficiency of BGL3 siRNA was
examined by qRT–PCR and normalized to b-actin (bottom right panel), data are presented as mean � SD of three biological replicates. Two-tailed Student’s t-test,
**P < 0.01.

Source data are available online for this figure.

▸Figure 5. BGL3 enhances molecular interactions between BARD1 and its partners.

A BGL3 promotes BARD1-HP1c interactions. 293T cells expressing the indicated siRNAs were irradiated (10 Gy) and BARD1–HP1c interactions examined at the indicated
time points.

B BGL3 promotes RAP80 binding to K63 ubiquitin chain in cells. 293T cells expressing the indicated siRNAs and plasmids were irradiated (10 Gy). Cell lysates were
immunoprecipitated with HA beads and subjected to immunoblot with the indicated antibodies.

C BGL3 promotes BARD1–HP1c (up panel) and BARD1-RAD51 (middle panel) interactions in vitro. GST-HP1c, GST-RAD51, and FLAG-BARD1 were overexpressed and
purified from cells as indicated in Materials and Methods. FLAG-BARD1 was divided into two equal parts, one part was used for BARD1-HP1c interaction analysis (up
panel), and another part was used for BARD1-RAD51 interaction analysis (middle panel). BARD1-HP1c (up panel) and BARD1-RAD51 (middle panel) interactions with
or without BGL3 were, respectively, detected by GST pull-down assays; here, GST was used as a pull-down control.

Source data are available online for this figure.
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molecules other than proteins are directly involved in DNA repair

machinery is still largely unknown. Here, for the first time, we

report that BGL3 lncRNA is involved in HR (Fig 6E). Specifically,

BGL3 serves as an RNA mediator in HR, regulates the retention of

BRCA1/BARD1 complex at DNA lesions, and controls DNA end

resection.

BRCA1 binds BARD1 to form a heterodimer in cells, which inter-

acts with different proteins to execute their functions in HR (Huen

et al, 2010). For example, BRCA1 binds ABRAXAS, BACH1, or CtIP

to form three different complexes (Huen et al, 2010). Previous stud-

ies reported that BARD1 binds HP1c to promote BRCA1/BARD1

retention at DSBs (Wu et al, 2015; Peng et al, 2019). Previous stud-

ies also showed that both BRCA1 and BARD1 interact with RAD51

and that BARD1/BRCA1 enhances RAD51 recombinase activity

(Zhao et al, 2017). This effect is important for BARD1/BRCA1 func-

tions in HR. But how these interactions are regulated upon DNA

damage is still largely unknown. Here, we show that BGL3 lncRNA

is an important scaffold molecule to promote BARD1 binding to its

target proteins. Perhaps DNA damage-induced BGL3-BARD1 interac-

tion promotes BRCA1/BARD1 conformational change and enhances

its affinity to its partners. But how this occurs still needs to be

further studied.

BARD1 is a multi-domain protein that binds to BGL3 through its

C-terminal BRCT domain (amino acids 566–777) and an internal

region (amino acids 127–424). The BARD1 C-terminal BRCT

domain, ankyrin repeat region, and N-terminal RING domain bind

different proteins (Brzovic et al, 2001; Irminger-Finger et al, 2016),

and all these interactions are essential for BARD1 functions in HR

(Irminger-Finger et al, 2016). Here, we also confirm that the inter-

nal region (amino acids 127–424) of BARD1 binds BGL3, which is

essential for DNA end resection and HR. Perhaps four different

regions of BARD1 bind different proteins and/or RNA, which coor-

dinate together to execute HR. Furthermore, a canonical role for

the BRCT domain of DNA damage elements is to bind phospho-

protein and/or poly-(ADP-ribose) (PAR) (Manke et al, 2003; Yu

et al, 2003; Li & Yu, 2013). Thus, lncRNA-BGL3 joins a growing

number of modules known to recognize the BRCT domain of

BARD1. The structural basis for this recognition still needs to be

investigated.

Many lncRNAs are responsive to DNA damage signaling, and

their expression levels are up- or downregulated upon DNA damage

(Liu & Lu, 2012). For example, GUARDIN is a p53-responsive

lncRNA triggered by genotoxic stress (Hu et al, 2018). However,

BGL3 levels did not change after DNA damage (Fig EV6C). On the

other hand, knockdown of BGL3 had no effect on the total levels

of BARD1, BRCA1, and other DDR proteins (Fig EV6B). BGL3

re-localized to DSBs at an early time point by direct interactions

with the DBD of PARP1. Our FISH assays showed that BGL3 is

recruited to DNA damage sites by PARP1, and the interaction

between the DBD and BGL3 is essential for BGL3 recruitment

(Fig EV7C). Previous studies implied that the DBD of PARP1 binds

both DNA and RNA (Ali et al, 2012; Melikishvili et al, 2017), and

our findings support this notion. We also found that PARP inhibitor

treatment diminished BGL3 recruitment (Fig 6A). PARP inhibitors

block the enzymatic activity of PARP and trap PARP1 on the

damaged DNA. Perhaps PARP1-mediated another protein or itself

poly(ADP-ribosyl)ation (PARylation) at DNA damage sites affects

BGL3 recruitment. PARP1 trapping by PARP inhibitors also may

induce chromatin conformation change, which also affects BGL3

recruitment, but the underlying mechanism is still unclear.

In summary, our study has identified lncRNA-BGL3 as a new

regulator of the HR pathway, which impacts genome instability, a

major hallmark of cancer. BGL3 levels are negatively correlated with

overall survival in patients with breast cancer (http://bioinformatic

s.mdanderson.org/main/TANRIC: Overview) (Li et al, 2015).

Perhaps overexpression of BGL3 enhances DNA repair capability,

promoting tumor progression and drug resistance, but this still

needs to be further investigated. As with BGL3, RAD51 is essential

for HR repair, but overexpression of RAD51 occurs in several cancer

types, such as breast and pancreatic cancers, and is associated with

enhanced tumor progression and drug resistance (Henning & Sturz-

becher, 2003; Klein, 2008). It will be interesting to explore new

ways to sensitize cancer cells to radiation and chemotherapy based

on our results. For example, small molecules that block the interac-

tion of BGL3 with BARD1/PARP1 could be useful in developing new

cancer treatments.

Materials and Methods

Cell lines

MCF7 cells were cultured in Eagle’s minimum essential medium

(EMEM) (ATCC 30-2003). U2OS cells, HEK-293T cells, MDA-MB-

231 cells, and BJ-5ta cells were cultured in Dulbecco’s modified

Eagle medium (DMEM; high glucose, GIBCO 11-965-118) supple-

mented with 10% fetal bovine serum (FBS) and 1% penicillin/strep-

tomycin at 37°C with 5% CO2. HCT116 cells were grown in

McCoy’s 5A medium supplemented with 10% FBS and 1% peni-

cillin/streptomycin at 37°C with 5% CO2. All cells were monitored

by mycoplasma PCR testing and maintained in mycoplasma-free

conditions.

◀ Figure 6. BGL3 is recruited to DNA damage sites at an early time point by PARP1.

A PARP1 inhibitor treatment abolished BGL3 recruitment to DSBs. U2OS cells were treated with DMSO, PARP inhibitor (olaparib), ATM inhibitor (KU-55933), ATR inhibitor
(VE-821), or caffeine. BGL3 recruitment to DNA damage sites was assessed by RNA FISH assays.

B Quantification of the positive cells. For each group, 100 randomly selected cells were counted. Data are presented as mean � SD of three biological replicates.
Two-tailed Student’s t-test, **P < 0.01, N: no significant difference.

C PARP inhibitor mainly affected BGL3 recruitment at an early time point. U2OS cells were treated with DMSO or olaparib, and BGL3 recruitment was examined
following laser micro-irradiation at indicated time point. Data presented are the average of three independent experiments, and 100 cells were counted for each
experiment. Two-tailed Student’s t-test, **P < 0.01, N: no significant difference.

D U2OS cells were transfected with the indicated siRNAs, and BGL3 recruitment to DSBs was monitored at the indicated time point by RNA FISH. Data presented are
the average of three independent experiments, and 100 cells were counted for each experiment. Two-tailed Student’s t-test, **P < 0.01, NS: no significant difference.

E A model demonstrating how the BGL3 lncRNA mediates BRCA1/BARD1 complex retention at DNA damage sites.
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Antibodies and plasmids

Antibodies used in this study were as follows: BRCA1 (D-9,

Santa Cruz, WB 1:500, IF 1:50) and (C-20, Santa Cruz, WB

1:500, IF 1:50), HA (H9658, Sigma, WB 1:2,000), FLAG (F3165,

Sigma, WB 1:2,000), cH2AX (05-636, Millipore, WB 1:5,000, IF

1:1,000) and (A300-081A, Bethyl Laboratories, WB 1:1,000, IF

1:200), CtIP (61141, Active Motif, WB 1:1,000, IF 1:200), MDC1

(ab11171, Abcam, WB 1:1,000, IF 1:200), RIF1 (A300569A,

Bethyl Laboratories, WB 1:1,000, IF 1:200), RAD51 (GTX70230,

GeneTex, WB 1:1,000, IF 1:100), 53BP1 (NB100-304, Novus,

WB 1:1,000, IF 1:100), BARD1 (A300-263A, Bethyl Laboratories,

WB 1:1,000, IF 1:200), RAP80 (A300-764A, Bethyl Laboratories,

WB 1:1,000, IF 1:200), HP1c (MABE656, Millipore, WB 1:1,000,

IF 1:200), RPA 70 (#2267, Cell Signaling Technology, WB

1:1,000, IF 1:100), RNF8 (14112-1-AP, Proteintech, WB 1:1,000,

IF 1:200), CCDC98 (ab139191, Abcam, WB 1:1,000, IF 1:200),

BACH1 (ab49657, Abcam, WB 1:1,000, IF 1:200), ATM (sc-

23921, Santa Cruz, WB 1:1,000, IF 1:500), and BrdU (347580,

BD, IF 1:50).

Full-length BARD1 was cloned into the S-SBP-FLAG-tagged

vector (pIRES2-EGFP), HA-tagged vector (pCMV-HA), or GFP-tagged

vector (pFUGW). PARP1 and BRCA1 full-length were cloned into

the S-SBP-FLAG-tagged vector (pIRES2-EGFP) or HA-tagged vector

(pCMV-HA). BGL3 full-length and truncated mutants were cloned

into the pLVX-Puro and pcDNA3.1 vector. RAD51 and HP1c full-

length were cloned into the GST-tagged vector (pGEX-4T-2).

BARD1- and PARP1-truncated mutants were cloned into the GST-

tagged vector (pGEX-4T-2). A K63-only ubiquitin was cloned into a

HA-tagged vector (pCMV-HA).

RNAi target sequences

For siRNA transfection, cells were transfected twice at 24-h intervals

with the indicated siRNA using Lipofectamine� RNAiMAX (Invitro-

gen) according to the manufacturer’s instructions. The target

sequences of siRNAs against human BGL3 were as follows:

GGACUACAGACCAUGUUUAdTdT (siBGL3-1) and GUGCCCGUGUU

UAUAUCAUdTdT (siBGL3-2). The other siRNA sequences were as

follows: PARP1: GUUGCUGAUGGGUAGUACCdTdT (siPARP1-1)

and GCGCUUCUGCACCAACUCAdTdT (siPARP1-2), BARD1: AGC

UGAAUAUUAUACCAGAdTdT, MDC1: UCCAGUGAAUCCUUGAGGU

dTdT, RAP80: AGAAGGAAGUAGCUAUUUCdTdT, Hp1a: CCUGAGA
AAAACUUGGAUUdTdT, Hp1b: CCCGACCUCAUUGCUGAGUdTdT,

Hp1c: AGACAGCAGUGGAGAAUUGdTdT, CtIP: GCUAAAACAGGA

ACGAAUCdTdT, 53BP1: GAGCUGGGAAGUAUAAAUUdTdT, H2AF

X: ACAAGAAGACGCGAAUCAUdTdT, ATM: GCUAUUUACGGAGCU

GAUUdTdT.

Laser micro-irradiation and imaging of cells

Cells were cultured in glass-bottom dishes and pre-treated with

2 lM Hoechst 33342 Solution (Thermo Scientific, catalogue number

62249) for 15 min. UVA laser (50 mW) irradiation was conducted

using an inverted microscope (A1R, Nikon) with a laser microdis-

section workstation. Then, cells were recovered at 37°C for the indi-

cated times, washed once with cold PBS, and then fixed with 4%

paraformaldehyde for 10 min at room temperature. Cells were then

washed three times with cold PBS and permeabilized with 1%

Triton X-100 for 7 min. After permeabilization, cells were washed

extensively with immunofluorescence blocking buffer (PBS contain-

ing 1% goat serum, 0.1% NaN3) and then incubated with the indi-

cated antibodies at 4°C overnight. Staining was conducted with

fluorescent secondary antibodies. Images were captured on a Nikon

Eclipse TiE microscope.

In vitro transcription and RNA pull-down assays

The DNA template used for in vitro synthetization of biotinylated

lncRNA-BGL3 was generated by plasmid linearization. The linear-

ized plasmid was purified using the DNA Gel Extraction Kit (Omega

Bio-Tek), and in vitro transcription was performed using the T7

High Yield RNA Transcription Kit (Vazyme) according to the manu-

facturer’s instructions.

Cell lysates were prepared by sonication in RIP buffer (150 mM

KCl, 25 mM Tris (pH 7.4), 0.5 mM dithiothreitol, 0.5% NP-40) or

non-denaturing lysis buffer (20 mM Tris–HCl pH 8, 137 mM NaCl,

1% Nonidet P-40 (NP-40), 2 mM EDTA), with complete protease

inhibitor cocktail and RNase inhibitors and pre-cleared against

streptavidin magnetic beads (both, Invitrogen). In vitro-transcribed

RNA adsorbed to streptavidin magnetic beads was then incubated

with cell lysate at 4°C for 2 h before washing five times in RIP buffer

and elution in the loading sample buffer. Eluted proteins were sepa-

rated on SDS–PAGE columns for Western blotting.

RAP-MS

To capture endogenous BGL3, 50 biotinylated 90-mer DNA

oligonucleotides antisense to the target RNA sequence were

synthesized. Twenty probes were designed to cover the full-length

BGL3. For BGL3 antisense purifications, 200 million HEK-293T

cells were treated with 200 lM 4-thiouridine for 8 h. Cells were

washed once with ice-cold PBS and then crosslinked on ice using

0.8 J/cm2 of 365-nm ultraviolet light in a Stratalinker. Cells were

scraped from the culture dishes, washed once with PBS, and

pelleted by centrifugation at 450 g for 5 min at 4°C. The samples

were flash-frozen in liquid nitrogen for storage at �80°C. Prepara-

tion of total cell lysates and antisense purification of crosslinked

RNA–protein complexes were performed as previously described

(McHugh et al, 2015; Munschauer et al, 2018). Twenty micro-

grams of mixed antisense probes was used for 200 million lysed

cells. For pre-clearance of lysates and capture of RNA/DNA

hybrids, 1.2 ml streptavidin Dynabeads MyOne C1 magnetic beads

(Thermo Fisher Scientific) were used for 200 million cells.

Captured proteins were eluted from streptavidin beads by diges-

tion with nucleic acids using 125 U of benzonase (Millipore) for

2 h at 37°C. The captured proteins were analyzed by Western

blots and LC-MS/MS analysis (Dataset EV1). A sample of beads

was removed between 0.5 and 1% of the total volume and trans-

fer to a PCR strip tube as the RNA elution sample before eluting

of captured proteins. RNA was further extracted from beads

collected by TRIzol reagent (Invitrogen) according to the manufac-

turer’s instructions. Reverse transcription was performed using

the cDNA synthesis kit (TIANGEN), and abundance of BGL3 was

detected by qPCR using SYBR Green Real-Time PCR Master Mix

(TOYOBO) according to the manufacturer’s instructions. Because
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captured RNA was usually of sufficient quantity to be detected by

RT–qPCR analysis but perhaps not enough to detect on a standard

agarose gel, cDNA was amplified by RT–PCR and confirmed by

sequencing.

Fluorescent in situ hybridization with
immunofluorescence staining

RNA fluorescence in situ hybridization (FISH) was performed with

a FISH kit (Ribobio Co.) according to the manufacturer’s instruc-

tions with minor modifications. Briefly, cells grown in glass-

bottom dishes were treated with 2 lM Hoechst 33342 Solution

(Thermo Scientific, catalogue number 62249) for 15 min. UVA

laser (50 mW) irradiation was conducted using an inverted micro-

scope (A1R, Nikon) with a laser microdissection workstation. After

irradiation, cells were incubated at 37°C for the indicated times,

washed three times with cold PBS, and fixed with PBS containing

4% paraformaldehyde at room temperature for 15 min. Next, cells

were permeabilized in 1% Triton X-100 at room temperature for

7 min and washed three times with cold PBS. The fixed cells were

further treated with Pre-hybridization Buffer at 42°C for 30 min.

The pre-hybridized cells were subjected to incubation with a 1 lM
FISH probe (Ribobio Co. cy3 labeling probe mix) in hybridization

buffer. The hybridization was performed at 42°C overnight and

dishes washed with Hybridization Wash Buffer I (4 × SSC, 0.1%

Tween-20) three times at 47°C for 5 min, and then was washed

with Hybridization Wash Buffer II (2 × SSC) at 47°C for 5 min

and Hybridization Wash Buffer III (1 × SSC) at 47°C for 5 min.

Lastly, dishes were washed with PBS at room temperature for

5 min and incubated with the indicated antibodies at 37°C for 1 h.

Secondary antibodies were labeled with Alexa Fluor 488. Samples

were visualized by a Nikon ECLIPSE E800 fluorescence micro-

scope.

Cell lysis, immunoprecipitation, and immunoblotting

Cells were homogenized in RIPA buffer supplemented with Protease

Inhibitor Cocktail, Phosphatase Inhibitor Cocktail, Panobinostat,

and Methylstat on ice for 30 min, and then sonicated for 15 s.

Lysates were cleared by centrifugation at 13,000 g for 10 min at

4°C. Supernatants were collected for immunoblotting or immuno-

precipitation.

For immunoprecipitation, cell lysates or cell fraction lysates were

incubated with 10 ll protein G or protein A agarose beads coupled

with antibody against the indicated proteins at 4°C for 8 h. Beads

were washed three times with RIPA buffer and analyzed by Western

blots.

RNA fractionation assays

RNA fractionation assays were performed as described previously

(Diamant et al, 2016). Briefly, MCF7 cells were treated as indicated

and harvested after washing twice with PBS, pelleted by centrifuga-

tion at 450 g for 5 min at 4°C, resuspended in 200 ll cytosol lysis
buffer (10 mM Tris–HCl, pH 7.5, 100 mM NaCl, 1.5 mM MgCl2,

0.5% NP-40), gently vortexed for 10 s, and centrifuged for 2 min at

850 g. The supernatant was transferred to a new tube, and cytosolic

RNA was extracted with four volumes of TRIzol reagent. For

isolation of nucleosol (nuclear soluble fraction) and chromatin-asso-

ciated RNA, nuclear pellets were resuspended in a glycerol buffer

(20 mM Tris, pH7, 75 mM NaCl, 0.5 mM EDTA, 50% glycerol,

0.85 mM DTT, 0.5 mM PMSF) by gentle finger flicking. One volume

of nuclear lysis buffer was then added (10 mM HEPES, pH 7.6,

300 mM NaCl, 0.2 mM EDTA, 7.5 mM MgCl2, 1 M urea, 1% NP-40,

1 mM DTT). Nuclei were immediately vortexed for 2 s twice, incu-

bated on ice for 2 min, and centrifuged for 10 min at 12,000 rpm.

The nucleosol supernatant was transferred to a new tube and

harvested with four volumes of TRIzol reagent. Chromatin pellets

were washed once in PBS with 1 mM EDTA, and RNA was extracted

with TRIzol reagent. RNA was treated with DNase using an RNA-

free TURBO DNase Kit (Ambion). Reverse transcription

was performed using the cDNA synthesis kit (TIANGEN), and abun-

dance of BGL3 was detected by qPCR using SYBR Green Real-Time

PCR Master Mix (TOYOBO) according to the manufacturer’s instruc-

tions.

RNA immunoprecipitation (RIP) and RNA extraction

Anti-FLAG M2 Affinity beads (Sigma) were incubated in 5 ml 1×

RIPA buffer supplemented with Protease Inhibitor Cocktail, Phos-

phatase Inhibitor Cocktail, and RNase inhibitor at 4°C for 1 h. Then,

the beads were washed twice with RIPA buffer and kept on ice. We

prepared the pre-cleared cell lysates as described above in the Cell

Lysis, Immunoprecipitation, and Immunoblotting section. Pre-

cleared lysates were transferred to tubes containing anti-FLAG M2

Affinity beads (Sigma) and then rotated at 4°C for 3–5 h. The

protein-captured beads were washed with RIPA buffer for three

times. RNA was further extracted from beads by TRIzol reagent

(Invitrogen) according to the manufacturer’s instructions. Reverse

transcription was performed using the cDNA synthesis kit

(TIANGEN), and abundance of BGL3 was detected by qPCR using

SYBR Green Real-Time PCR Master Mix (TOYOBO) according to the

manufacturer’s instructions.

GST pull-down assays

For BARD1 or PARP1 GST pull-down assays, GST fusion proteins

were purified from BL21 Escherichia coli cells and immobilized

onto glutathione Sepharose 4B columns at 4°C overnight.

HEK-293T cells transfected with indicated constructs were treated

as indicated. Then, cells were lysed in the NETN buffer with the

protease inhibitor and incubated with the Sepharose immobilized

with indicated proteins and RNAs at 4°C for 8 h. Sepharose was

then washed three times with the NETN buffer and boiled in

2 × SDS loading buffer. Samples were subjected to immunoblot

with indicated antibodies.

HR and NHEJ reporter assays

Reporter assays were performed as described previously (Zhao et al,

2017). U2OS cells integrated with DR-GFP or NHEJ-GFP cassettes

were used for HR or NHEJ analyses. Cells transfected with indicated

plasmids or siRNA were then transfected with I-Scel expression plas-

mid pCBA-Scel. Forty-eight hours after transfection, percentages of

GFP-positive cells were analyzed by flow cytometry. HR or NHEJ

efficiency is presented as the percentage of control cells. HR or
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NHEJ frequencies presented in figures are the mean � SD of three

independent experiments.

Colony formation assays

Colony formation assays were performed as we have described

previously (Pei et al, 2011).

Flow cytometry and cell cycle analysis

Cells were trypsinized and washed with PBS twice and centrifuged

(800 rpm) at 4°C. Cells were fixed in 500 ll ice-cold 70% ethanol

overnight at 4°C. Fixed cells were centrifuged at 500 rpm at 4°C for

10 min and suspended in 500 ll PBS containing 50 lg/ml propid-

ium iodide (Sigma) and 10 lg/ml RNase for 30 min at 4°C. FACS

analysis was performed with a FACS Calibur instrument (BD Bios-

ciences). ModFit (version 2.0) software was used to analyze cell

cycles (G1, G2, and S phases).

BrdU assays

Detection of BrdU incorporation in the native conditions was

performed. Cells were incubated with BrdU (10 lM) for 24 h and then

treated with or without CPT (1 lM) for 1 h before fixation. Immunos-

taining was performed with anti-BrdU and c-H2AX antibody without

DNA denaturing. Slides were mounted in medium containing DAPI

(Sigma) and analyzed under a fluorescence microscope.

Sensitivity to DNA-damaging agents

BGL3-silenced and BGL3-nontargeting siRNA-transfected HCT116

cells were plated onto 96-well plates and treated with etoposide,

camptothecin, hydroxyurea, or ionizing radiation as indicated. Two

days later, viability of the cells was determined using the CellTiter-

Blue reagent (Promega) and the average of four experiments was

plotted. Data are presented as mean � SD of three independent

experiments.

Mass spectrometry analysis

Sample preparation
Captured proteins were reduced with 15 mM dithiothreitol at 56°C

for 30 min, followed by alkylation with 45 mM iodoacetamide in

the dark at room temperature for 20 min. The proteins were

resolved on SDS–PAGE gels, the gels were stained with Coomassie

Blue, and destained with 20% ethanol/10% acetic acid. The gel

lanes were cut into cubes (about 1 × 1 × 1 mm), and gel cubes

were washed with 50 mM ammonium bicarbonate twice. Gel

cubes were subsequently subjected to in-gel digestion with 15 ng/

ll sequencing-grade trypsin (Promega) at 37°C for 12 h. Peptides

were sequentially extracted by 50% ACN/0.1% TFA and 80%

ACN/0.1% TFA at 37°C for 30 min. The peptides were desalted

using C18 Zip Tips (Millipore) and evaporated on a vacuum

centrifuge to dryness.

LC-MS/MS analysis
Peptides were analyzed using Orbitrap Fusion Tribrid (Thermo Scien-

tific) coupled to an EASY-nano-LC 1000 system (Thermo Scientific).

Lyophilized peptides were re-dissolved in solvent A (solvent A, 0.1%

FA in water; solvent B, 95% ACN/0.1% FA) and automatically

loaded onto a customized trap column (100 lm × 2 cm; particle size,

3 lm; pore size, 120 Å; SunChrom, USA) at a flow rate of 10 ll/min.

The sample was subsequently separated with a homemade analytical

column at a flow rate of 600 nl/min (150 lm × 12 cm; particle size,

1.9 lm; pore size, 120 Å; SunChrom, USA). The mobile phase

changed linearly from 5 to 7% of solvent B over 2 min, from 7 to

10% of solvent B over 8 min, from 10 to 20% of solvent B over

40 min, from 20 to 30% of solvent B over 20 min, from 30 to 90% of

solvent B over 1 min, and maintained at 90% solvent B for 7 min.

The electrospray voltage of 2.3 kV versus the inlet of the mass spec-

trometer was used. Survey full scans were acquired from 300 to

1,400 m/z at a resolution of 120,000, and the maximum injection

time was set to 100 ms or an automatic gain control target of 5e5.

The 20 most intense precursors were selected for fragmentation per

cycle with dynamic exclusion time of 18 s. Fragment mass spectra

were acquired in centroid mode with a normalized collision energy of

32%, and ion trap scan rate was rapid. The activation type was

higher energy collision dissociation, and the maximum injection time

was set to 35 ms or an AGC target of 5e3.

MS data analysis
The raw data files were searched with MaxQuant (v 1.5.2.8).

Spectra were searched against the human proteome obtained from

the UniProtKB dataset (downloaded December 10, 2017). The

following parameters were used for searching. Fixed modification:

carbamidomethyl (C, +57.022 Da); variable modifications: oxida-

tion (M, +15.995 Da); enzyme: trypsin; missed cleavages: 2;

precursor mass tolerance: 6 ppm; fragment mass tolerance:

0.5 Da; false discovery rate < 1%. Intensity-based absolute quan-

tification was performed on the identified peptides to quantify

protein abundance. Protein groups exported from MaxQuant were

filtered to remove “Potential contaminant” or “Reverse” decoy

database entries, and entries with “Only identified by site”.

Proteins detected with at least two unique peptides were used for

further analysis (Dataset EV1). Protein–protein interaction

networks were identified using STRING (Search Tool for the

Retrieval of Interacting Genes/Proteins).

Analysis of metaphase chromosomes

BJ-5ta cells were seeded to obtain approximately 70% confluence.

Cells were treated with 20 ng/ml colcemid (Invitrogen) for 2 h, and

then harvested and incubated in hypotonic solution (0.06 M KCl) at

37°C for 30 min. Next, cells were fixed in 10 ml of Carnoy’s fixative

and were spread onto pre-cold glass slides and dried. Slides were

stained with Giemsa, and 100 metaphase spreads were calculated

for each aberration. Data are reported as mean � SD of three inde-

pendent experiments.

Data analysis

The statistical results were derived from three biological repli-

cates. No samples were excluded from the analysis. Statistical

analysis was performed by Student’s t-test for two groups and by

analysis of variance for multiple groups. P < 0.05 was considered

significant.
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Data availability

The mass spectrometry data from this publication have been depos-

ited to the PRIDE database http://www.ebi.ac.uk/pride/archive/pro

jects/PXD018186 and assigned the identifier PXD018186.

Expanded View for this article is available online.
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