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DNA damage repair
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SUMMARY

Creatine kinase (CK) is an essential metabolic enzyme mediating creatine/phos-
phocreatine interconversion and shuttle to replenish ATP for energy needs. Abla-
tion of CK causes a deficiency in energy supply that eventually results in reduced
muscle burst activity and neurological disorders in mice. Besides the well-estab-
lished role of CK in energy-buffering, the mechanism underlying the non-meta-
bolic function of CK is poorly understood. Here we demonstrate that creatine
kinase brain-type (CKB) may function as a protein kinase to regulate BCAR1
Y327 phosphorylation that enhances the association between BCAR1 and
RBBP4. Then the complex of BCAR1 and RPPB4 binds to the promoter region
of DNA damage repair gene RAD51 and activates its transcription by modulating
histone H4K16 acetylation to ultimately promote DNA damage repair. These
findings reveal the possible role of CKB independently of its metabolic function
and depict the potential pathway of CKB-BCAR1-RBBP4 operating in DNA dam-
age repair.

INTRODUCTION

As a metabolic enzyme, creatine kinase (CK) catalyzes the reversible reaction between creatine (Cr)/ATP

and phosphocreatine (PCr)/ADP to regenerate ATP for energy demands or restore PCr as the energy reser-

voir.1,2 Found in diverse tissues and cell types in vertebrate animals, CK is expressed in four isoforms,

including two cytosolic isoforms (creatine kinase brain-type (CKB) and creatine kinase muscle-type

(CKM)) and two mitochondrial isoforms (mitochondrial creatine kinase ubiquitous-type (CKMT1) and mito-

chondrial creatine kinase sarcomeric type (CKMT2)).3 CKB/CKM and CKMT1/CKMT2 converts cytosolic

ATP generated from glycolysis and mitochondria ATP produced by oxidative phosphorylation to PCr for

energy storage, respectively, while some cytosolic CK, associated with ATP-consuming processes involving

ATPases, ATP-dependent ion channels and transporters, and ATP-requiring metabolic enzymes and pro-

tein kinases, regenerates ATP from cytosolic PCr for prompt energy utilization.4

Thus the Cr/PCr circuit mediated by CK becomes a fundamental energy regulation system functioning in

spatial and temporal energy buffering to maintain cellular ATP concentrations, especially in rapid ATP-

consuming tissues, such as the brain, heart, and skeletal muscle. Deficiency of CK in mice causes dampened

muscle burst activity, abnormal brain morphology, and severely impaired spatial learning.5,6 In addition, CK

also functions in futile creatine cycling for adipocyte thermogenesis,7,8 T cell development and activation,9

and cancer cell proliferation and metastasis.10–13 Although the underlying molecular mechanism of these

CK functions is generally attributed to the metabolic reaction between ATP/ADP and Cr/PCr catalyzed by

CK to maintain adequate ATP level for immediate or long-term needs, whether or not related to energetics

or energy buffering, the distinct mechanistic details or pathways are still not well illustrated under specific cir-

cumstances and require further work for elucidation. Nevertheless, there is another possibility that CK might

have other unrevealed enzymatic activities.

Notably, it has been pointed out that the metabolic substrates Cr/PCr might have unconventional roles

beyond the CK-PCr circuit in energy metabolism to regulate tumor growth, modulate chromatin remodel-

ing in macrophage polarization, exert membrane protection, and possess a direct antioxidant ef-

fect.3,4,14–20 Thus potential activities and functions of CK or Cr/PCr independently of CK-PCr circuit are

drawing great interests.
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Here we demonstrate that CKB might act as a protein kinase to regulate BCAR1 tyrosine phosphorylation us-

ing PCr as the phosphate donor by in vitro/in-cell phosphorylation assays, quantitative phosphoproteomics,

and cellular experiments. Moreover, phosphorylated BCAR1 associates with RBBP4 more favorably to form

a complex, which is recruited to the promoter regions of some DNA damage repair genes, such as RAD51,

to stimulate DNA damage repair. Thus CKB-BCAR1-RBBP4 pathway may play a functional role in DNA dam-

age repair. These findings discover the non-metabolic activities and functions of CK/PCr and the previously

unrecognized role of BCAR1 in transcriptional regulation.

RESULTS

Creatine kinase brain-type catalyzes the phosphorylation of BCAR1 at Y327

Because CK catalyzes the transfer of a high-energy phosphate from PCr to ADP generating ATP, we spec-

ulate that CK might have some capacity to transfer the high-energy phosphate from PCr to protein tyrosine

residues under certain circumstances. To test this hypothesis, we carried out in vitro phosphorylation reac-

tions, using recombinant His-CKB purified from E. coli as the protein kinase, Mg2+ as the catalytic metal ion

for CKB, PCr as the phosphate donor, and 293T CKB knockdown (KD) or CKB/CKM double knockdown

(DKD) cell lysate (dialyzed to remove endogenous small molecules including ATP) as the source of sub-

strate proteins (Figures S1A and S1B). The reaction mixture was examined by western blot (WB) using

the phosphotyrosine (pY) antibody to detect the positive pY signals compared with negative controls in

which there was no His-CKB or PCr or Mg2+. The results clearly illustrated that there are significant positive

pY signals (>50 kD) with the presence of His-CKB in the reaction comparing with negative controls

(Figures 1A, 1B, and S1C), implying that CKB might use PCr to phosphorylate some proteins in cell lysate.

It is noticed that pY signals of proteins smaller than 50 kD, originating from endogenous phosphorylated

proteins in cell lysates, weren’t affected by His-CKB or PCr markedly, although these pY signals were more

obvious sometimes. Because there is still some residue of endogenous CKB in 293T CKB KD cell lysate

comparing with CKB/CKM DKD cell lysate (Figures S1A and S1B), some extra pY signals (>50 kD) were

observed in the sample without recombinant His-CKB (S2) comparing with the sample without PCr (S3)

in Figure 1A using 293T CKB KD cell lysate, but not in Figure 1B using CKB/CKM DKD cell lysate, which

suggests CKB could positively regulate tyrosine phosphorylation of some proteins.

Most importantly, both CKB inhibitor cyclo-creatine (Cyclo-Cr) and CKB catalytic mutants (R292Q, R292K,

or C283S) diminished pY signals (Figures 1B, 1C, S1C, and S1D), further supporting that CKB might act as a

protein kinase using PCr as the phosphate donor.

To find out the identities of phosphotyrosine proteins regulated by CKB and PCr, the phosphorylated pro-

teins in the reactions (S1 to S4 in Figure 1A) were enriched by phosphotyrosine antibody for mass spectrom-

etry (MS) identification (Figure 1D) (Data S1). Proteins with enrichment ratios (S1/S2) > 3, (S1/S3) > 10 and

(S1/S4) > 10 were considered as positive hits. We obtained total of 10 proteins as positive hits from the

phosphoproteomics data (Figure 1E) (Data S1). Among these proteins, BCAR1 (p130Cas), as an adaptor

protein mediating multiple signaling pathways to modulate cell motility, cell cycle, cell transformation,

and apoptosis,21–24 was selected for further validation.

As shown in Figure 1F, in vitro phosphorylation assay verified that recombinant BCAR1-Flag (purified from

293T CKB/CKM DKD cells) could be tyrosine-phosphorylated by His-CKB WT, but not His-CKB catalytic

mutants (R292Q, R292K, or C283S), together with PCr.

BCAR1 has a substrate domain (SD, 115-416aa), which contains 18 Tyr/Y residues (including 15 YxxP re-

peats) as the potential tyrosine-phosphorylation sites.21,23,24 Mutation of all 18 Tyr in BCAR1 substrate

domain to Phe/F (SD-18F) diminished tyrosine-phosphorylation signal (Figure 1G), implying that the poten-

tial phosphorylation site is within these Tyr residues. From screening each single Y to F mutant of BCAR1

substrate domain by in vitro phosphorylation assay (Figures 1G and S2A-S2F), Y327F mutant abrogated

phosphorylation dramatically and consistently meaning that BCAR1 may be phosphorylated mainly at

Y327 by CKB and PCr.

In order to validate BCAR1 Y327 is the phosphorylation site, we generated site-specific BCAR1 pY327 anti-

body to facilitate the detection (Figures S3A and S3B). As shown in Figure 1H, BCAR1 pY327 signal is

enhanced significantly with the presence of CKB and PCr, but not CKB or PCr alone, further supporting

that CKB may phosphorylate BCAR1 at Y327 using PCr.
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Moreover, co-immunoprecipitation (co-IP) experiments were carried out with CKB-Myc and various trunca-

tions of Flag-BCAR1 expressed in 293T CKB/CKM DKD cells (Figures 1I and 1J). The results demonstrate

that serine-rich region (SRR) of BCAR1 mediates its interaction with CKB.

A B C

D E

F G

H

I

J

Figure 1. CKB catalyzes the phosphorylation of BCAR1 at Y327

(A and C) In vitro phosphorylation assays analyzed by pTyr WB. (A) Dialyzed 293T CKB KD cell lysate was treated with or

without His-CKB or PCr in the presence of MgCl2; (B) Dialyzed 293T CKB/CKMDKD cell lysate was treated with or without

His-CKB, PCr, MgCl2 or Cyclo-Cr; and (C) Dialyzed 293T CKB/CKM DKD cell lysate was treated with His-CKB WT/R292Q/

R292K/C283S, PCr, and MgCl2. Cell lysates (2 mg/mL), PCr (1 mM), MgCl2 (5 mM), Cyclo-Cr (2 mM) and His-CKB WT/

mutants (0.4 mg/mL in A and C, 2 mg/mL in (B) were used in the assays as indicated. See also Figures S1C and S1D for Blue

stain of samples.

(D) Workflow to enrich and identify phosphortyrosine proteins from in vitro phosphorylation assays in (A).

(E) Candidate substrates of CKB and PCr are identified from MS experiments with the cutoff ratios (S1/S2 > 3, S1/S3 > 10,

and S1/S4 > 10) (see also Supplemental File Data S1). The overlapped proteins are considered positive targets and listed.

(F-H) In vitro phosphorylation assays for purified BCAR1 proteins. (F) Purified BCAR1-Flag was treated with His-CKB WT/

R292Q/R292K/C283S, PCr, andMgCl2 before examined by pTyrWB; (G) Purified BCAR1-Flag (WT or mutants) was treated

with or without His-CKB in the presence of PCr and MgCl2 before examined by pTyr WB; and (H) Purified BCAR1-Flag was

treated with or without His-CKB or PCr in the presence of MgCl2, and then examined by BCAR1 pY327 WB after IP with

pTyr antibody. Purified BCAR1-Flag WT/mutants (2 mg/mL), PCr (5 mM in F and G, 1 mM in H), MgCl2 (5 mM), and His-CKB

WT/mutants (1 mg/mL) were used in the assays as indicated. See also Figure S2 for more in vitro phosphorylation assays.

(I) Diagram of full length (FL) and various truncations of Flag-BCAR1 for co-IP experiments in cells. BCAR1 contains five

domains: SH3, SD, SRR, SBD, and C-terminal Region.

(J) Mapping of BCAR1 interacting domain by co-IP of various constructs of Flag-BCAR1 with CKB-Myc in 293T cells. In the

WB and protein gels, red arrows and blue arrows point at the positions of BCAR1-Flag and His-CKB, respectively, and

asterisk marks the non-specific proteins. See also Figures S1-S3.

ll
OPEN ACCESS

iScience 26, 106684, May 19, 2023 3

iScience
Article



BCAR1 pY327 level is modulated by creatine kinase brain-type and phosphocreatine in cells

and in vivo

To investigate whether BCAR1 pY327 in cells is regulated by CKB and PCr, in-cell phosphorylation assay

was executed. 293T CKB/CKM DKD cells, which had been cultured with dialyzed FBS to remove endoge-

nous Cr and PCr, were used in the assay. BCAR1-Flag, with or without CKB-Myc, was overexpressed in the

cells in the presence or absence of exogenous Cr or PCr, and then isolated by Flag IP for BCAR1 pY327WB.

In accordance with in vitro phosphorylation (Figure 1H), BCAR1 pY327 is notably upregulated when both

CKB-Myc and exogenous PCr are present (Figures 2A and 2B), while cellular ATP doesn’t increase actually

(Figure 2C), indicating that CKB and PCr may directly regulate BCAR1 pY327 in cells.

In addition, deficiency of CKB in MCF-7 cells, which doesn’t decrease cellular ATP (Figure 2D), evidently

reduced BCAR1 pY327 level but not other known pY residues (Figure 2E), meaning endogenous CKB spe-

cifically regulates endogenous BCAR1 pY327 in cells.

BCAR1 Y327 phosphorylation augments its association with RBBP4

To figure out the functional role of BCAR1 pY327, IP-MS of BCAR1-Flag WT and Y327F (phosphordeficient

mutant) from 293T cells was carried out to identify the interacting proteins specific for BCAR1 pY327

(Figures 3A and S3C) (Data S2). From the analysis (Figure 3B), proteins with ratio BCAR1 WT/Y327F > 5

and p value <0.01 (categorized in the ‘‘UP’’ group) were considered as the potential interactors specific

for BCAR1 pY327, in which RBBP4 (retinoblastoma binding proteins 4, also known as RbAp48), a his-

tone-binding protein involved in chromatin remodeling and histone modifications,25–28 is identified.

To validate the interaction between BCAR1 and RBBP4, co-IP experiments of RBBP4-Myc with BCAR1-Flag

WT, Y327F, or Y327E (phosphomimetic mutant) in 293T cells were performed. As shown in Figure 3C,

BCAR1-Flag WT indeed pulled down more RBBP4-Myc than BCAR1-Flag Y327F, in line with the IP-MS

result (Figure 3B), and further BCAR1-Flag Y327E, which mimics Y327 phosphorylation, captured the

most amount of RBBP4. These results clearly demonstrated that BCAR1 interacts with RBBP4 in cells

and, most importantly, Y327 phosphorylation improves their association markedly.

Correspondingly, co-IP experiments of RBBP4-Myc with various truncations of Flag-BCAR1 in 293T cells

indicate that RBBP4 interacts with the SH3-SD domain of BCAR1 which contains Y327 residue (Figures 1I

and 3D), supporting the regulatory role of Y327 phosphorylation in the association between BCAR1 and

RBBP4.

A B C E

D

Figure 2. Regulation of BCAR1 Y327 phosphorylation by CKB and PCr in cells and in vivo

(A) In-cell phosphorylation assays analyzed by BCAR1 pY327 WB. BCAR1-Flag was immunoprecipitated from 293T CKB/CKM DKD cells overexpressing

BCAR1-Flag and CKB-Myc in the absence or presence of 1 mM PCr/Cr. The red arrow and blue arrow point at the positions of CKB-Myc and endogenous

CKB, respectively.

(B) Relative pY327 levels in (A). The data are presented as mean G SD from four independent experiments (n = 4) and analyzed by Student’s t tests.

(C and D) Relative ATP levels in: (C) cells from experiments in (A); and (D) MCF-7 shGFP/shCKB#1/shCKB#2 cells. The data are presented as meanG SD from

three independent experiments (n = 3).

(E) Detection of endogenous BCAR1 pY327 in MCF-7 shGFP/shCKB#1/shCKB#2 cells. Asterisk marks the position of truncated BCAR1.
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BCAR1 binds to the RAD51 promoter to regulate its transcription together with RBBP4

RBBP4, as a key component in various complexes, has a pivotal role in transcription regulation by modu-

lating histone acetylation.27,29–32 Since BCAR1 interacts with RBBP4 and BCAR1 Y327 phosphorylation en-

hances its association with RBBP4, it is conceivable that BCAR1 and its Y327 phosphorylation might affect

histone acetylation via RBBP4.

Indeed, the H4K16Ac level is dramatically reduced in BCAR1 KD cells (Figure 3E). And rescue with shRNA-

resistant BCAR1-Flag WT (rBCAR1 WT) or Y327E (rBCAR1 YE), which bears higher level of Y327 phosphor-

ylation comparing with shRNA-resistant BCAR1-Flag Y327F (rBCAR1 YF), effectively stimulated H4K16Ac

level (Figure 3F).

A B C

D

E F G

Figure 3. BCAR1 associates with RBBP4 to modulate H4K16Ac level

(A) Workflow to carry out IP-MS of BCAR1-Flag WT and Y327F from 293T cells.

(B) Statistical analysis of IP-MS results from (A) (see also Data S2). Proteins with ‘‘ratio BCAR1WT/Y327F > 5, p value <0.01’’

or ‘‘ratio BCAR1 WT/Y327F < 0.20, p value <0.01’’ are categorized in ‘‘UP’’ or ‘‘Down’’ group, respectively.

(C) Co-IP experiments of RBBP4-Myc with BCAR1-Flag WT, Y327F, or Y327E in 293T cells.

(D) Mapping of BCAR1 interacting domain by co-IP of various constructs of Flag-BCAR1 with RBBP4-Myc in 293T cells.

(E-G) Examination of H4K16Ac levels in: (E) MCF-7 shGFP, shBCAR1#1 or shBCAR1#2 cells; (F) MCF-7 BCAR1 KD cells rescued

with rBCAR1-FlagWT/Y327F/Y327E or empty vector (EV); and (G)MCF-7 shGFP, shCKB#1, or shCKB#2 cells. See also Figure S3.
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Furthermore, the H4K16Ac level decreased evidently with CKB knockdown in MCF-7 cells coinciding with

lower level of endogenous BCAR1 pY327 (Figure 3G). These results suggest that BCAR1 Y327 phosphory-

lation may upregulate the H4K16Ac level by association with more RBBP4.

It is reported that RBBP4 interacts with CBP/p300 to facilitate histone lysine acetylation and activate the

transcription of MGMT and RAD51, two key DNA repair genes, by binding to their promoters.30 Thus we

hypothesize that BCAR1 may participate in RBBP4-CBP/p300 complex and be recruited to MGMT and

RAD51 promoters.

To testify this hypothesis, sequential chromatin immunoprecipitation (ChIP re-ChIP) was carried out in

293T cells with co-expression of RBBP4-Myc and BCAR1-Flag WT or Y327F. After an initial Flag ChIP

to capture BCAR1-Flag WT or Y327F bound chromatin, RBBP4-Myc bound chromatin was re-ChIPed

from the original Flag ChIP using Myc antibody. Then isolated DNA fragments in the promoter regions

of RAD51 and MGMT were quantified by qPCR. As shown in Figure 4A, there are higher levels of pro-

moter DNA fragments of both RAD51 and MGMT in BCAR1 WT samples than in BCAR1 Y327F samples,

implying that BCAR1 Y327 phosphorylation promotes BCAR1 bound to RAD51 and MGMT promoters in

complex with RBBP4.

To further examine the levels of H4K16Ac and BCAR1-RBBP4 complex in the RAD51 promoter region, ChIP-

qPCR was performed in MCF-7 BCAR1 KD cells rescued with shRNA-resistant BCAR1-Flag WT (rBCAR1

WT), Y327F (rBCAR1 YF) or GFP-Flag, using RBBP4, H4K16Ac or Flag antibody, respectively. Intriguingly,

levels of BCAR1, RBBP4, and H4K16Ac in the RAD51 promoter region are significantly higher in rBCAR1

WT cells than in rBCAR1 YF cells (Figure 4B). Furthermore, deprivation of CKB in MCF-7 cells greatly

reduced the levels of RBBP4 and H4K16Ac in the RAD51 promoter region (Figure 4C). These findings

confirm that BCAR1 Y327 phosphorylation, regulated by CKB, facilitates BCAR1-RBBP4 complex formation

and its recruitment to the RAD51 promoter to elevate the H4K16Ac level.

Consequently, under the same circumstance, mRNA level of RAD51 increased in rBCAR1 WT cells or

declined in CKB KD cells (Figures 4D and 4E).

We carried out additional ChIP assays in RBBP4 KD cells overexpressing BCAR1-Flag WT/Y327F(YF) or

GFP-Flag comparing with controls (Figure 4F). In Flag ChIP results, comparing with GFP-Flag, BCAR1-

Flag WT, and YF still associate with RAD51 promoter in RBBP4 KD cells, indicating that BCAR1 could

bind to RAD51 promoter independently of RBBP4. And there is no difference between BCAR1 WT and

YF in RBBP4 KD cells meaning that Y327 phosphorylation doesn’t affect this RBBP4-independent binding

of BCAR1 to RAD51 promoter.

Furthermore, BCAR1WT has significantly higher binding to RAD51 promoter in shGFP cells than BCAR1 YF in

shGFP cells and BCAR1 WT in RBBP4 KD cells, while only slightly more BCAR1 YF associates at RAD51 pro-

moter in shGFP cells than in RBBP4 KD cells. These data reveal that the presence of RBBP4 could elevate the

binding of BCAR1 to RAD51 promoter and BCAR1 Y327 phosphorylation, which enhances the association be-

tween BCAR1 and RBBP4, could further promote more BCAR1 binding to RAD51 promoter markedly.

In H4K16Ac ChIP results, there is no difference in RBBP4 KD cells overexpressing BCAR1-Flag WT/YF or

GFP-Flag. This indicates that BCAR1 alone couldn’t affect the H4K16Ac level at the RAD51 promoter

when RBBP4 is absent, despite BCAR1 association at the RAD51 promoter. And in shGFP cells, BCAR1

WT, but not YF, could upregulate the H4K16Ac level comparing with GFP, which validates that only

BCAR1 Y327 phosphorylation, not BCAR1 without pY327, promotes the H4K16Ac level. In other words,

no BCAR1 Y327 phosphorylation and no elevation of the H4K16Ac level.

Collectively, the above ChIP assays demonstrate that BCAR1 could bind to RAD51 promoter indepen-

dently of RBBP4, and Y327 phosphorylation increases BCAR1 association with RAD51 promoter in the pres-

ence of RBBP4, while RBBP4 binding to RAD51 promoter depends on BCAR1 Y327 phosphorylation. And

further H4K16Ac level is promoted by BCAR1 Y327 phosphorylation via RBBP4.

Moreover, at the protein level, RAD51 has a lower expression with BCAR1 deficiency (Figure 5A), and could

be elevated remarkably with rBCAR1 WT/YE complementation (Figure 5B), consistent with H4K16Ac and
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BCAR1 pY327 levels. Lack of CKB also reduced RAD51 expression (Figure 5C), presumably due to down-

regulated BCAR1 pY327. Thus rescue with BCAR1 Y327E, but not BCAR1 WT or Y327F, in MCF-7 CKB

KD cells increased expressions of RAD51 and H4K16Ac (Figure 5D), since BCAR1 Y327E mimics Y327 phos-

phorylation and BCAR1WT has low pY327 level, same as Y327F, without CKB. These data clarify that BCAR1

Y327 phosphorylation upregulates RAD51 transcription and protein expression.

Notably, when RBBP4 is absent, both H4K16Ac and RAD51 are dampened, which are not affected by

BCAR1 Y327 phosphorylation even with overexpression of BCAR1 WT/Y327E (Figures 5E and 5F). This

verifies that the regulation of RAD51 and H4K16Ac by BCAR1 Y327 phosphorylation is mediated by

RBBP4.

A B

C D E

F

Figure 4. BCAR1 binds to the promoter region of RAD51 to regulate its transcription together with RBBP4

(A) ChIP re-ChIP assay. The assay was carried out to evaluate the coexistence of BCAR1 and RBBP4 in the promoter

regions of RAD51 and MGMT in 293T cells co-transfected with RBBP4-Myc and BCAR1-Flag WT/Y327F.

(B and C) ChIP assays were performed: (B) to examine H4K16Ac modification and the existence of BCAR1 or RBBP4 in the

promoter region of RAD51 in MCF-7 BCAR1 KD cells rescued with rBCAR1-Flag WT/Y327F or GFP-Flag; and (C) to

examine H4K16Ac modification and the existence of RBBP4 in the promoter region of RAD51 in MCF-7 shGFP, shCKB#1

or shCKB#2 cells.

(D and E) mRNA levels of RAD51 in: (D) MCF-7 BCAR1 KD cells rescued with rBCAR1-Flag WT/Y327F or GFP-Flag; and (E)

MCF-7 shGFP, shCKB#1 or shCKB#2 cells.

(F) ChIP assays were performed to examine H4K16Ac modification and the existence of BCAR1-Flag WT/Y327F(YF) in the

promoter region of RAD51 in MCF-7 shGFP, shRBBP4#1 or shRBBP4#2 cells overexpressing BCAR1-FlagWT/Y327F(YF) or

GFP-Flag Cells were cultured with 5 ng/mL TGF-b for 24 h before examination. The data in all figures are presented as

mean G SD from three independent experiments (n = 3) and analyzed by Student’s t tests.
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BCAR1 Y327 phosphorylation promotes DNA damage repair

Because RAD51 is essential in the homologous recombination (HR) pathway during DNA double-strand

break (DSB) repair,33,34 it is reasonable to speculate that BCAR1 Y327 phosphorylation is also involved in

DNA damage repair. To investigate the effects on DNA damage repair by BCAR1 Y327 phosphorylation,

comet assay, or single cell gel electrophoresis, is applied to evaluate DNA fragmentation.

As illustrated in Figures 6A and S4A, tail moment, as the indicator of DNA damage, is shorter in MCF-7 cells

stably expressing BCAR1 WT/Y327E than in MCF-7 cells stably expressing BCAR1 Y327F under etoposide

treatment, coinciding with more RAD51 and less gH2AX (a biomarker of DNA damage) in these cells (Fig-

ure 6B), implying that BCAR1 Y327 phosphorylation enhances DNA damage repair.

Similarly, rescue by rBCAR1 WT/Y327E in MCF-7 BCAR1 KD cells boosted RAD51 expression and improved

DNA damage repair resulting in shorter tail moments and lower gH2AX level, in comparison with rescue by

rBCAR1 Y327F (Figures 6C, 6D and S4B). Furthermore, longer tail moments and higher gH2AX levels, together

with reduced RAD51, were observed in MCF-7 CKB KD cells (shCKB#1 and shCKB#2) demonstrating that CKB

deficiency in MCF-7 cells impaired DNA damage repair (Figures 6E, 6F, and S4C). And complementation of

A B C

D E

F

Figure 5. BCAR1 Y327 phosphorylation elevates RAD51 expression and H4K16Ac level mediated by RBBP4

(A-F).WB analysis of RAD51 and H4K16Ac levels in: (A) MCF-7 shGFP, shBCAR1#1 or shBCAR1#2 cells; (B) MCF-7 BCAR1

KD cells rescued with rBCAR1-Flag WT/Y327F/Y327E or empty vector (EV); (C) MCF-7 shGFP, shCKB#1 or shCKB#2 cells;

(D) MCF-7 shGFP, shCKB#1 or shCKB#2 cells overexpressing BCAR1-Flag WT/Y327F/Y327E or empty vector (EV); (E)

MCF-7 shGFP, shRBBP4#1 or shRBBP4#2 cells; and (F) MCF-7 shGFP, shRBBP4#1 or shRBBP4#2 cells overexpressing

BCAR1-Flag WT/Y327F/Y327E or empty vector (EV).
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MCF-7 CKB KD cells with BCAR1 Y327E, but not BCAR1 WT or Y327F, improved RAD51 expression and DNA

damage repair significantly with diminished gH2AX (Figures 6G, 6H and S4D), illustrating the essential role of

Y327 phosphorylation in the regulation of RAD51-mediated DNA damage repair.

A B C

D E F

G H

Figure 6. BCAR1 Y327 phosphorylation promotes DNA damage repair

(A, C, E and G) Comparison of tail moments in comet assays for: (A) MCF-7 cells stably overexpressing BCAR1-Flag WT/

Y327F/Y327E or empty vector (EV) (n = 41, 44, 43 and 43 for EV, BCAR1 WT, Y327F, and Y327E, respectively); (C) MCF-7

BCAR1 KD cells rescued with rBCAR1-FlagWT/Y327F/Y327E or empty vector (EV) (n = 41, 46, 40 and 42 for EV, BCAR1WT,

Y327F, and Y327E, respectively); (E) MCF-7 shGFP, shCKB#1 or shCKB#2 cells (n = 38, 37 and 34 for shGFP, shCKB#1 and

shCKB#2, respectively); (G) MCF-7 shGFP, shCKB#1 or shCKB#2 cells overexpressing BCAR1-Flag WT/Y327F/Y327E or

empty vector (EV) (n = 37, 41, 39 and 40 for EV, BCAR1 WT, Y327F, and Y327E in shGFP cells, respectively; n = 41, 35, 37

and 37 for EV, BCAR1WT, Y327F, and Y327E in shCKB#1 cells, respectively; n = 37, 34, 35 and 41 for EV, BCAR1WT, Y327F,

and Y327E in shCKB#2 cells, respectively). The data are presented as mean G SD and analyzed by Student’s t tests.

(B, D, F, and H) WB analysis of RAD51 and gH2AX in: (B) MCF-7 cells stably overexpressing BCAR1-Flag WT/Y327F/Y327E

or empty vector (EV); (D) MCF-7 BCAR1 KD cells rescued with rBCAR1-Flag WT/Y327F/Y327E or empty vector (EV); (F)

MCF-7 shGFP, shCKB#1 or shCKB#2 cells; (H) MCF-7 shGFP, shCKB#1 or shCKB#2 cells overexpressing BCAR1-Flag WT/

Y327F/Y327E or empty vector (EV) Cells in (A-H) were treated with 20 mM etoposide or DMSO for 4 h before examination.

See also Figure S4.
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Importantly, depletion of RBBP4 diminished RAD51 protein level and impaired DNA damage repair as

shown by longer tail moments and higher gH2AX levels (Figures 7A, 7B, and S4E). In addition, the absence

of RBBP4 abolished the benefits of BCAR1 WT/Y327E overexpression for DNA damage repair in MCF-7

cells, because there were significantly higher expression of RAD51, resulting in shorter tail moments and

lower gH2AX level, with overexpression of BCAR1 WT/Y327E than BCAR1 Y327F in GFP KD cells (shGFP)

but not in RBBP4 KD cells (shRBBP4#1 and shRBBP4#2) (Figure 7C, 7D, and S4F). These results corroborate

that BCAR1 Y327 phosphorylation promotes DNA damage repair which is mediated by RBBP4 (Figure 7E).

A B C
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Figure 7. RBBP4 mediates the promotion of DNA damage repair by BCAR1 Y327 phosphorylation

(A and C) Comparison of tail moments in comet assays for: (A) MCF-7 shGFP, shRBBP4#1 or shRBBP4#2 cells (n = 32, 37

and 32 for shGFP, shRBBP4#1 and shRBBP4#2, respectively); and (C) MCF-7 shGFP, shRBBP4#1 or shRBBP4#2 cells

overexpressing BCAR1-Flag WT/Y327F/Y327E or empty vector (EV) (n = 39, 35, 39 and 32 for EV, BCAR1 WT, Y327F, and

Y327E in shGFP cells, respectively; n = 37, 39, 42 and 39 for EV, BCAR1 WT, Y327F, and Y327E in shRBBP4#1 cells,

respectively; n = 40, 43, 41 and 40 for EV, BCAR1 WT, Y327F, and Y327E in shRBBP4#2 cells, respectively). The data are

presented as mean G SD and analyzed by Student’s t tests.

(B and D) WB analysis of RAD51 and gH2AX in: (B) MCF-7 shGFP, shRBBP4#1 or shRBBP4#2 cells; and (D) MCF-7 shGFP,

shRBBP4#1 or shRBBP4#2 cells overexpressing BCAR1-Flag WT/Y327F/Y327E or empty vector (EV).

(E) A proposed model that BCAR1 Y327 phosphorylation facilitates the association with RBBP4 and its recruitment to

RAD51 promoter to enhance H4K16 acetylation leading to transcriptional upregulation.

(F) WB analysis of RAD51 and gH2AX in MCF-7 BCAR1 KD cells rescued with rBCAR1-Flag WT/Y327F/Y327E or empty vector

(EV) Cells in (A-D) were treated with 20 mMetoposide or DMSO for 4 h before examination. Cells in (F) were treated with 20 mM

etoposide for 4 h and then released into the fresh medium without etoposide for indicated times. See also Figure S4.
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To investigate the influence of BCAR1 Y327 phosphorylation on DNA repair kinetics, MCF-7 BCAR1 KD

cells rescuing with rBCAR1WT/Y327F/Y327E were treated with etoposide and then released into fresh me-

dium without etoposide for indicated times. As shown in Figure 7F, RAD51 was elevated more dramatically

and maintained at higher protein level for longer time with rBCAR1 WT/Y327E complementation,

comparing with rBCAR1 Y327F complementation or empty vector (EV) control, while gH2AX appeared

less and diminished more quickly at the same time, further emphasizing the beneficial role of BCAR1

Y327 phosphorylation in DNA damage repair.

DISCUSSION

As a key regulator in energy metabolism, CK has been considered essential to maintain energy homeosta-

sis for normal functions of organs. Higher expression of CK in cancer cells also emphasizes the importance

of its metabolic activity in energetics for cancer cell survival, proliferation, and metastasis. Thus the non-

metabolic activity of CK seems to be masked. Considering that PCr, the metabolic substrate of CK, has

one high-energy phosphate group for transfer to ADP and the cellular concentration of PCr could reach

to 20-30 mM,4,35–37 there may be a possibility that CK could transfer the high-energy phosphate group

to the protein residues under certain circumstances.

Similar to some metabolic enzymes, including pyruvate kinase M2 (PKM2),38,39 phosphoglycerate kinase 1

(PGK1),40 fructokinase A (ketohexokinase A, KHK-A),41 phosphoenolpyruvate carboxykinase 1 (PCK1)42 and

choline kinase a2 (CHKa2),43 which could behave as protein kinases to modify proteins, CKB was shown

to phosphorylate BCAR1 using PCr as the phosphate donor in this study. Our data provide evidence

that CKB has non-metabolic activity and PCr could participate in protein phosphorylation that is indepen-

dent on CK/PCr circuit, and also implies that other isoforms of CKmight have protein kinase activity as well.

Tyrosine phosphorylation of BCAR1 SD domain (containing 15 repeats of YxxP motif) is mainly catalyzed by

Src family kinases and crucial for its functions.21,23,24 Among these YxxP repeats, phosphorylation of Y165,

Y249, and Y410 are mostly referred to as the marker of BCAR1 tyrosine phosphorylation catalyzed by Src.

However, the phosphorylation of Y327 hasn’t been paid attention to and its specific function was not known

until demonstrated to enhance the association of BCAR1 with RBBP4 for the chromatin recruitment in this

study. We validated the BCAR1 pY327 level in cells could be regulated by CKB and PCr, consistent with

in vitro phosphorylation catalyzed by CKB and PCr, without perturbing phosphorylation level of other tyro-

sine residues in the SD domain, which indicates that pY327 mediated by CKB and PCr is a unique event

distinct from phosphorylation executed by Src family kinases.

Although BCAR1 mainly localizes in cytoplasm, it has been demonstrated that BCAR1 can shuttle between

cytoplasm and nucleus.44–46 Nuclear BCAR1 could interact with CBP/p300 to suppress RelA acetylation and

then inhibit NF-kB activity,46 or bind to TP53 mutant to promote cancer cell invasion.45 Our results verified

that BCAR1 and RBBP4 could form a complex to be recruited to the chromatin and co-occupy the promoter

regions of some DNA repair genes (Figure 5O), revealing another previously unrecognized function of nu-

clear BCAR1 in transcriptional regulation and DNA damage repair.

Cancer cells have multiple mechanisms of chemotherapy and radiotherapy resistances, including enhancing

DNA damage repair, such as homologous recombination (HR).47,48 RAD51, as an essential component in the

HR pathway, is expressed at high levels in many cancer cells and plays a critical role in cancer progress, metas-

tasis, and chemo-/radioresistance, leading to the poor treatment outcome.49–51 Thus the downregulation of

RAD51 is considered as a promising therapeutic strategy to treat resistant tumors. As we discover that the

CKB-BCAR1-RBBP4 pathway could upregulate transcriptional and protein levels of RAD51 and promote

DNA damage repair, future comprehensive studies, to investigate the treatment methods either inhibiting

BCAR1 phosphorylation mediated by CKB or blocking the association of BCAR1 with RBBP4, may provide

potential and valuable adjuvant therapeutic strategies for resistant tumors.

Limitations of the study

Considering in vitro phosphorylation assays that we performed in this study, it would be better to recon-

stitute the reactions using recombinant BCAR1 purified from prokaryotic cells instead of from mammalian

cells, to eliminate the effects caused by potential contaminants in the samples originating frommammalian

cells. However, we didn’t get soluble BCAR1 protein overexpressed from E. coli probably due to incorrect

protein folding and protein instability. Although we couldn’t exclude the possibility that some
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contaminants in the purified BCAR1-Flag proteins from 293T CKB/CKM DKD cells might interfere with the

in vitro results, in-cell phosphorylation assay and cellular experiments undoubtedly demonstrates that

BCAR1 pY327 is regulated by CKB.

To verify the effect of BCAR1 pY327 on DNA damage repair, we applied rescue experiments (overexpres-

sion of BCAR1WT/mutants in BCAR1 KD cells lines), which may bring the potential concern about the phys-

iological relevance using overexpression system since the recombinant protein level is obviously higher

than the endogenous protein level. It would be more helpful and worthy to carry out knock-in experiment

to express the endogenous level of BCAR1 mutants in cells using CRISPR-Cas9 technologies for further

investigation and validation.

In addition, it would bemore critical to carry out the assays from the cellular level to animal level such as using

WT mice and CKB knockout mice to characterize the CKB-BCAR1-RBBP4 pathway in DNA damage repair.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

BCAR1 antibody Cell Signaling Technology Cat#13846; RRID:AB_2798328

BCAR1 antibody Santa Cruz Biotechnology Cat#sc-20029; RRID:AB_628064

BCAR1 pY165 antibody Cell Signaling Technology Cat#4015; RRID:AB_2065459

BCAR1 pY249 antibody Cell Signaling Technology Cat#4014; RRID:AB_2243549

BCAR1 pY410 antibody Cell Signaling Technology Cat#4011; RRID:AB_2274823

BCAR1 pY751 antibody Abcam Cat#ab45486; RRID:AB_869932

BCAR1 pY327 antibody This Study (made by PTM bio) N/A

b-actin antibody Thermo Fisher Scientific Cat#MA1-140; RRID: AB_2536844

Flag-HRP Sigma-Aldrich Cat# F7425; RRID:AB_439687

RBBP4 antibody Novus Cat#NBP1-41201; RRID:AB_2238239

H4K16Ac antibody Millipore Cat#07-329; RRID:AB_310525

H4 antibody Abcam Cat#ab31830; RRID:AB_1209246

gH2AX antibody Cell Signaling Technology Cat#9718S; RRID:AB_2118009

H2AX antibody Proteintech Cat#10856-1-AP; RRID:AB_2114985

RAD51 antibody Proteintech Cat#14961-1-AP; RRID:AB_2177083

M2 Affinity gel Sigma-Aldrich Cat#A2220; RRID:AB_10063035

CKM antibody Abcam Cat#ab126244; RRID:AB_11127285

CKB antibody Abcam Cat#ab38211; RRID:AB_731614

pTyr antibody 4G10 Millipore Cat#05-321; RRID:AB_309678

Myc tag antibody Cell Signaling Technology Cat#2040S; RRID:AB_2148465

Mouse monoclonal anti-Flag M2 antibody Sigma-Aldrich Cat#F1804; RRID:AB_262044

Goat anti-mouse IgG-HRP Jackson ImmunoResearch Labs Cat# 115-035-166; RRID:AB_2338511

Goat anti-rabbit IgG-HRP Beyotime Cat#A0208; RRID:AB_2892644

Alexa Fluor 790-anti-Rabbit Jackson ImmunoResearch Labs Cat#111-655-144; RRID:AB_2338086

Alexa Fluor 790-anti-Mouse Jackson ImmunoResearch Labs Cat#115-655-146; RRID:AB_2338944

Bacterial and virus strains

DH5a Tiangen Cat# CB101-02

BL21(DE3) Chemically Competent Cell TransGen Cat# CD601

Chemicals, peptides, and recombinant proteins

Anti-Flag Affinity Gel Bimake Cat#B23102

Anti-Myc magnetic beads Bimake Cat#B26301

Anti-Phosphotyrosine Antibody,

clone 4G10, agarose conjugate

Millipore Cat#16-101

Amicon ultra 0.5mL 10K Millipore Cat#UFC5010BK

Dialysis membrane Sangon Biotech Cat#F132590

EZ Trans Life iLab Bio Cat#C4058L1092

Nhe I New England Biolabs Cat#R3131S

EcoR I New England Biolabs Cat#R3101S

BamHI-HF New England Biolabs Cat#R3136L

TGF-b Absin Cat#abs04204

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

etopside (Cas No.33419-42-0) tansoole Cat#01158693

TRIzol reagent Thermo Fisher Scientific Cat#15596-026

cOmplete�, Mini, EDTA-free

Protease Inhibitor

Cocktail (protease inhibitor cocktail)

Roche Cat#4693159001

PhosSTOP (phosphatase inhibitors) Roche Cat#4906845001

His-CKB WT This study N/A

His-CKB R292Q This study N/A

His-CKB R292K This study N/A

His-CKB C283S This study N/A

dialyzed FBS Thermo Fisher Scientific Cat#30067334

pervanadate This study N/A

Critical commercial assays

Hieff Clone� Plus One Step Cloning Kit Yeason Cat#10911ES20

CometAssay� Kit 50 Samples ( 25X2 well slides) Trevigen Cat#4250-050-K

PrimeScript RT master Mix qPCR Takara, Japan Cat#RR036Q

TB Green Premix Ex TaqII (Takara, Japan) Takara, Japan Cat#RR820A

QIAquick PCR Purification Kit Qiagen Cat#28104

SimpleChIP� Plus Sonication Chromatin IP Kit CST Cat#56383

Deposited data

Proteomics data This Study IProx: PXD041365 (https://www.iprox.cn)

Experimental models: Cell lines

293T CKB/CKM DKD cells This study N/A

293T CKB KD cells This study N/A

MCF7 BCAR1-WT OE cells This study N/A

MCF7 BCAR1-WT YF cells This study N/A

MCF7 CKB KD cells This study N/A

MCF7 BCAR1 KD cells This study N/A

MCF7 GFP KD cells This study N/A

Oligonucleotides

Primers used for molecular cloning of

expression vectors, see Table S1

This study N/A

Primers for qPCR analyses, see Table S2 This study N/A

Primers for ChIP qPCR analyses, see Table S3 This study N/A

Targeting sequences for shRNAs, see Table S4 This study N/A

Recombinant DNA

psPAX2 Hu Junhao (Shanghai Institute

of Organic Chemistry)

N/A

pMD2.G Hu Junhao (Shanghai Institute

of Organic Chemistry)

N/A

pLKO.1-shGFP Junying Yuan (Shanghai Institute

of Organic Chemistry)

N/A

pLKO.1 Junying Yuan (Shanghai Institute

of Organic Chemistry)

N/A

pSIN-CKB-Myc This Study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pSIN-CKB-Myc-C283S This Study N/A

pSIN-CKB-Myc-R292K This Study N/A

pSIN-CKB-Myc-R292Q This Study N/A

pET-28a-His-CKB This Study N/A

pET-28a-His-CKB-C283S This Study N/A

pET-28a-His-CKB-R292K This Study N/A

pET-28a-His-CKB-R292Q This Study N/A

pSIN-BCAR1-Flag-Y12F This Study N/A

pSIN-BCAR1-Flag-Y67F This Study N/A

pSIN-BCAR1-Flag-Y99F This Study N/A

pSIN-BCAR1-Flag-Y107F This Study N/A

pSIN-BCAR1-Flag-Y115F This Study N/A

pSIN-BCAR1-Flag-Y128F This Study N/A

pSIN-BCAR1-Flag-Y165F This Study N/A

pSIN-BCAR1-Flag-Y179F This Study N/A

pSIN-BCAR1-Flag-Y192F This Study N/A

pSIN-BCAR1-Flag-Y222F/Y224F This Study N/A

pSIN-BCAR1-Flag-Y234F This Study N/A

pSIN-BCAR1-Flag-Y249F This Study N/A

pSIN-BCAR1-Flag-Y262F This Study N/A

pSIN-BCAR1-Flag-Y267F This Study N/A

pSIN-BCAR1-Flag-Y287F This Study N/A

pSIN-BCAR1-Flag-Y306F This Study N/A

pSIN-BCAR1-Flag-Y362F This Study N/A

pSIN-BCAR1-Flag-Y372F This Study N/A

pSIN-BCAR1-Flag-Y387F This Study N/A

pSIN-BCAR1-Flag This Study N/A

pSIN-BCAR1-Flag-Y327F This Study N/A

pSIN-BCAR1-Flag-Y327E This Study N/A

pSIN-BCAR1-Flag-SD-18F This Study N/A

pSIN-BCAR1-Flag-S134A This Study N/A

pSIN-N-Flag-BCAR1 This Study N/A

pSIN-N-Flag-BCAR1(1-453) This Study N/A

pSIN-N-Flag-BCAR1(1-634) This Study N/A

pSIN-N-Flag-BCAR1(1-677) This Study N/A

pSIN-N-Flag-BCAR1(1-734) This Study N/A

pSIN-N-Flag-BCAR1(454-870) This Study N/A

pSIN-N-Flag-BCAR1(635-870) This Study N/A

pSIN-N-Flag-BCAR1(668-870) This Study N/A

pSIN-RBBP4-myc This Study N/A

shRNA-resistant BCAR-Flag WT

in pSIN vector (rBCAR1 WT)

This Study N/A

shRNA-resistant BCAR-Flag Y327F

in pSIN vector (rBCAR1 YF)

This Study N/A

pSIN-GFP-Flag This Study N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the corresponding author, Dr. Hong Jiang (hongjiang@sioc.ac.cn).

Materials availability

Reagents generated in this study are available on request with a completed Materials Transfer Agreement.

Data and code availability

d The proteomics data is deposited in the public database iProX (https://www.iprox.cn) and the accession

number iProX: PXD041365 is provided in the key resources table. We also supplied the processed data of

proteome as the Data S1 and S2.

d No code was developed for this study.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines

HEK 293T, MCF7, MCF7 CKB KD cells weremaintained in DMEM supplemented with 10% FBS and 1% peni-

cillin-streptomycin in a 5% CO2 incubator at 37
�C. 293T CKB/CKM DKD cells were maintained in DMEM

supplemented with 10% dialyzed FBS and 1% penicillin-streptomycin in a 5% CO2 incubator at 37
�C. All

cell lines had been tested negative for mycoplasma contamination.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

pSIN-N-Flag-BCAR1(1-734) This Study N/A

pSIN-N-Flag-BCAR1(454-870) This Study N/A

pSIN-N-Flag-BCAR1(635-870) This Study N/A

pSIN-N-Flag-BCAR1(668-870) This Study N/A

pSIN-RBBP4-myc This Study N/A

shRNA-resistant BCAR-Flag WT

in pSIN vector (rBCAR1 WT)

This Study N/A

shRNA-resistant BCAR-Flag Y327F

in pSIN vector (rBCAR1 YF)

This Study N/A

pSIN-GFP-Flag This Study N/A

pSIN-N-Flag-BCAR1(635-870) This Study N/A

pSIN-N-Flag-BCAR1(668-870) This Study N/A

pSIN-RBBP4-myc This Study N/A

shRNA-resistant BCAR-Flag WT

in pSIN vector (rBCAR1 WT)

This Study N/A

shRNA-resistant BCAR-Flag Y327F

in pSIN vector (rBCAR1 YF)

This Study N/A

pSIN-GFP-Flag This Study N/A

Software and algorithms

GraphPad Prism 8.0 GraphPad Software https://www.graphpad.com/

MaxQuant software (version 1.5.3.30) Max Planck Institute of Biochemistry https://www.biochem.mpg.de/6304115/maxquant

ImageJ NIH https://imagej.nih.gov/ij/

Image Studio (version 5.2.5) LI-COR Imaging Systems https://www.licor.com/bio/image-studio/resources
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Generation of stable KD cells

MCF-7 CKB stable KD cells (shCKB#1, shCKB#2), BCAR1 stable KD cells (shBCAR1#1, shBCAR1#2), or

RBBP4 stable KD cells (shRBBP4#1, shRBBP4#2) were generated by shRNAs (Table S4) in pLKO.1 vector tar-

geting human CKB or BCAR1, respectively. 293T CKB stable KD cells were generated by shRNA in pLKO.1

vector targeting human CKB (shCKB#2) (Table S4). 293T CKB/CKM stable DKD cells were generated by

shRNAs in pLKO.1 vector targeting human CKB (shCKB#2) and CKM (shCKM#1) (Table S4), respectively.

HEK 293T cells were co-transfected with lentiviral plasmid DNA, pMD2.G and psPAX2 for 48 h. Then culture

medium containing lentivirus was collected and cleared for 10 min at 3 000 g at room temperature. Target

cells were infected by virus for two days and further selected with puromycin or blasticidin for 3 genera-

tions. Selected cells were verified by WB and then used for further experiments.

Generation of stable overexpression cells

Human BCAR1-FlagWT/Y327F/Y327E stable overexpression cells were generated by pSIN lentiviral vector

(engineered from pSIN-EF2-OCT4 vector).52 cDNA encoding human BCAR1 WT was cloned into a pSIN

lentiviral vector using Hieff Clone Plus One Step Cloning Kit and corresponding primers (Table S1 primers).

BCAR1-Flag Y327F and Y327E were generated by overlap PCR and then cloned into pSIN vector. After

293Tcells were co-transfected with lentiviral plasmid, psPAX2 and pMD2.G, culture medium was collected

to infect target cells for two days. Then infected cells were selected with puromycin for 3 generations.

Selected cells were verified by WB and then used for further experiments.

METHOD DETAILS

Plasmid construction

Plasmids used in this study are summarized in Table S1. Plasmids of Flag-BCAR1 full length/truncations,

BCAR1-Flag WT/mutants and shRNA-resistant BCAR-Flag WT/Y327F (targeting shBCAR1#1) used human

full-length BCAR1 as the template. Plasmids of CKB-Myc WT/mutants and His-CKB WT/mutants used hu-

man full-length CKB as the template. RBBP4 plasmid used human full-length RBBP4 as the template. Target

cDNAwas cloned into a pSIN lentiviral vector or pET28a vector using Hieff Clone Plus One Step Cloning Kit

and corresponding primers (Table S1 primers). All mutations were generated by PCR-mediated site-

directed mutagenesis on corresponding plasmids (Table S1 primers).

Dialyzed cell lysates for in vitro phosphorylation assay

293T CKB KD cells or CKB/CKM DKD cells (70% confluency, cultured with dialyzed FBS) were lysed with 1%

NP-40 buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% protease inhibitor cocktail, 1% NP-40) at 4 �C for

30 min. After centrifugation at 20 000 g for 30 min at 4 �C, the supernatant was collected and dialyzed 3

times in dialysis Buffer (25 mM Tris-HCl, pH 7.4, 150 mMNaCl, 1% protease inhibitor cocktail, 10%Glycerol)

with each time for 3 h at 4 �C.

Protein purification of N-His-CKB WT, R292Q, R292K and C283S

To purify proteins of N-His-CKB WT and mutants, target genes were cloned into pET-28a vector (Table S1

primers). The recombinant proteins were expressed in BL21(DE3) E. coli strain and purified according to the

reference 53. Briefly, the cells were grown at 37 �C and induced by 0.5 mM IPTG when OD600 reached 0.5.

After additional growth at 37 �C for 5 h, cells were collected and lysed in Buffer A (20 mM HEPES, 300 mM

NaCl, 10% Glycerol, pH 7.5) by high pressure cell disrupter. The recombinant protein was purified by a

HisTrap column (Cytiva, 1 x 5 ml, Cat#17524801) using linear gradient of Buffer B (20 mM HEPES,

300 mM NaCl, 10% Glycerol, 500 mM imidazole, pH 7.5) in Buffer A.

Protein purification of BCAR1-Flag WT and mutants

293TCKB/CKMDKD cells were transfected with pSIN-BCAR1–FlagWTormutants for 24 h and then lysed in 1%

NP-40 buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% protease inhibitor cocktail, 1% NP-40) at 4�C. After
centrifugation at 20 000 g for 30 min at 4 �C, the supernatant was collected. Target proteins were enriched

by immunoprecipitation using Flag-beads at 4�C and eluted by 0.15 mg/ml 33Flag peptide in TBS overnight.

In vitro phosphorylation assay

For assays for cell lysates: in 50 mL reaction buffer, dialyzed cell lysate (2 mg/mL) was treated with bacterially

purified His-CKB (0.4 or 2 mg/mL), PCr (1 mM) and MgCl2 (5 mM) with or without cyclo-Cr (2 mM) at 37 �C for
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1 h. For assays for purified BCAR1 proteins: in 20 mL reaction buffer, BCAR1-Flag (2 mg/mL, WT or mutants

purified from 293T CKB/CKM DKD cells) was treated with bacterially purified His-CKB (1 mg/mL), PCr (1 or

5 mM) and MgCl2 (5 mM) at 37 �C for 1 h. The control reactions were performed without His-CKB, PCr or

MgCl2. Reaction buffer: 50 mMHEPES, pH 7.5, 150 mMNaCl. The reactions were terminated by addition of

23protein loading dye and then subjected to pTyr IP, SDS-PAGE or WB analyses.

Generation and validation of BCAR1 pY327 antibody

BCAR1 pY327 antibody was ordered from PTMBIO (HangZhou, ZheJiang, China) (http://www.ptm-biolab.

com.cn/index.html). To validate BCAR1 pY327 antibody by Dot Blot, various amounts of the immunogen

peptide CLREET-(phospho)Y-DVPPAF and negative control peptide CLREETYDVPPAF (without phosphor-

ylation) on the nitrocellulose filter membrane were applied (Figure S3A). To validate BCAR1 pY327 anti-

body for proteins by western blot, pervanadate-treated 293T and MCF-7 cell lysates with overexpression

of BCAR1-Flag WT, Y327F and Y327E were used (Figure S3B).

Western blotting

Cells were lysed in 1% NP-40 buffer (50 mM Tris-HCl, pH 7.4,150 mMNaCl, 10% glycerol, 1% NP-40 and 1%

protease inhibitor cocktail) or RIPA buffer (50 mM Tris-HCl, pH 7.4,150 mM NaCl, 1% Triton X-100, 1% de-

oxycholate, 0.1% SDS, 10% glycerol and 1% protease inhibitor cocktail). After centrifugation at 20 000 g for

30 min at 4�C, the supernatant was collected for SDS-PAGE and WB analyses. The western blot images

were (1) captured and analyzed by chemiluminescence system (Fusion FX, VILBER, France); (2) incubated

for 1 h with rocking in Li-Cor secondary antibodies and captured by Li-Cor Odyssey CLX. The optical den-

sity of immunoblotting bands was quantified using ImageJ or Image Studio program and was normalized

to the corresponding controls.

Co-immunoprecipitation and immunoprecipitation

After cells were transiently transfected with expressing plasmids for 36 h, cells were harvested and lysed

with 1% NP-40 buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% protease inhibitor cocktail, 1% NP-40)

at 4�C. After centrifugation at 15 000 g for 15 min at 4�C, the supernatant was collected, diluted 5 times

with washing buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 10% glycerol and 1% protease inhibitor cock-

tail) and then incubated with a control IgG or specific antibody for 2-4 hrs. Target proteins were enriched by

protein A/G beads overnight. The immunoprecipitates were washed for 3 times by washing buffer and sub-

jected to immunoblot analysis. Flag beads were used in Flag-tagged protein immunoprecipitation. For

denaturing IP, samples were precipitated using methanol/chloroform and resolubilized in 1% SDS buffer

(25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% SDS) with sonication. Then samples were diluted to 0.1%

SDS by adding 0.2% NP-40 buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% protease inhibitor cocktail,

0.2% NP-40) for immunoprecipitation.

Enrichment of phosphotyrosine proteins for phosphoproteomics

In 2 mL reaction buffer, dialyzed 293T CKB KD cell lysate (2 mg/mL) was treated with bacterially purified His-

CKB (0.4 mg/mL), PCr (1 mM) and MgCl2 (5 mM) at 37 �C for 1 h (sample S1). The control reactions were per-

formed without His-CKB (sample S2), PCr (sample S3) or both (sample S4). All the reactions were repeated 3

times. Samples were precipitated using methanol/chloroform and resolubilized in 1% SDS buffer (25 mM

Tris-HCl, pH 7.4, 150 mMNaCl, 1% SDS) with sonication. Then samples were diluted to 0.1% SDS by adding

0.2% NP-40 buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% protease inhibitor cocktail, 0.2% NP-40) for

immunoprecipitation using pTyr-beads (Millipore) to enrich phosphotyrosine proteins for on-beads

digestion.

IP-MS of BCAR1-Flag WT and Y327F from 293T cells

After transfected with BCAR1-Flag WT or Y327F plasmid (6 mg plasmid with 18 ml PEI) for 24 h, 293T cells

were harvested and lysed in 1%NP-40 buffer (25 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% protease inhibitor

cocktail, 1% NP-40). The experiments were repeated 5 times for both BCAR1-Flag WT and Y327. After

normalization of BCAR1-Flag WT and Y327F protein amounts in the samples, Flag IP was executed to

enrich BCAR1-Flag WT or Y327F with their interacting proteins for on-beads digestion.
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On-beads digestion

Beads were suspended in 500 mL of 6MUrea in PBS and treated with 10mMTris(2-carboxyethyl)-phosphine

for 30min at room temperature followed by the treatment of 25mM iodoacetamide for 30min at room tem-

perature. The supernatant was collected and the urea concentration was diluted to 2 M with PBS. Then the

solution was treated with 1 mM CaCl2 and 2 mg trypsin for digestion at 37�C for 12 h. Digested peptides

were enriched by C18 tips for LC-MS/MS detection.

LC-MS/MS analysis

The peptide mixtures were analyzed using an on-line EASY-nL-LC 1000 coupled with an Orbitrap Fusion

mass spectrometer. The sample was loaded directly onto a 15-cm home-made capillary column (C18-

AQ, 1.9 mm, Dr. Maisch, 100 mm I.D.) at a flow rate of 300 nl/min. Mobile phase A consisted of 0.1% formic

acid, 2% acetonitrile and 98% H2O and mobile phase B consisted of 0.1% formic acid, 2% H2O and 98%

acetonitrile.

For IP-MS analysis, data were acquired in a data-dependent mode with one full MS1 scan in the Orbitrap

(m/z: 200–1800; resolution: 120 000; AGC target value: 400 000 andmaximal injection time: 50 ms), followed

by MS2 scan in the in the Orbitrap (32% normalized collision energy; resolution: 30 000; AGC target value:

10 000; maximal injection time: 100 ms).

For phosphoproteomic analysis, data were acquired in a data-dependent mode with one full MS1 scan in

the Orbitrap (m/z: 350–1500; resolution: 120 000; AGC target value: 1 000 000 and maximal injection time:

20 ms), followed by MS2 scan in the in the Orbitrap (32% normalized collision energy; resolution: 30 000;

AGC target value: 100 000; maximal injection time: 45 ms).

MS data analysis

MS/MS raw spectra were processed using MaxQuant software (version 1.5.3.30). The human protein

sequence database containing 20410 sequence entries in the Swiss-Prot database downloaded on

October 12, 2018 was used for database search. Trypsin was set as the enzyme, and the maximum missed

cleavage was set to 2. The first-search peptide mass tolerance and main-search peptide tolerance were set

to 20 and 4.5 ppm. The MS/MS match tolerance was set to 0.5 Da for ITMS and 20 ppm for FTMS. A fixed

carbamidomethyl modification of cysteine and variable modifications including oxidation on methionine

and phosphorylation on tyrosine were set. ‘‘Match between runs’’ was applied, and the match time window

was set to within 2 min. The false discovery rate (FDR) was controlled with a decoy database and set to no

more than 1%. For IP-MS analysis, protein hits are required to be at least detected in 3 out of 5 repeat sam-

ples of either BCAR1-Flag WT or Y327F. Undetected MS intensities are set as 500000 for calculation. Pro-

teins with ‘‘ratio BCAR1 WT/Y327F > 5, p value < 0.01’’ or ‘‘ratio BCAR1 WT/Y327F < 0.20, p value < 0.01’’

are categorized in ‘‘UP’’ or ‘‘Down’’ group, respectively. For phosphoproteomic analysis, protein hits are

required to be detected in all 3 S1 repeat samples. Undetected MS intensities are set as 500000 for calcu-

lation. Candidate substrates of CKB and PCr are identified with the cutoff ratios (S1/S2 > 3, S1/S3 > 10, and

S1/S4 > 10).

RNA Preparation and RT-PCR

mRNA levels of RAD51 were measured in: (1) MCF-7 BCAR1 stable KD cells infected with rBCAR1-FlagWT/

Y327F or GFP-Flag lentivirus for 3 days; and (2) MCF-7 CKB stable KD cells (shCKB#1, shCKB#2) and GFP

stable KD cells (shGFP). Cells were cultured with 5 ng/ml TGF-b for 24 h before examination. Total RNA was

extracted using the TRIzol reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s proto-

col. RNA was transcribed into cDNA using the PrimeScript RT master Mix qPCR (Takara, Japan). Real-time

PCR was performed using the TB Green Premix Ex TaqII (Takara, Japan). Gene expression levels were

calculated based on the 2�DDCT relative quantification methods. The primers used in this study are listed

in Table S2.

ChIP-qPCR assay and ChIP Re-ChIP assay

The ChIP-qPCR assay was performed according to the manufacturer’s instructions (CST SimpleChIP) for (1)

MCF-7 BCAR1 stable KD cells infected with rBCAR1-Flag WT/Y327F or GFP-Flag lentivirus for 3 days; (2)

MCF-7 CKB stable KD cells (shCKB#1, shCKB#2) and GFP stable KD cells (shGFP); and (3) MCF-7 RBBP4

stable KD cells (shRBBP4#1, shRBBP4#2) and GFP stable KD cells (shGFP) overexpressing BCAR1-Flag
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WT/Y327F or GFP-Flag. Briefly, after treated with 5 ng/ml TGF-b for 24 h, cells were fixed with 1% formal-

dehyde at room temperature for 10 min and quenched with 13Glycine buffer for 5 min. Then cells were

lysed with cell lysis buffer, and cell nuclei were collected and resuspended in Nuclear Lysis Buffer. Bioruptor

Pico (Diagenode) or Scientz-IID Ultrasonic Cell Crusher were used to shear DNA to 200-1000bp fragments.

RBBP4 antibody, H4K16Ac antibody and Flag antibody were used for ChIP. Enriched DNA fragments from

ChIP samples were eluted with CHIP Elution Buffer and extracted by Qiagen PCR cleanup kit. qPCR was

performed using RAD51 promoter region primers (Table S3).

The ChIP re-ChIP experiments were performed according to the manufacturer’s instructions (CST

SimpleChIP) for 293T cells co-transfected with RBBP4-Myc and BCAR1-Flag WT/Y327F. Briefly, cells were

fixed with 1% formaldehyde at room temperature for 10 min and quenched with 13Glycine buffer for

5 min. Then cells were lysed with cell lysis buffer, and cell nuclei were collected and resuspended in Nuclear

Lysis Buffer. Bioruptor Pico (Diagenode) was used to shear DNA to 200-1000bp fragments. First ChIP was

executed with Myc beads (Bimake). Enriched DNA fragments were eluted with CHIP Elution Buffer for sec-

ond ChIP with Flag beads (Bimake). The final enriched DNA fragments were eluted with CHIP Elution Buffer

and extracted by Qiagen PCR cleanup kit. qPCR was performed using RAD51 andMGMT promoter region

primers (Table S3).

Neutral comet assay

Comet assays were carried out for (1) MCF-7 cells stably overexpressing BCAR1-Flag WT/Y327F/Y327E or

empty vector; (2) MCF-7 BCAR1 stable KD cells infected with rBCAR1-Flag WT/Y327F/Y327E or empty vec-

tor lentivirus for 3 days; (3) MCF-7 CKB stable KD cells (shCKB#1, shCKB#2) and GFP stable KD cells

(shGFP); (4) MCF-7 RBBP4 stable KD cells (shRBBP4#1, shRBBP4#2) and GFP stable KD cells (shGFP);

and (5) MCF-7 CKB or RBBP4 stable KD cells infected with BCAR1-Flag WT/Y327F/Y327E or empty vector

lentivirus for 3 days. After treatment of 20 mMetoposide or DMSO for 4 h, cells were harvested and adjusted

to the density of 107 cells/l. Then cell suspension was mixed with LMAgarose (Trevigen, Gaithersburg, MD)

at the ratio of 1:10 (v/v) at 37�C. 50 mL cell suspension was transferred onto a CometSlide and the slide was

placed at 4�C for 10min. After submerged in Lysis Solution and incubated for 2 h, the slide was subjected to

electrophoresis at 25 V, 30 mA for 30 min. Then the slide was stained with GelRed and analyzed with a fluo-

rescence microscope. Tail moment was determined by OpenComet software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Experimental results were presented as mean GSD. A two-tailed unpaired t test was used for the compar-

ison between two experimental groups. GraphPad Prism (Version 8.0.1) was used for statistical calculations.

For comparisons of multiple groups, One-way ANOVA was used. A log-rank test was performed for survival

analysis.
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