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S I G N A L  T R A N S D U C T I O N

GRB2 enforces homology-directed repair  
initiation by MRE11
Zu Ye1, Shengfeng Xu2, Yin Shi3,4, Albino Bacolla1, Aleem Syed1, Davide Moiani1,  
Chi-Lin Tsai1, Qiang Shen5, Guang Peng6, Paul G. Leonard7, Darin E. Jones8, Bin Wang2,  
John A. Tainer1*, Zamal Ahmed1*

DNA double-strand break (DSB) repair is initiated by MRE11 nuclease for both homology-directed repair (HDR) 
and alternative end joining (Alt-EJ). Here, we found that GRB2, crucial to timely proliferative RAS/MAPK pathway 
activation, unexpectedly forms a biophysically validated GRB2-MRE11 (GM) complex for efficient HDR initiation. 
GRB2-SH2 domain targets the GM complex to phosphorylated H2AX at DSBs. GRB2 K109 ubiquitination by E3 
ubiquitin ligase RBBP6 releases MRE11 promoting HDR. RBBP6 depletion results in prolonged GM complex and 
HDR defects. GRB2 knockout increased MRE11-XRCC1 complex and Alt-EJ. Reconstitution with separation-of-function 
GRB2 mutant caused HDR deficiency and synthetic lethality with PARP inhibitor. Cell and cancer genome analyses 
suggest biomarkers of low GRB2 for noncanonical HDR deficiency and high MRE11 and GRB2 expression for worse 
survival in HDR-proficient patients. These findings establish GRB2’s role in binding, targeting, and releasing MRE11 
to promote efficient HDR over Alt-EJ DSB repair, with implications for genome stability and cancer biology.

INTRODUCTION
Repair of double-strand breaks (DSBs), the most toxic and mutagenic 
form of DNA damage, involves multiple proteins, but the meiotic 
recombination 11 homolog (MRE11) complex with RAD50 adenosine 
triphosphatase (ATPase) and NBS1 phospho-binding protein (MRN) 
complex plays a central initiating and orchestrating role (1, 2). At 
DSBs, the variant histone H2AX, which is inserted within ~2 to 25% of 
nucleosome core particles throughout the genome, is constitutively 
phosphorylated on tyrosine-142 (Y142) by the adenosine triphos-
phate (ATP)–dependent chromatin remodeling complex Williams 
syndrome transcription factor (WSTF) (3). In response to DNA 
damage, serine-139 undergoes phosphorylation (pS139, also known 
as H2AX) on both sides of a DNA DSB by phosphatidylinositol 
3-kinase (PI3K)–related kinases (4), thus providing a critical signal 
and platform for recruitment of DNA damage repair (DDR) proteins 
(5). Early DNA damage signaling is dominated by H2AX dually 
phosphorylated on Y142 and S139 (pH2AX). Yet, around 2 hours 
after DNA damage, a switch to the H2AX state of S139 phosphoryl-
ation is required to complete repair (3). The transcriptional coactivator 
eyes absent (EYA) phosphatase facilitates Y142 dephosphorylation 
(6). MRN is recruited to DSB sites via multiple independent pro-
cesses. Many cell-based assays show that H2AX plays a pivotal 
role in MRN recruitment to chromatin through association of 
NBS1-MDC1-H2AX (7–10). The NBS1 FHA domain interacts with 

phosphorylated mediator of DNA damage checkpoint protein 1 
(MDC1), which, in turn, binds to H2AX, establishing a mode of 
MRN recruitment to DNA damage sites (11, 12). Rad17, through its 
association with NBS1, also indirectly recruits MRE11 to DSBs at an 
early stage, independent of MDC1 (13). Evolutionarily conserved 
complement component 1 Q subcomponent-binding protein (C1QBP) 
interacts with MRE11-RAD50 to form a complex without NBS1, 
stabilizing MRE11 but preventing its DNA binding (14). Thus, 
multiple processes may enrich MRE11 at DSBs, including some 
not involving MRN complex. Overall, these data show that timely 
MRE11 recruitment dictates DSB repair initiation and efficiency as 
critical for cell survival and genome stability (2).

Growth factor receptor–bound protein 2 (GRB2) is a metazoan 
adapter protein essential for receptor tyrosine kinase (RTK)–induced 
RAS/mitogen-activated protein kinase (MAPK) activation (15, 16). 
Functionally, GRB2 acts in early signaling complexes (ESCs): Within 
seconds after RTK activation, a GRB2-SOS complex is recruited by 
the receptor to the membrane for RAS activation (17). GRB2 is so 
essential for RTK-induced RAS activation that GRB2-knockout (KO) 
mice are embryonically lethal due to defective endodermal cell dif-
ferentiation and epiblast formation (18). Although the nuclear 
localization of GRB2 was first reported over 20 years ago (19, 20), 
no function was assigned. Based primarily upon inferential evidence, 
a GRB2-PTEN signaling axis was recently proposed to act in DNA 
repair and genomic stability with possible implications in DDR 
pathways in HeLa and 293T cells (21). Yet, a substantial presence 
and role of GRB2 in the nucleus and its specific molecular and cel-
lular functions remained uncertain. We therefore set out to define 
and test the molecular basis for GRB2 as a bona fide DDR protein, 
including possible nuclear activities, as a foundation for future 
GRB2 research.

Here, investigation of GRB2 in multiple human cells and tissues 
provides comprehensive and systematic evidence of its nuclear 
localization. Whereas we found that GRB2 depletion affects DNA repair, 
our direct measurements found limited correlation between PTEN 
and GRB2 in DNA repair. Instead, our results define a previously 
unidentified nucleoplasmic GRB2-MRE11 (GM) complex as an 
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MRE11 pool possibly distinct from its canonical MRN complex (2). 
Moreover, GRB2 preferentially promotes homology-directed repair 
(HDR) and suppresses alternative end joining (Alt-EJ). Furthermore, 
GRB2-KO was synthetically lethal to the loss of poly(adenosine 
5′-diphosphate–ribose) polymerase (PARP) function, and GRB2- 
mediated MRE11 recruitment to phosphorylated H2AX was indis-
pensable for timely HDR. At DNA damage sites, MRE11 release 
enabling efficient HDR was regulated by GRB2 ubiquitination on 
lysine-109 (K109). Release was controlled by the E3 ubiquitin ligase 
retinoblastoma binding protein 6 (RBBP6), which acts in maintaining 
common fragile site stability (22). Mutant cell lines with GRB2-
KO, reconstitution of GM interaction disrupting GRB2 mutants, 
and RBBP6 depletion showed HDR defects. This GM molecular and 
cellular axis for efficient HDR was further supported by data from 
patients with breast cancer. In our The Cancer Genome Atlas (TCGA) 
analyses, high GRB2 expression showed worse survival only in 
HDR-proficient patients with high MRE11 expression. Provocatively, 
immunohistochemical (IHC) analysis of human normal and breast 
cancer tissues supported correlation between cancer progression 
stage and nuclear GRB2 (nGRB2), where high levels of nGRB2 occur 
in late-stage patients. These findings suggest that GRB2 and MRE11 
coexpression levels merit testing as a prognostic biomarker in 
HDR-proficient patients, paving the way to identify patient groups 
without BRCA mutations who may favorably respond to PARP in-
hibitor (PARPi). Overall, we find an unexpected GRB2 function in 
timely and robust recruitment and ubiquitination-regulated release 
of MRE11 that promotes HDR and suppresses Alt-EJ, suggesting 
that the GM complex acts in maintaining genome integrity.

RESULTS
nGRB2 is poly-ubiquitinated at K109
To robustly test the potential impact of GRB2 nuclear function, we 
tested its localization by performing a systematic IHC analysis on 
representative mouse and human tissues. We found differential GRB2 
nuclear localization with broad tissue type specificity. This observa-
tion supports and extends reports of GRB2 in the nucleus in some 
cells (19, 20). Although ubiquitous in the cytoplasm, nGRB2 was 
highly detected in brain, colon, stomach, and intestine while rarely 
observed in breast, liver, heart, and muscle (Fig. 1, A and B, and 
fig. S1, A and B). Immunofluorescence and cell fractionation analyses 
in representative cancer cell lines also indicated GRB2 presence in 
nuclei (Fig. 1C and fig. S1C). Intriguingly, nGRB2 showed an apparent 
higher–molecular weight pattern stereotypical of ubiquitination.

We therefore used Strep-tagged nGRB2 affinity purification and 
Western blotting. We found a strong correlation in nGRB2 migra-
tion patterns with proteins detected by anti-ubiquitin antibody, 
supporting nGRB2 ubiquitination (Fig. 1D). PhosphoSite database 
analysis revealed 61 independent mass spectrometry (MS) studies 
reporting potential GRB2 ubiquitination on lysine-109 (K109) and 
five reporting ubiquitination on lysine-44 (K44). We therefore 
created lysine-to-arginine K44R and K109R GRB2 mutants and tested 
ubiquitination potential. Only the K109R mutation eliminated nGRB2 
high–molecular weight protein bands (Fig. 1E), supporting K109 as 
the major ubiquitin conjugation site.

To test the function of K109R, we generated CRISPR-Cas9 
GRB2-KO cells (fig. S2, A and B) reconstituted with either WTGRB2 
or K109RGRB2 and measured RAS/MAPK and PI3K activity under 
normal growth conditions and following RTK activation (Fig. 1F and 

fig. S2, C and D). The K109RGRB2 showed ubiquitination loss, but no 
measurable difference in GRB2 dimerization, SOS binding, or cellular 
localization (fig. S2, E and F). Thus, K109RGRB2 had no quantifiable 
effect on cytoplasmic signaling and is empirically a separation-of- 
function mutant for nuclear activity.

RBBP6 ubiquitinates nGRB2 at DNA damage sites
Strep-tagged nGRB2 affinity purification followed by MS identified 
multiple E3 ubiquitin ligases—RING2, RBBP6, and CBLL1—
precipitated with nGRB2 in three independent MS experiments 
(fig. S2G). Knockdown (KD) of each E3 ligase with two different 
short hairpin RNAs (shRNAs), followed by nuclear extraction, affinity 
precipitation, and Western blotting, identified RBBP6 as the E3 
ubiquitin ligase responsible for nGRB2 ubiquitination (Fig. 1G). 
Coimmunoprecipitation further verified the interaction between 
GRB2 and RBBP6 (fig. S2H). Notably, RBBP6 acts in maintenance 
of genome stability and retention of common fragile sites (22), which 
are DNA damage hotspots. Ultraviolet laser micro-irradiation 
(UV-LMI) coupled immunofluorescence analysis showed an obvious 
enrichment of endogenous RBBP6 at the DNA damage site marked 
by H2AX (Fig. 1H). Moreover, nGRB2 also accumulated and colo-
calized with RBBP6 at the DNA break site, where ubiquitination 
most likely occurs (Fig. 1I).

We therefore examined recruitment kinetics by RBBP6-KD and 
UV-LMI. The results showed that RBBP6 does not facilitate GRB2 
recruitment to the DNA damage site (Fig. 1J). Instead, Strep-tagged 
affinity purification and immunoblotting revealed ionizing radiation 
(IR)–induced transient ubiquitination of WTGRB2 that peaked at 
2 hours, but no ubiquitination of K109RGRB2 was detected (Fig. 1K). 
Investigation with the proteasomal inhibitor MG132 indicated that 
IR-induced ubiquitinated GRB2 (ubGRB2) was not degraded by the 
proteasome (fig. S2I). As PSMD14 deubiquitinates GRB2 (23), it is 
likely responsible for GRB2 deubiquitination. Notably, the detection 
of ubGRB2 without DNA damage required long exposure times, which 
can be correlated to the relative intensities of the nonubiquitinated 
25-kDa GRB2.

Collectively, these results show that GRB2 localizes to the cell 
nucleus, and nGRB2 is primarily ubiquitinated at K109. Under normal 
cell growth conditions, there was a steady-state basal level of nGRB2 
ubiquitination, possibly reflecting endogenous DNA damage. Fur-
thermore, E3 ubiquitin ligase RBBP6, which colocalizes with GRB2 
at DNA damage sites, ubiquitinates nGRB2. However, exogenous 
DNA damage stimulated a transient increase in ubGRB2 that was 
largely deubiquitinated later and not degraded.

nGRB2 forms a GM complex
To examine nGRB2 function, we analyzed its nuclear interactome by 
MS. We identified its binding partners acting in the DDR (Fig. 2A 
and fig. S3, A to D). Coimmunoprecipitation confirmed top DDR- 
related proteins MRE11, RPA70 (also called RPA1), and H2AX as 
nGRB2 interactors, supporting the MS data (Fig. 2B). Our immuno-
precipitation coupled with MS did not identify RAD50 or NBS1 as 
coprecipitants. Consistently, GRB2 precipitation and Western blot-
ting also identified MRE11 but not RAD50 or NBS1 (Fig. 2C). We 
further investigated this by NBS1 and RAD50 precipitation followed 
by Western blot analysis and found the MRN complex but little or 
no GRB2 (Fig. 2, D and E). We also performed MRE11 precipita-
tion and found RAD50 and NBS1 in addition to GRB2 (Fig. 2F). 
Provocatively, our data imply that nGRB2-bound MRE11 may be a 
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separate pool of MRE11 from that in MRN complex. In several 
cultured cell lines, RAD50-KD induced a proportional loss of 
NBS1 in cells, but not MRE11 (24–26), suggesting that MRE11 can 
exist separately from MRN.

Because WTGRB2 can be ubiquitinated while K109RGRB2 cannot, 
we investigated the role of GRB2 ubiquitination in MRE11 binding 

and differential protein interaction functions. Strep-tagged WTGRB2 
and K109RGRB2 were affinity-purified from cells treated with or with-
out IR, and the coprecipitants were analyzed by Western blotting. 
IR treatment without a recovery period transiently increased MRE11, 
RPA70, and H2AX association with WTGRB2. In contrast, K109RGRB2 
showed a drastic reduction in MRE11 coprecipitation while retaining 

Fig. 1. nGRB2 is poly-ubiquitinated by RBBP6 at the K109 site. (A) IHC analysis of GRB2 expression in mouse and human tissue samples. Scale bars, 50 m. (B) H-score 
quantification of nGRB2. (C) GRB2 expression patterns by subcellular fractionations. Cytoplasm (C), plasma membrane (M), and nucleus (N). (D) Strep-GRB2 with Strep-tag 
alone (Ctrl) was precipitated from the nuclear extracts of human embryonic kidney (HEK) 293T cells and analyzed with GRB2 or ubiquitin antibodies. (E) Strep-tagged K44R 
or K109R mutant GRB2 was precipitated from the nuclear extracts of HEK293T cells and immunoblotted with anti-GRB2 antibody. (F) Wild-type (WT), GRB2-KO cells, and 
KO cells reconstituted with WTGRB2 or K109RGRB2 were immunoblotted with indicated antibodies. (G) Strep-GRB2 was precipitated from the nuclear extracts of CBLL1-, 
RING2-, or RBBP6-KD HEK293T cells and immunoblotted with indicated antibodies. (H) Micro-irradiated RBBP6-KD HeLa cells were analyzed with the indicated antibodies. 
(I) Micro-irradiated cells analyzed with indicated antibodies. (J) As (H), except with indicated antibodies. (K) HEK293T cells stably expressing either WT or K109R mutant 
GRB2 were exposed to 5-Gy IR (152 s) and then either immediately lysed (t = 0). Following indicated recovery time, precipitated GRB2 from nuclear extracts was immuno-
blotted with anti-GRB2 antibody. All data are representative of three independent experiments. Scale bars, 5 m.
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unaltered H2AX levels (Fig. 2G). Notably, the K109RGRB2 mutant 
did not affect GRB2 dimerization, SOS binding, or MAPK signaling 
(Fig. 1F and fig. S2, C to F).

To test whether ubiquitination is required for GM interaction, we 
performed microscale thermophoresis (MST), an in vitro binding 
assay, by using bacterially expressed and purified proteins (fig. S3E) 
that lack ubiquitination. The binding isotherms revealed that non- 
ubGRB2 interacted with MRE11 with a dissociation constant (Kd) 

of 0.17 ± 0.1 M, while the K109R mutant showed no binding. While 
a lysine-to-arginine mutation maintains the charge, the bulky arginine 
guanidinium destabilized GRB2 interaction with MRE11 indepen-
dent of ubiquitination status (Fig. 2H). This finding uncovered GM 
interface specificity and the expectation that K109 site ubiquitination 
would destabilize the GM interaction (see below). In contrast, the 
K109A mutant, which is ubiquitination defective without steric 
blocking, showed intact MRE11 binding (Fig. 2H).

Fig. 2. Interactions of nGRB2 with DNA damage repair factors. (A) MS identifies DDR protein associated with GRB2. Mean of coverage and unique peptides from three 
independent data sets are shown. (B) Strep-GRB2 precipitated from HEK293T cells followed by immunoblotting with indicated antibodies. (C) Strep-GRB2 expressed 
HEK293T cells treated with or without 5-Gy IR were lysed immediately followed by Strep-Tactin precipitation and immunoblotting with indicated antibodies. (D) HEK293T 
cells were cotransfected with red fluorescent protein (RFP)–GRB2 and green fluorescent protein (GFP)–NBS1 or GFP alone as control, precipitated with GFP-trap beads, 
and immunoblotted with indicated antibodies. (E) HEK293T cells expressing Flag-RAD50 or Flag-Ctrl were cotransfected with RFP-GRB2 for 24 hours. Unperturbed cells 
were immunoprecipitated with Flag-M2 beads and immunoblotted with indicated antibodies. (F) HEK293T cells expressing Flag-MRE11 were cotransfected with Strep-GRB2 
or Strep-Ctrl for 24 hours. Unperturbed or IR-treated (5 Gy) cells were immunoprecipitated with Flag-M2 beads and immunoblotted with indicated antibodies. (G) Strep-Tactin 
precipitation of WT and K109R mutant Strep-GRB2 from HEK293T cells that were unperturbed or IR treated (5 Gy) and lysed, followed by Western blot detection with the 
indicated antibodies. (H) MST isotherms of 100 nM Atto488–labeled WT, K109R, or K109A mutant to titrating concentrations of human MRE11 (residues 1 to 411). All data 
are representative of three independent experiments.
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Non-canonical GRB2 binding interfaces are  
specific for DNA repair proteins
GRB2 consists of an SH2 domain flanked by two SH3 domains special-
izing in protein-protein interactions. To identify individual domains 
responsible for the observed DDR protein binding, we used a gluta-
thione S-transferase (GST)–fused SH domain (Fig. 3A) to precipi-
tate nuclear proteins. The N-terminal SH3 (nSH3) domain engaged 
RPA70, while the SH2 domain precipitated H2AX (Fig. 3B). Multiple 
DDR proteins interact with MRE11, such as the reported direct 
interaction between PCNA and MRE11 (27); we therefore used 
bacterially purified MRE11 for the GST pulldown assay and identified 

the GRB2-SH2 domain as the primary MRE11 interacting domain 
(Fig. 3C). The C-terminal SH3 (cSH3) domain also precipitated MRE11, 
albeit with lower efficiency. nSH3 sequence analyses revealed a con-
served OB1 fold domain binding motif (DFKATADDE) embedded 
within the nSH3 domain as a suitable docking site for RPA70 
(sequence alignment, Fig. 3D). Using MST, we confirmed direct 
binding and a comparable Kd for RPA70 N-terminal OB1 domain 
(RPA70N) with GRB2 and a synthetic peptide corresponding to the 
putative OB1 sequence of GRB2 (Fig. 3D). Furthermore, double 
aspartic acid and phenylalanine mutations of GRB2 to alanine 
(DF/AA) within the GRB2-OB1 binding motif at positions 8 and 

Fig. 3. Identification of GRB2 binding interfaces on MRE11, RPA70, and H2AX. (A) Schematic DDR binding motifs (red circles) on GRB2 within its domain architecture. 
(B) GST-SH domains pulldown of HEK293T cell extracts followed by immunoblotting with indicated antibodies. (C) GST pulldown of bacterially purified human MRE11. 
(D) OB1 fold binding motif sequence alignment (top). MST isotherms of 50 nM Atto488–labeled RPA70 (residues 1 to 120) with titrating concentrations of GRB2 or 
GRB2-derived OB1 peptide. (E) Strep-Tactin precipitation of WT and DF/AA mutant from HEK293T cells that were either untreated (normal) or immediately after IR treated 
(5 Gy) and lysed, followed by Western blot detection with the indicated antibodies. (F) MST-binding isotherms of an Atto488-labeled GRB2-SH2 domain (100 nM) binding 
to synthetic peptides derived from indicated proteins. (G) MST isotherms of K109R binding to synthetic peptides derived from the indicated proteins. (H) Molecular docking 
overlay model showing S88 and S90 movement ~4.7 Å when bound to phosphotyrosine peptide. PDB structures used were as follows: 3wa4, purple; 1gri, green. K109R 
shown modeled (white sticks), which could engage with the loop containing S88 and S90 residues (purple sticks). (I) Docking of pH2AX (red), MRE11 (magenta), and 
pEGFR (blue) peptide into GRB2 SH2 domain pocket (gray). The relative docking orientation of each peptide is shown. Yellow surface marks the K109 position.
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9 drastically reduced RPA70 coprecipitation with GRB2. These data 
support a previously undefined GRB2-RPA70 interaction site in the 
GRB2 nSH3 domain (Fig. 3E).

The GM complex targets phosphorylated histone H2AX
The GRB2-SH2 domain interacts with tyrosine-phosphorylated motifs 
in the context of a pYxNx motif, where asparagine at the +2 posi-
tion provides specificity (28). As our pulldown experiments showed 
the GRB2-SH2 domain precipitated H2AX (Fig. 3B) and phosphoryl-
ated H2AX is a marker for DNA damage (29), we investigated 
whether H2AX forms a GRB2-SH2 domain binding site. Because 
dually S139 and Y142 phosphorylated H2AX (pH2AX) dominates 
early signaling events (3) and GRB2 acts in ESCs, we used a double- 
phosphorylated peptide for MST binding measurements. Our results 
revealed that the pH2AX peptide [PSGGKKATQA(pS)QE(pY)] 
binds the GRB2-SH2 domain with a Kd of 2.8 ± 3.3 M. Notably, this 
Kd resembles canonical endothelial growth factor receptor (EGFR)–
derived phosphopeptide (pEGFR) binding (7.2 ± 2.0 M) (Fig. 3F). 
However, using a H2AX peptide containing single phosphorylation 
at pS139 or pY142 failed to produce a binding isotherm (pS139 
H2AX and pY142 H2AX; Fig. 3F).

SH2 domains are classically known for their affinity for tyrosine 
phosphorylated protein binding, yet GRB2 interacted with unphos-
phorylated MRE11 (Figs. 2H and 3C). Focusing upon GRB2’s binding 
to unstructured flexible regions, we analyzed the human MRE11 
crystal structure [Protein Data Bank (PDB) ID, 3T1I]. We identified 
the WVNYQDGNLN sequence missing in the atomic structure due 
to flexibility (30) and tested whether GRB2-SH2 would bind to the 
corresponding synthetic peptide. In vitro MST binding studies 
confirmed the GRB2-SH2 domain bound WVNYQDGNLN with a 
33 ± 15 M affinity (Fig. 3F), similar to the reported binding Kd for 
GRB2-SOS peptides (31). Peptide binding was weaker than binding 
to fully folded MRE11, suggesting added stabilizing contacts with 
the cSH3 domain, with probable sites being solvent-exposed PxxP 
motifs within residues 323 to 326 and 358 to 361.

As the MRE11 peptide contains a tyrosine, we tested binding of 
a tyrosine-phosphorylated peptide (WVNpYQDGNLN) to both 
full-length GRB2 and the SH2 domain and found that phosphoryl-
ation had limited impact on the peptide’s binding affinity (fig. S4A). 
This suggests that GRB2-SH2 interaction with MRE11 is outside 
the typical SH2 domain phosphotyrosine binding mode. As K109R 
mutation abrogated GM interactions (Fig. 2H), we tested the 
K109RGRB2 binding affinity for MRE11 peptide. Measured binding 
affinity was at least two orders of magnitude weaker. In contrast, 
K109RGRB2 binding to pEGFR and pH2AX peptides was comparable 
to that of WTGRB2 (Fig. 3G).

Structurally, K109R is likely to engage S88 and S90, which would 
obstruct the MRE11 binding groove above K109 predicted by our 
molecular docking (Fig. 3, H and I). Thus, we envisage that ubiquitin 
at K109, like K109RGRB2, would sterically block MRE11 binding. 
Collectively, these data defined individual GRB2 interactions, iden-
tified reciprocal binding interfaces, and determined relative binding 
affinities that establish GRB2 as a nuclear adapter suitable to link 
MRE11 to H2AX and RPA70.

nGRB2 links MRE11 to phosphorylated H2AX-marked DNA 
damage sites
As MRE11 is a key nuclease for HDR initiation (32), we investigated 
whether GRB2 directs green fluorescent protein (GFP)–MRE11 to 

DNA damage sites by using UV-LMI and live-cell imaging. In control 
cells, GFP-MRE11 was recruited to the UV laser damage site within 
1 min (Fig. 4, A and B, and movie S1). However, GFP-MRE11 
recruitment was delayed in GRB2-KO cells, appearing later (after 
4 min) and at much lower levels than in control cells (Fig. 4, A and B, 
and movie S2). Reconstitution of WTGRB2, but not K109RGRB2, re-
stored GFP-MRE11 recruitment kinetics to control levels, indicating 
that GM interaction enables efficient MRE11 recruitment to the 
DNA damage site (KO + GRB2 versus KO + K109R; Fig. 4, A and B, 
and movies S3 and S4). We also tested RPA70 recruitment using 
UV-LMI and found that it mirrored the MRE11 recruitment profile 
(Fig. 4C and movies S5 to S8). Because MRE11 is evidently recruited 
to pH2AX rather than to DSBs per se, we postulate that GRB2 acts 
in both MRE11 and RPA recruitment, as single-stranded DNA is not 
yet generated by MRE11. Notably, reconstitution of WTGRB2, but 
not the MRE11 interaction–defective K109RGRB2, rescued RPA70 
recruitment (Fig. 4C and movies S7 and S8). Furthermore, restoration 
of MRE11 recruitment was sufficient for RPA70 chromatin loading 
independent of GRB2 binding (fig. S4B).

Because UV-LMI was conducted in GFP-MRE11–overexpressed 
cells, we next investigated whether the IR-induced endogenous 
MRE11 recruitment to DNA damage sites on chromatin can reca-
pitulate our UV-damaged live-cell findings. Chromatin fractions of 
IR-treated HeLa cells were prepared and analyzed by Western blotting. 
The results revealed IR-induced transient GRB2 and MRE11 accu-
mulation onto chromatin at the early DDR stage, which coincided 
with H2AX phosphorylation (chromatin fractions; Fig. 4D). Analysis 
of the nucleoplasmic proteins revealed that ubGRB2 was readily de-
tectable 15 min after IR, and ubiquitination reached the maximum 
level at 2 hours before subsiding (soluble nuclear fractions; Fig. 4D). 
Notably, increased MRE11 on chromatin correlated with a measur-
able and proportional decrease in the nucleoplasm (Fig. 4D, second 
panel). However, changes in GRB2 levels were less clear. We therefore 
conducted additional cell fractionations to include cytoplasm and 
plasma membrane. Our results uncovered a measurable redistribution 
of the cytoplasmic GRB2 in response to IR. The observed GRB2 in-
crease on chromatin following IR correlated with a proportional de-
crease in cytoplasmic GRB2 (fig. S4C). Immunoblotting of total cell 
extracts showed no change in overall GRB2 level between control and 
IR-treated samples (fig. S4D), indicating that the observed reduction 
in the cytoplasmic GRB2 was due to a redistribution of proteins.

To further understand the role of GRB2 in MRE11 chromatin 
loading, we directly compared HDR-related protein loading on chro-
matin between control and GRB2-KO HeLa cells. In control cells, 
time-dependent accumulation of MRE11 and GRB2 onto chromatin 
was induced by IR. However, in GRB2-KO cells, IR-induced MRE11 
recruitment to chromatin was abrogated (GRB2-KO left column; 
Fig. 4E). The chromatin loading of DNA damage marker H2AX 
and the other MRN complex components NBS1 and RAD50 were 
unaffected by GRB2 loss. In agreement with our UV-LMI, RPA70 
chromatin recruitment was delayed in GRB2-KO cells (RPA70; Fig. 4E). 
Thus, GRB2 plays an indispensable role in timely IR-induced 
MRE11 recruitment to the DNA damage site. Because the K109R 
mutant cannot bind to MRE11 but retains H2AX binding capacity 
(Fig. 3G), we directly compared the effect of this mutation in 
MRE11 recruitment. In a reconstitution experiment, the WTGRB2 
(KO + GRB2), but not K109RGRB2 mutant (KO + K109R), rescued 
MRE11 recruitment to the chromatin (Fig. 4E, middle column). 
The K109AGRB2 mutant, which is MRE11-binding proficient but 
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ubiquitination-defective, rescued MRE11 chromatin recruitment 
in a manner parallel to the WTGRB2 (Fig. 4E, right column, and see 
below). Thus, formation of GM complex is vital for efficient MRE11 
loading onto chromatin. These results are consistent with the cellular 

pulldown experiments (Fig. 2, C to F) showing an exclusive GM com-
plex, the observed MRE11 nonbinding to K109RGRB2 (Fig. 2, G and H), 
and the failure to recruit MRE11 to the UV-LMI site in GRB2-KO 
and K109R reconstituted cells (Fig. 4, A and B).

Fig. 4. GRB2 recruits MRE11 to the DNA damage sites. (A) GFP-MRE11 was transfected into the indicated stable cells, followed by UV-LMI imaging. Scale bars, 10 m. 
(B) GFP-MRE11 track intensity values from 20 cells at every 30 s were quantified with ImageJ, and normalized average intensities are shown with the SD. (C) Kinetics of 
GFP-RPA70 recruitment to micro-irradiated regions in HeLa cells. GFP-RPA70 was transfected into the indicated stable cells, followed by UV-LMI imaging. Track intensities 
were calculated as described in (B). (D) HeLa cells exposed to 5-Gy IR (152 s) were either immediately lysed (0 min) or allowed to recover for the indicated time. The chromatin 
fractions and the soluble nuclear fractions were analyzed with indicated antibodies. (E) Cells were either untreated (UT) or irradiated with 5-Gy IR (152 s) and then lysed 
immediately (0 min) or allowed to recover for the indicated time. Chromatin fractions were analyzed by Western blot with the indicated antibodies (left). Comparison of 
GRB2-KO HeLa cells reconstituted with either WT (KO + GRB2) or K109R (KO + K109R) mutant (middle). Comparison of GRB2-KO HeLa cells reconstituted with either WT 
(KO + GRB2) or K109A (KO + K109A) mutant (right).
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We also investigated IR-induced endogenous MRE11 foci for-
mation along with RPA70, NBS1, RAD51, CtIP, and 5-bromo-2′- 
deoxyuridine (BrdU) between the control groups and GRB2-KO cells. 
Cells were either untreated (normal) or IR treated and allowed to 
recover for 120 min (post-IR) before collection (fig. S3E). Under 
normal conditions, all tested proteins formed a limited number of 
foci, but no significant difference between the wild-type (WT) and 
KO cells was observed. However, following IR treatment, the number 
of DNA damage foci detected per cell increased in both groups. 
Quantification analysis of foci-positive cells revealed a measurable 
reduction in MRE11, NBS1, BrdU, RPA70, and RAD51 foci forma-
tion in GRB2-KO cells. However, no difference of CtIP foci forma-
tion was observed in these two cell groups (fig. S4E, histograms). 
Thus, our data support the idea that defective MRE11 recruitment 
impedes efficient resection and subsequent single-stranded DNA 
accumulation at damage sites in GRB2-KO cells.

Phosphorylated H2AX is a docking site for GRB2
Having measured high-affinity interaction between the GRB2-SH2 
domain and pH2AX (Fig. 3F), we therefore tested the requirement 
of H2AX for GRB2-mediated MRE11 recruitment onto chromatin. 
UV-LMI of H2AX-KO mouse embryonic fibroblasts (MEFs) with 
matched controls (WT) showed that H2AX-KO MEF cells were defec-
tive in MRE11 recruitment to the DNA damage site (Fig. 5, A and B, 
and movies S9 and S10). Furthermore, we performed comparative 
chromatin fractionation time course experiments that showed a 
time-dependent incremental increase in IR-induced GRB2 on chro-
matin mirrored by MRE11 and H2AX phosphorylation in control cells 
(Fig. 5C, control lanes). These data correlate with the observed pat-
tern of IR-induced GRB2 accumulation on chromatin in HeLa cells 
(Fig. 4E). However, in H2AX-KO MEFs, IR-induced GRB2 enrich-
ment was severely compromised at all tested time periods (Fig. 5C, 
H2AX KO lanes). The MRN complex recruitment was also measur-
ably decreased in H2AX-KO MEFs. Reconstitution of the WT 
H2AX (KO + WT) restored GRB2 and MRN recruitment patterns 
similar to the control. However, reconstitution of S139A or Y142F 
H2AX mutant only partially rescued IR-induced GRB2 and MRE11 
accumulation on chromatin. NBS1 recruitment was abrogated in 
S139A but not in Y142F reconstituted cells (Fig. 5D). Thus, our 
collective data demonstrate that H2AX is required for GM complex 
recruitment following DNA damage and that dual phosphorylation of 
H2AX on S139 and Y142 is important for efficient GRB2 docking.

nGRB2 promotes DDR
We found that GRB2 links MRE11 to pH2AX through direct inter-
actions (Fig. 3). UV-LMI treatment of live HeLa cells followed by 
indirect immunofluorescence revealed enrichment of endogenous 
GRB2 together with H2AX at laser-induced damage sites (Fig. 1J). 
We therefore investigated the consequence of low intracellular GRB2 
by focusing on the spatiotemporal regulation of DNA damage foci. 
Using H2AX as a marker, control and GRB2-KD cells were treated 
with IR, and foci longevity was compared. At 2 hours after IR, no 
measurable difference was observed between control and GRB2-KD 
cells. However, H2AX foci in GRB2-KD cells persisted at 8 hours 
after IR exposure (fig. S5, A to E), suggesting that reduced intracel-
lular GRB2 was sufficient to delay DNA repair.

To further investigate this delay, we used the MRE11 nonbinding 
K109RGRB2. GRB2-KO (KO) cells reconstituted with either WTGRB2 
(KO + GRB2) or K109RGRB2 (KO + K109R), together with control 

cells (WT), were treated with IR and allowed to recover for designated 
times. GRB2-KO cells mirrored GRB2-KD results. Reconstitution 
of WTGRB2 restored cells to the control H2AX foci phenotype. 
However, K109RGRB2 reconstitution failed to rescue the GRB2-KO 
phenotype (Fig. 5E), suggesting that GRB2-mediated MRE11 recruit-
ment is indispensable for a timely DNA repair process. We there-
fore tested the consequence of this delayed repair on fragmented 
genomic DNA. A comet assay showed substantial unrepaired dam-
aged DNA in IR-treated GRB2-KD cells, as seen by a longer DNA 
tail moment compared with controls (fig. S5, F and G), consistent 
with the observed prolonged H2AX foci in GRB2-KD and GRB2-KO 
cells (fig. S5, B to E). Thus, the collective data indicate that timely and 
robust completion of DSB repair by HDR requires GM interactions.

To further test the functional significance of reduced GM com-
plex formation and consequent prolonged DNA repair, we performed 
clonogenic cell survival assays. GRB2-KD or GRB2-KO cells exposed 
to IR showed a drastic reduction in colony survival (Fig. 5F and fig. S5, 
H to J). Clonogenic assays also linked delayed repair to reduced cell 
survival in K109RGRB2 reconstituted cells following IR treatment 
(Fig. 5F). These results showed that nGRB2 improves DNA repair 
efficiency and that nGRB2 deficiency reduces overall cell viability. 
Notably, the finding that the K109R mutant, which has intact canon-
ical cytoplasmic functions, failed to rescue GRB2-KO cell survival 
establishes the biological importance of nGRB2 for genome stability 
affecting survival.

GRB2 promotes HDR while suppressing Alt-EJ
To further test nGRB2’s role in cellular DNA repair and its impor-
tance for HDR in particular, we performed I-SceI–based assays for 
all major DSB repair processes (33). GRB2-KO in DR-GFP U2OS 
cells were generated and then reconstituted with either WTGRB2 or 
K109RGRB2, followed by a comparison of repair efficiency between 
the four cell lines (fig. S6A). GRB2-KO had an immediate effect on 
all tested repair processes. We used the K109R reconstitution mutant 
to separate the GRB2’s DNA repair–related function from the loss 
of RAS/MAPK signaling. Notably, a significant reduction in HDR 
occurred in GRB2-KO cells, which was rescued by WTGRB2 but not 
K109RGRB2 (Fig. 6A and fig. S6B). The observed HDR reduction 
coincided with an increase in alternative nonhomologous EJ (NHEJ; 
Alt-EJ) (34). This increase is reduced by either WTGRB2 or K109RGRB2 
(Fig. 6B and fig. S6C), suggesting that the GM complex is channeled 
toward HDR, whereas GRB2-free MRE11 is shunted toward Alt-EJ 
by interactions with XRCC1. MRE11 complex with XRCC1 and 
polymerase theta (also known as POLQ) is important for the initia-
tion of Alt-EJ repair at breaks and forks (35, 36). We therefore 
immunoprecipitated POLQ and detected MRE11 and XRCC1 but 
not GRB2 in the complex (Fig. 6C). We then directly tested the na-
ture of the XRCC1/MRE11 complex in control, GRB2-KO, and KO 
cells either reconstituted with WTGRB2 (KO + GRB2) or K109RGRB2 
mutant. The results revealed that lack of GRB2 expression in GRB2-
KO cells promoted XRCC1/MRE11 complex formation, which was 
reduced by reconstitution of WTGRB2 (Fig. 6D). Unexpectedly, 
K109RGRB2, which does not bind MRE11, also partially suppressed 
the XRCC1/MRE11 complex, in agreement with the Alt-EJ sup-
pression measured by I-SceI–based assay (Fig. 6, B and D). How 
K109R suppresses the XRCC1/MRE11 complex requires further 
investigation. Nonetheless, the data provide insight into how GRB2 
can promote molecular complexes and dictate pathway choices 
and outcomes.
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GRB2-KO cells also showed reduced single-stranded annealing 
(SSA) and NHEJ repair. Like Alt-EJ, reconstitution with either WTGRB2 
or K109RGRB2 was sufficient to restore NHEJ; yet, the mutant only par-
tially rescued SSA (Fig. 6, E and F, and fig. S6, D and E). Our data suggest 
that the GM complex preferentially promotes HDR and that GRB2- 
deficient cells are HDR deficient. To further test whether GRB2 and 
MRE11 are part of the same repair axis, we performed an HDR repair 
assay in MRE11-KD cells with or without GRB2 using two different 

shRNAs (Fig. 7A). MRE11-KD showed a drastic reduction in GFP- 
positive cells, indicating HDR repair deficiencies matching those seen 
with GRB2-KO cells (Fig. 7B and fig. S6F). MRE11-KD in a GRB2-KO 
background showed no further reduction in HDR repair efficiency, 
suggesting that both proteins function in the same repair pathway and 
a reduction in either one is sufficient to significantly impair HDR.

Recently, GRB2 was suggested to induce PTEN nuclear translo-
cation to suppress micronucleus formation (21). To test whether 

Fig. 5. pH2AX creates a platform for GM complex recruitment. (A) Representative images of live-cell GFP-MRE11 recruitment in WT and H2AX-KO MEFs. Scale bars, 10 m. 
(B) GFP-MRE11 track intensity values from 20 cells at every 30 s were quantified, and normalized average intensities are shown with SDs. (C) WT and H2AX-KO MEFs were 
either untreated (UT) or irradiated with 5-Gy IR (152 s) and then lysed immediately (0 min) or allowed to recover for the indicated time. Chromatin and soluble nuclear 
fractions were analyzed by Western blotting with indicated antibodies. (D) H2AX-KO MEF cells reconstituted with either WT-H2AX or S139A and Y142F mutant were treated 
as above, and the chromatin fractions were analyzed by Western blotting with the indicated antibodies. (E) Quantitative analysis of H2AX foci from GRB2-KO HeLa and 
KO cells stably reconstituted with WT or K109R mutant GRB2, treated with 5-Gy IR, and then fixed at the indicated times. The numbers of H2AX foci were counted and 
represented. (F) Colony survival assay of WT HeLa cells, GRB2-KO cells, and stable GRB2-KO cells reconstituted with WT or K109R mutant, cultured for 10 days after exposure 
to IR (1 Gy). The significance was analyzed by two-sided Student’s t test. ***P ≤ 0.001 and ****P ≤ 0.0001; NS, not significant.
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this proposal is related to our data, we knocked down PTEN (PTEN-KD) 
in control and GRB2-KO U2OS cells (fig. S6G) and tested HDR re-
pair. Unlike GRB2-KO, which showed a staggering 80% reduction 
in HDR repair, PTEN-KD had a modest 20% decease. Notably, KO 
of GRB2 in PTEN-KD cells induced further suppression of HDR 
(Fig. 7C and fig. S6H), suggesting that PTEN is not required for the 
GRB2-mediated HDR, and they are not in the same repair axis. We 
reason that the observed 20% reduction in HDR in PTEN-KD cells 
could reflect defective global phosphoinositide 3-kinase signaling 
or the previous observation that nuclear PTEN regulates RAD51 
expression (37).

Combined GRB2 and PARP defects are synthetically lethal
As HDR deficiency causes synthetic lethality with PARPis (38) and 
GRB2-KO cells are HDR defective (Fig. 6A), we reasoned that if 
GRB2 plays a key role in HDR, then GRB2-KO cells would be PARPi 
sensitive. Therefore, we compared PARPi olaparib sensitivity be-
tween control and GRB2-KO cells, along with GRB2-KO cells re-
constituted with either WTGRB2 or K109RGRB2. Sulforhodamine B 
assays revealed that GRB2-KO cells were seven times more sensitive 
to olaparib treatment [half maximal inhibitory concentration (IC50), 
18 ± 2.9 M] than WT control cells (IC50, 124 ± 41 M). Moreover, 
reconstitution of WTGRB2 (IC50, 164 ± 47 M), but not K109RGRB2 
(IC50, 20 ± 3 M), caused desensitization (Fig. 7D). In addition, 
in clonogenic survival assays, only the GRB2-KO and K109RGRB2 

reconstituted cells showed a severe reduction in colony formation 
in response to low-dose olaparib treatment (Fig. 7E and fig. S6I). 
UV-LMI experiments demonstrated that PARP1 recruitment to 
DNA damage sites was unaffected by GRB2 expression levels (fig. S7, 
A and B, and movies S11 to S14). Annexin V/propidium iodide (PI) 
staining followed by fluorescence-activated cell sorting (FACS) 
analysis showed olaparib-induced apoptosis in 20% of the control 
(WT) cells, increasing to a notable 60% in GRB2-KO cells, and re-
constitution of K109RGRB2 failed to rescue the phenotype (Fig. 7F 
and fig. S7C). These results correlated with the measured PARP, 
caspase-3, and caspase-7 cleavage in GRB2-KO and K109RGRB2 re-
constituted cells (fig. S7D). Thus, GRB2-KO is synthetically lethal 
with loss of PARP function, confirming GRB2’s critical role in HDR.

The GM axis correlates with cancer progression and survival
We analyzed TCGA database to investigate whether a functional 
GM axis can be discerned in the clinical setting and if the efficiency 
of GM-complex formation can translate into cancer patient outcome. 
We found that GRB2 expression was up-regulated in about half of 
the tumor types (Fig. 8A). As described earlier, in normal breast 
tissues, nGRB2 expression was very low (Fig. 1B), and up-regulation 
therefore is an indication of malignancy. We further investigated 
nGRB2 expression with IHC using a human breast cancer tissue 
array containing clinical tumor samples at different stages (Fig. 8B). 
Analysis of 100 patient and 10 normal breast tissue samples revealed 

Fig. 6. GRB2 KO suppresses HDR. (A) DR-GFP reporter assay for control (WT), GRB2-KO (KO), and indicated reconstituted U2OS cells. The percentage of GFP-positive cells 
was determined by fluorescence-activated cell sorting (FACS) 72 hours after transfection. Normalized data are shown. (B) Normalized data showing a measurable increase 
in Alt-EJ in GRB2-KO cells. The up-regulation was suppressed with either WT GRB2 or K109R mutant reconstitution. (C) HEK293T cells overexpressing Flag-tagged POLQ 
was immunoprecipitated immediately after 5-Gy IR treatment or without treatment and immunoblotted with indicated antibodies. (D) Parental control (WT), GRB2-KO 
(KO), WTGRB2 (KO + GRB2), and K109RGRB2 (KO + K109R) reconstituted HEK293T cells were transfected with Flag-tagged XRCC1. After 24 hours, XRCC1 was immunoprecipitated 
and the resulting coimmunoprecipitants were analyzed by Western blotting with indicated antibodies. -Actin was used as a loading control. (E) Normalized data showing 
a significant reduction in NHEJ in GRB2-KO cells that was rescued by reconstitution of either WT GRB2 or K109R mutant. (F) Normalized data showing GRB2-KO and recon-
stituted cells for single-stranded annealing (SSA) repair. The K109R mutant only partially rescued the GRB2-KO phenotype. The significance was analyzed by two-sided 
Student’s t test. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001, and ****P ≤ 0.0001; NS, not significant.
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a correlation between protein expression and nuclear localization 
with disease progression. In late-stage diseases, more GRB2 expres-
sion and nuclear localization were observed compared to early stages 
or normal tissue (Fig. 8C). This incremental increase of GRB2 
expression/nuclear localization suggests a potential predictive bio-
marker for tracking breast cancer progression.

In breast cancer patients, where GRB2 was most up-regulated 
relative to matched controls, co–up-regulation of MRE11 with GRB2 
was associated with worse clinical outcome (fig. S8, A and B). This 
poor prognosis was dependent on patients’ HDR status. When 
breast cancer patients were stratified as HDR proficient and HDR 
deficient based on their signature 3 mutations (Fig. 8D), a pattern 
of single-base substitution mutations strongly associated with 
BRCAness (39), only patients with no signature 3 mutations (HDR- 
proficient) combined with high MRE11 and high GRB2 expression 
exhibited increased risk. By contrast, survival was not affected in 
HDR-defective patients (signature 3 positive) with high MRE11 and 
high GRB2 (Fig. 8, E and F). Thus, in this context, GRB2 expression 
alone does not confer poor outcome, unless it is correlated with 
MRE11 expression and HDR status. These data imply that up-regulated 
GRB2 expression acting with MRE11 on the DDR specifically affects 
survival of breast cancer patients. Likewise, survival was independent 
of HDR status in high GRB2– and low GRB2–expressing patients 
when either MRE11 expression was low (fig. S8, C and D) or when 
patients were not stratified according to MRE11 expression (fig. S8, 

E and F). The collective experimental and bioinformatics data imply 
that MRE11 and GRB2 are partners in the DDR in cancer, where 
cells with fully operational HDR may use the GM complex pathway 
to recover from oncogenic replication stress and DSBs, providing 
benefit to tumor growth at the expense of patients’ lives. These 
observations reinforce our molecular findings and suggest that dis-
ruption of the GM repair axis may be therapeutically beneficial to 
the subpopulation of HDR-proficient breast cancer patients with 
co–up-regulated GRB2 and MRE11.

GRB2 is a key regulator of MRE11 recruitment and  
release for HDR function
GRB2 chromatin recruitment begins immediately following IR and 
peaks at 15 to 30 min (Fig. 4, D, left, and E). Ubiquitination of 
GRB2, on the other hand, was first detected in the nucleoplasm of 
cells at 15 min and reached maxima at 120 min (Fig. 4D, right). 
Furthermore, IR-induced increase in nGRB2 correlated with an ap-
parent proportional decrease of GRB2 in the cytoplasm (fig. S4C). 
These data indicate a dynamic temporal regulation of GRB2 con-
centration across cellular compartments and the disruption of GM 
interaction by ubiquitination of GRB2. We therefore tested the effect 
of GRB2 ubiquitination on MRE11 interaction by co-complex analysis. 
Strep-tagged GRB2 precipitations were performed in cells treated 
with IR (time “0”) and then recovered for 2, 4, or 8 hours, and 
MRE11 coprecipitation was monitored by Western blotting. The 

Fig. 7. GRB2 KO sensitizes cells to PARPi. (A) MRE11 depletion levels with two different shRNA (KD1 and KD2) in U2OS cells with normal level of GRB2 (Ctrl) and GRB2-KO. 
(B) DR-GFP reporter assay in MRE11-KD control (Ctrl) and GRB2-KO U2OS cells. (C) DR-GFP reporter assay in PTEN-KD and/or GRB2-KO U2OS cells. (D) Sulforhodamine B 
assay of olaparib-induced cytotoxicity in control HeLa cells, GRB2-KO cells, and GRB2-KO cells reconstituted with WT or K109R mutant GRB2. IC50 values are shown. 
(E) Clonogenic assay evaluating the effect of a PARPi on colony formation of HeLa cells. Cells were treated with the indicated concentrations of the PARPi olaparib and 
cultured for 10 days, and then the resulting colonies were visualized with crystal violet staining and counted by GelCount instrument. Parental control (WT), GRB2-KO 
(KO), WTGRB2 (KO + GRB2), and K109RGRB2 (KO + K109R) reconstituted HeLa cells. (F) Bar graph representing annexin V/propidium iodide (PI) combined labeling and flow 
cytometry analysis of olaparib-treated control (WT), GRB2-KO, reconstituted WTGRB2 (KO + GRB2), and K109R mutant (KO + K109R) HeLa cells. Cells were treated with 
either dimethyl sulfoxide (DMSO) or 50 M olaparib for 72 hours. All data are representative of three independent experiments. The significance was analyzed by two-sided 
Student’s t test. *P ≤ 0.05, **P ≤ 0.01, and ***P ≤ 0.001; NS, not significant.
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Fig. 8. GRB2 expression affects survival upon high expression of MRE11 in an HDR-proficient cohort. (A) GRB2 expression in TCGA tumors and matched normal 
tissues. Log P values were from Wilcoxon tests, with greater values indicating stronger differences; GRB2 expression was higher in tumors than in matched controls in 
BRCA, KIRP, HNSC, LIHC, ESCA, THCA, and UCEC (red) but lower in tumor than in controls in LUAD, LUSC, KICH, and COAD (blue). Datasets with >10 normal samples were 
included. Box plots display the interquartile range (IQR) from Q1 to Q3 (25 to 75% percentiles), median (center line), whiskers extending to the minimum (Q1 − 1.5*IQR) 
and maximum (Q3 + 1.5*IQR), and outliers (dots). (B) GRB2 expression in breast tumor tissue array. Scale bars, 50 m. (C) H-score quantification of nGRB2 IHC staining for 
100 BRCA and 10 normal tissue samples. The significance was analyzed by two-sided Student’s t test. *P ≤ 0.05 and ****P ≤ 0.0001. (D) Schematic diagram of BRCA patient 
stratification according to MRE11 expression and signature 3. (E and F) Kaplan-Meier survival curves and hazard ratios (HR) for TCGA breast cancer patients with high 
(above mean) MRE11 expression scored positive [n = 285; Sig3+ (E)] or negative [n = 226; Sig3− (F)] for signature 3 mutations and low (at or below mean) or high (above 
mean) GRB2 expression; P values from log-rank tests. CI, confidence interval.
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results revealed that at the height of GRB2 ubiquitination at 2 hours 
after IR (Figs. 1K and 4D and fig. S4C), the GM complex was 
drastically reduced (Fig. 9A). At 4 and 8 hours after IR, when the 
level of ubGRB2 was decreasing, the GM complex began to recover. 
Thus, ubGRB2 releases MRE11 and non-ubGRB2 promotes GM 
complex formation.

To further test the role of ubiquitination in GM interaction, we 
knocked down RBBP6 (RBBP6-KD) from cells and performed the 
same strep-GRB2 coimmunoprecipitation study. In WT cells, fol-
lowing IR, the GM complex decreased incrementally over time to its 
lowest level at 2 hours after IR. In RBBP6-KD cells, on the other 
hand, the GM complex persisted for an extended period of time and 
was readily detectable at 1 and 2 hours after IR (Fig. 9B, upper two 
panels; MRE11 levels indicated by *). RBBP6 depletion caused no 
change in IR-induced GRB2, MRE11, and other HDR protein re-
cruitment to chromatin (fig. S9). Additional coprecipitation experi-
ments with ubiquitination-defective K109AGRB2 mutant revealed that 
lack of ubiquitination maintained the GM complex at 2 hours after 
IR treatment (Fig. 9C).

In the absence of RBBP6 ubiquitin ligase, GRB2 ubiquitination 
was abrogated (Fig. 1G), resulting in lingering GM complexes 
(Fig. 9B). We investigated the consequence of the prolonged GM 
complexes in DSB repair using I-SceI–based assays for HDR (33) in 
RBBP6-KD cells. The results from two different RBBP6 shRNA KDs 
(KD1 and KD2) revealed significant HDR reduction (Fig. 9D). To 
further test whether the observed HDR reduction in RBBP6-KD cells 
was due to GRB2 ubiquitination defects, we used the K109AGRB2 mutant 
reconstituted GRB2-KO cells to measure HDR efficiency. Consistent 
with the RBBP6-KD results, K109AGRB2 failed to rescue the HDR 
defect caused by GRB2-KO (Fig. 9E), suggesting that ubiquitination- 
mediated MRE11 release at DSBs is important for error-free HDR 
repair. Collectively, these data revealed a pool of MRE11 in the 
nucleoplasm bound to GRB2 (the GM complex), which appear to 
be separate from MRE11 in the canonical MRN complex (2). Im-
mediately following DNA damage, GRB2 efficiently recruits MRE11 
to pH2AX-marked DNA damage sites, where MRE11 is released for 
HDR by ubiquitination of GRB2 at K109 by RBBP6, whereas 
deubiquitination re-enables the GM complex formation (Fig. 9F).

Fig. 9. Ubiquitinated GRB2 releases MRE11 at the DSB sites. (A) HEK293T cells expressing Strep-GRB2 were treated with 5-Gy IR, lysed immediately (0), or allowed to 
recover for the designated time. Strep-tagged GRB2 was precipitated and immunoblotted with MRE11 antibody. Input controls are shown in the bottom three panels. 
(B) Control or RBBP6-KD1 HEK293T cells overexpressing Strep-GRB2 were treated with 5-Gy IR, lysed immediately, or allowed to recover for the designated time. Strep-GRB2 
was precipitated from total extract and immunoblotted with indicated antibodies along with input controls. (C) Strep-tagged WTGRB2 or K109AGRB2 mutant precipitated 
from 5-Gy IR–treated (0) or post-recovery (2 hours) and analyzed with indicated antibodies. (D) DR-GFP reporter assay for control (Ctrl) and two RBBP6-KD U2OS cells. 
(E) DR-GFP reporter assay for control, GRB2-KO (KO), and K109A reconstituted (KO + K109A) U2OS cells. The significance was analyzed by two-sided Student’s t test. 
**P ≤ 0.01 and ***P ≤ 0.001. (F) Schematic proposed model depicting the role of GRB2 in the DSB repair. IR creates DSBs and phosphorylation of H2AX, which serves as a 
docking site for the recruitment of the GM complex. Ubiquitination of GRB2 at K109 by RBBP6 releases GRB2 from MRE11, while deubiquitination of GRB2 possibly by 
PSMD14 enables GM reassociation.
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DISCUSSION
DNA repair and genome fidelity critically depend on timely recruit-
ment and regulated release or handoffs of damage excision enzymes, 
as initially shown for APE1 in base excision repair (BER) (40). For 
DSBs, our collective findings unveil GRB2 adapter complex for 
recruitment and release of MRE11 for efficient HDR. GRB2’s cyto-
plasmic role in proliferative RAS/MAPK/ERK (extracellular signal–
regulated kinase) kinase pathway activation is thus unexpectedly 
complemented by a nuclear role in targeting MRE11 for DSB repair, 
as logically associated with replication and proliferative stress. The 
GRB2-SH2 domain binds MRE11 through a unique binding interface 
tailored to GRB2 DDR function. As RPA70 binds to a conserved 
OB1 fold in the nSH3 domain of GRB2, which occurs in many DNA 
repair proteins [e.g., BRCA2, BLM-complex proteins, and ligase-1 
(41)], further studies may test and uncover GRB2 as an adapter for 
recruitment of other DNA repair proteins. Currently, GRB2 targeting 
of MRE11 and RPA to H2AX for efficient HDR has apparent analogies 
to recruitment of NEIL1 glycosylase to oxidation-susceptible open 
chromatin sites for efficient BER, as revealed by the notable corre-
spondence between NEIL1 occupancy and mutation rates along the 
genome (42).

GRB2-KO cells show an immediate measurable downregulation 
of DSB repair activities except for Alt-EJ. This could partly reflect 
loss of RAS/MAPK signaling in GRB2-KO cells, but reconstitution 
with separation-of-function GRB2 mutant suggests otherwise. Also, 
we found that the adapter protein XRCC1, which forms a repair com-
plex with MRE11 and POLQ that supports Alt-EJ activity (35, 36), 
is up-regulated in GRB2-depleted cells. Thus, the interplay between 
nuclear and cytosolic GRB2 redistribution and of GRB2-MRE11 
promotion of HDR versus XRCC1-MRE11 enabling Alt-EJ merit 
future investigation. Notably, K109RGRB2 retains all cytoplasmic GRB2 
functions, but it cannot bind to and recruit MRE11 to the DNA 
damage site. In GRB2-KO cells, elevated Alt-EJ is returned to normal 
levels, and NHEJ down-regulation is fully rescued by K109RGRB2 re-
constitution. K109RGRB2 partially rescues SSA. As EXO1 can poten-
tially substitute for MRE11  in DSB repair, EXO1 may enable 
resection for SSA (43, 44). K109RGRB2, which is defective in MRE11 
binding, and K109AGRB2, which is defective in MRE11 release, both 
failed to rescue HDR, highlighting the role of GM complex recruit-
ment and release for HDR.

In summary, GRB2 nuclear functions revealed here provide 
mechanistic insight into MRE11 recruitment to DSB sites with 
functional consequences for HDR and human cancer. Our TCGA 
database analysis showed that GRB2 affects survival of patients with 
both HDR proficiency and high MRE11 expression. Furthermore 
BRCA-proficient patients with high MRE11 and low GRB2 are a 
noncanonical HDR-deficient group with cancer progression vulner-
ability. Both GRB2-KD and GRB2-KO cells are HDR deficient, which 
causes synthetic lethality to PARPi-treated cells. Overall, our results 
unveil GRB2’s key role in DDR for efficiently recruiting and releasing 
MRE11 to initiate HDR rather than Alt-EJ with implications for 
cancer biology and for targeting synthetic lethality in precision 
medicine anticancer efforts.

MATERIALS AND METHODS
Reagents
Antibodies against p-ERK1/2 (4370S), ERK1/2 (4695S), p-Akt (S473) 
(4060S), Akt (4685S), ubiquitin (3936S), ubiquitin (3933S), cleaved 

PARP (Asp214) (5625S), cleaved caspase-3 (Asp175) (9664S), cleaved 
caspase-7 (Asp198) (8438S), MRE11 (4847S), RPA70 (2267S), H2AX 
(7631S), p-H2AX (S139) (20E3) (9718S), RAD50 (3427S), 
NBS1(14956S), XRCC1 (2735S), histone H3 (4499S), and -actin 
(3700S) were ordered from Cell Signaling. Antibodies against GRB2 
(C-23) (sc-255), glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (sc-47724), E-cadherin (sc-21791), lamin A (sc-71481), 
CBLL1 (sc-517157), RING2 (sc-101109), RBBP6 (M56) (sc-9962), 
GST (sc-138), GFP (sc-9996), and SOS1 (sc-10803) were purchased 
from Santa Cruz Biotechnology. Antibodies against H2AX (S139) 
(05-636) and p-H2AX (Y142) (07-1590) were ordered from 
MilliporeSigma. Antibodies against MRE11 (ab214), NBS1 (ab181729), 
and RAD50 (ab124682) were purchased from Abcam. Antibodies 
against Strep-tag (A00626), red fluorescent protein (RFP)–tag 
(A00682), and Flag-tag (A00187) were ordered from GenScript. 
Antibody against Rad51 (GTX100469) was from GeneTex. Antibody 
against CtIP (61141) was from Active Motif. Antibody against 
BrdU (347580) was from BD Biosciences, and antibody against 
RBBP6 (NBP1-49535) was from Novus Biologicals. CBLL1 shRNA1 
(V2LHS_157953), CBLL1 shRNA2 (V3LHS_319113), RING2 shRNA1 
(V2LHS_188269), RING2 shRNA2 (V3LHS_640474), RBBP6 
shRNA1 (V2LHS_255063), RBBP6 shRNA2 (V3LHS_353550), 
MRE11 shRNA1 (V2LHS_202468), MRE11 shRNA2 (V2LHS_202464), 
PTEN shRNA1 (V2LHS_231477), PTEN shRNA2 (V2LHS_192536), and 
GRB2 shRNA (V2LHS_137365) were ordered from Dharmacon. 
Flag-MRE11, Flag-RAD50, and Flag-H2AX plasmids were purchased 
from OriGene. Mutants H2AX S139A, H2AX Y142, GRB2 K109R, 
GRB2 K109A, and GRB2 DF/AA were generated by site-directed 
mutagenesis. GFP-MRE11 plasmid was a gift from S. Jackson 
(University of Cambridge, UK). NBS1-GFP plasmid was a gift from 
J. Lukas (University of Copenhagen, Denmark). GFP-RPA70 plasmid 
was provided by M. S. Wold (University of Iowa, USA). Flag-XRCC1 and 
Flag-POLQ plasmids were provided by S. Mitra (Houston Methodist, 
USA). Phosphorylated EGFR synthetic peptide FLPVPE(pY)INQSVPKR, 
MRE11 peptide PWVNYQDGNLN, tyrosine-phosphorylated MRE11 
peptide PWVN(pY)QDGNLN, phosphorylated H2AX (pH2AX) 
peptide PSGGKKATQA(pS)QEY, phosphorylated H2AX (pH2AX) 
peptide PSGGKKATQASQE(pY), dual-phosphorylated H2AX 
(pH2AX) peptide PSGGKKATQA(pS)QE(pY), and GRB2 OB1 pep-
tide KYDFKATADDELSFKRG were purchased from GenScript. 
GFP-trap, Flag agarose beads, and Strep-Tactin beads were pur-
chased from Chromotek (gta-10), MilliporeSigma (A2220), and 
MilliporeSigma (71592), respectively.

Cell culture
Human embryonic kidney (HEK) 293T, NIH3T3, and A431 cells 
[purchased from the American Type Culture Collection (ATCC)] 
and MEFs and H2AX-KO MEFs (gifts from A. Nussenzweig, 
Center for Cancer Research, National Cancer Institute) were main-
tained in Dulbecco’s modified Eagle’s high-glucose medium. HeLa 
cells (ATCC) were maintained in RPMI 1640 medium, and HAP1 
cells (Horizon Discovery) were maintained in Iscove’s modified 
Dulbecco’s medium. U2OS cells (ATCC) were maintained in 
McCoy’s 5A medium. Media were supplemented with 10% (v/v) 
fetal bovine serum (FBS) and 1% antibiotic/antimycotic (Lonza) in 
a humidified incubator with 10% CO2. Stable cells containing Strep-
tagged GRB2 or GRB2 mutants were produced as described previ-
ously (45). The I-SceI reporter assay (a gift from J. Stark, City of Hope) 
was performed as described previously (33). The sulforhodamine B 
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cytotoxicity and colony formation assays were performed as de-
scribed previously (46).

CRISPR-Cas9–mediated GRB2-KO
GRB2 was knocked out by using the CRISPR-Cas9 system according 
to the protocol described previously (47, 48). The guide RNA (gRNA) 
targeting GRB2 was designed using an online tool available at 
http://crispr.mit.edu. DNA primers (forward primer, 5′-CACCG-
GAGCCGGAAGTCTTCCTC-3′; reverse primer, 5′-AAACGAG-
GAAGTACTTCCCGGCTCC-3′) for the GRB2 gRNA and reverse 
complement sequence plus adapters needed for ligation were syn-
thesized from IDT and ligated into the LentiCRISPR v2 (Addgene 
#52961) or LentiCRISPR v2-Blast (Addgene #83480). Correct inser-
tion of GRB2 gRNA was confirmed by sequencing the constructs. 
Lentivirus particles were generated in HEK293T cells. Cells were 
infected with lentivirus and then selected with puromycin or blasticidin. 
Single clones were picked up, and GRB2-KO was verified by Western 
blotting. Mixture pools of different clones were used for experiments.

Western blots
Cells were seeded onto 10-cm dishes and grown for at least 24 hours 
before experiments. Cells were lysed with radioimmunoprecipita-
tion assay (RIPA) buffer [20 mM tris-HCl (pH 7.5), 150 mM NaCl, 
1 mM EDTA, 1 mM EGTA, 1% IGEPAL, 1% sodium deoxycholate, 
2.5 mM sodium pyrophosphate, 1 mM -glycerophosphate, 1 mM 
Na3VO4, and leupeptin (1 g/ml)] supplemented with Protease In-
hibitor Cocktail Set III (EMD Millipore) to obtain total proteins. 
Cell fractionation was done using Subcellular Protein Fractionation 
Kit for Cultured Cells (Thermo Fisher Scientific) according to the 
manufacturer’s instructions.

Protein expression and purification
Expression and purification of GRB2 from bacteria have been de-
scribed previously (31). The K109R and K109A mutant GRB2 was 
generated by site-directed mutagenesis and purified in a manner sim-
ilar to the WT. Human MRE11 core (residues 1 to 411) purification 
was described previously (30). The generation of individual GRB2 
domains was as described before (49). The purification of RPA70N 
(1-120) was performed according to a published procedure (50).

Immunofluorescence
Designated cells were grown on coverslips, fixed with the addition 
of 4% (w/v) paraformaldehyde (pH 8.0) with or without pre-extraction, 
and washed four times with phosphate-buffered saline (PBS; pH 8.0). 
After permeabilization with 0.5% Triton X-100 on ice for 5 min, 
cells were washed three times with PBS and incubated with blocking 
buffer [PBS, 3% bovine serum albumin (BSA), 5% FBS, and 0.5% Triton 
X-100] for 2 hours at room temperature or overnight at 4°C. Follow-
ing a further three washes with PBS, cells were incubated with pri-
mary antibody overnight in PBS, 3% BSA, and 0.5% Triton X-100. 
Cells were then washed five or six times with PBS and incubated with 
the fluorescence-conjugated secondary antibody for 2 to 3 hours. 
Following another PBS wash, coverslips were mounted onto a slide 
with mounting medium (0.1% p-phenylenediamine and 75% glycerol 
in PBS at pH 7.5 to 8.0). For pre-extraction before fixation, cells were 
treated with cytoskeleton buffer [10 mM Pipes (pH 6.8), 100 mM NaCl, 
300 mM sucrose, 3 mM MgCl2, 1 mM EGTA, and 0.5% Triton X-100] 
for 5 min on ice and followed by washing with stripping buffer [10 mM 
tris-HCl (pH 7.4), 10 mM NaCl, 3 mM MgCl2, 1% Tween 20, and 

0.25% sodium deoxycholate] for 5 min on ice. Cells were imaged 
using either a Leica SP5 II or Zeiss LSM710 confocal microscope.

UV laser micro-irradiation
UV-LMI was performed as described previously (51): Cells were grown 
on 35-mm glass-bottom dishes (Matsunami), micro-irradiated 
with a MicroPoint ablation system (Photonics Instruments) with 
60% laser output, and visualized with a Nikon Eclipse TE2000-U 
inverted microscope.

Alkaline comet assay
Untreated and IR-treated cells embedded in low–melting point aga-
rose were layered over a slide with a thin film of agarose. Cells were 
then lysed overnight at 4°C in lysis buffer [10 mM tris-HCl (pH 10), 
2.5 M NaCl, 100 mM EDTA, 5% dimethyl sulfoxide (DMSO), and 
1% Triton X-100]. After equilibration in electrophoresis buffer 
[300 mM NaOH, 1 mM EDTA (pH > 13)] for 40 min at 4°C, elec-
trophoresis was performed to identify DNA damage by the migration 
of small fragments of broken DNA away from the nucleus, forming 
a “tail” to the dense circular comet head of undamaged DNA. Nu-
clear DNA was visualized by staining with SYBR Gold solution, and 
images were captured using a Leica SP5 II microscope. The tail 
moment of each cell was analyzed by OpenComet software.

Annexin V/PI staining assay
To determine the percentage of olaparib-induced apoptotic cells, an 
annexin V/PI staining assay was used according to the standard 
protocol (Life Technologies). Briefly, cells were cultured and treated 
with DMSO or 50 M olaparib for 72 hours. Then, cells were tryp-
sinized, washed, and resuspended in annexin-binding buffer. Cells 
were labeled by adding annexin V–Alexa Fluor 647 and PI to each 
sample. After incubation for 15 min at room temperature in the dark, 
samples were analyzed on a flow cytometer (FACSCanto II, BD 
Biosciences) for the detection of annexin V– and PI-positive sub-
populations. DMSO-treated cells were used as a control, and each 
experiment was performed in triplicate. Further data analysis was 
performed with FlowJo V10 software.

Microscale thermophoresis
MST was measured using the Monolith NT.115 system (Nano Temper). 
Proteins were fluorescently labeled with Atto 488 according to the 
manufacturer’s protocol. Labeling efficiency was determined to be 
1:1 (protein:dye) by measuring the absorbance at 280 and 488 nm. 
A solution of peptides or proteins in 0.01 M Hepes (pH 7.4), 0.15 M 
NaCl, and 0.005% (v/v) Surfactant P20 was serially diluted, typically 
from about 100 M to 30 nM, in the presence of 100 nM labeled 
protein. The samples were loaded into silica capillaries (Polymicro 
Technologies) after incubation at room temperature for 15 min. 
Measurements were performed at 22°C using 20% light-emitting 
diode power and 40% infrared laser power. Measurements were also 
carried out using 20 and 60% infrared laser power for comparison. 
Data analyses were performed using Nano Temper Analysis software 
using the Kd curve fitting function. Raw data were exported and 
fitting curves were generated using Prism 8 (GraphPad Software) 
for presentation.

Molecular docking
We used the available GRB2 structure from the PDB (PDB ID, 1GRI). 
The structure was prepared for docking by eliminating water and 

http://crispr.mit.edu
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cofactors; a monomeric unit was used. The GRB2 coordinates were 
prepared and minimized using Protein Preparation Wizard (Schrödinger 
Suite 2019-2). We aimed the molecular docking to the K109 site. 
We docked ligands (in this specific experimental peptide) with 
length ≤20 Å with cubic box dimensions of 15 Å. We also generated 
a mutant of GRB2, K109R, using the function “simply mutate” in 
Coot model-building software. In this structure, we aimed the 
docking to R109. We used the peptide docking utility implemented 
in the Schrödinger Suite; the peptides were added as a sequence in 
the specific section “Define peptide to dock.” We used the follow-
ing peptide-derived sequences for MRE11, EGFR, and H2AX: 
Mre11-PWVNYQDGN, EGFR-NPVYHNQPL, and H2AX-SQEY, re-
spectively. For the docking experiments, we used Glide (Schrödinger 
Release 2019-2). The best docking results were selected and com-
pared in superimposed sessions in the PyMOL molecular graphics 
system (PyMOL 2.0; Schrödinger).

IHC and staining quantification
Breast cancer tumor tissue array slides (BC081116d; Biomax), nor-
mal human tissue array slides (MNO961; Biomax), and the paraffin- 
embedded tissue sections of different mouse tissues were collected 
for determination of GRB2 distribution. Sections were dewaxed and 
rehydrated following a standard dewaxing protocol. Then, the sam-
ples were exposed to 10 mM citric acid buffer (pH 6.0 for 20 min 
at 105°C) for heat antigen retrieval and exposed to 3% H2O2 for 
12 min to block endogenous peroxidase activity. Subsequently, 
the samples were blocked with goat serum for 1 hour and incu-
bated with anti-GRB2 primary antibody (1:100) overnight. The 
VECTASTAIN ABC HRP Kit (peroxidase, rabbit immunoglobulin G) 
and DAB Substrate Kit (peroxidase, horseradish peroxidase) were 
used to develop color, followed by nuclear counterstaining with 
hematoxylin. Last, the slides were mounted and visualized. Repre-
sentative regions were selected and photographed. Two patholo-
gists were tasked with evaluating IHC staining, and the H-score 
method was applied for calculating the staining score of each 
sample. In brief, each sample was assessed by staining intensity 
(negative, 0; weak, 1; moderate, 2; strong, 3) and staining extent 
(0 to 100%), with H-score  =  [1  ×  (staining extent of weak 
staining) + 2 × (staining extent of moderate staining) + 3 × (staining 
extent of strong staining)]. Three samples were used to quantify 
H-score for each tissue, and the average of H-score and SD for all 
the cases were calculated and presented.

Mass spectrometry
To identify proteins associated with GRB2 in the nucleus, GRB2 
was immunoprecipitated with Strep-Tactin beads (MilliporeSigma 
#GE28-9355-99) from the nuclear extracts of 293T cells expressing 
Strep-GRB2 or Strep-Ctrl. Three experimental samples and three 
matched negative controls were prepared independently for MS.  
Using the MyriMatch and Sequest search engines, the MS spectra 
were matched to the human protein database. Scaffold 3 was used to 
analyze the fold enrichment values of each sample compared to the 
matched negative control sample. Proteins enriched at least 1.5-fold 
with a P value of less than 0.05 (Fisher test) as computed by Scaffold 
3 were selected and listed. The proteins in the list were used to con-
duct the pathway and network analysis by BINGO in Cytoscape 
3.7.2. Hypergeometric tests were performed and corrected by 
Benjamini and Hochberg false discovery rate correction. A P value 
of less than 0.05 was considered significant.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 8 using 
multiple t test function.

TCGA data analysis
We retrieved the gene expression and clinical patient data to estimate 
the Kaplan-Meier survival curves from TCGA using the TCGA- 
Assembler suite available at https://github.com/compgenome365/
TCGA-Assembler-2. For gene expression analyses between tumor 
and matched controls, we selected datasets with at least 10 matched 
controls. Data were plotted with the R packages ggpllot2 and ggpubr. 
Survival curves and hazard ratios were obtained with the survminer, 
survival, and dplyr R packages. Signature 3 mutations were obtained 
from https://synapse.org/#!Synapse:syn11801497.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/32/eabe9254/DC1

View/request a protocol for this paper from Bio-protocol.
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