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SUMMARY
Mutations in DNA damage response (DDR) genes endanger genome integrity and predispose to cancer and
genetic disorders. Here, using CRISPR-dependent cytosine base editing screens, we identify > 2,000
sgRNAs that generate nucleotide variants in 86 DDR genes, resulting in altered cellular fitness upon DNA
damage. Among those variants, we discover loss- and gain-of-function mutants in the Tudor domain of
the DDR regulator 53BP1 that define a non-canonical surface required for binding the deubiquitinase
USP28. Moreover, we characterize variants of the TRAIP ubiquitin ligase that define a domain, whose loss
renders cells resistant to topoisomerase I inhibition. Finally, we identify mutations in the ATM kinase with
opposing genome stability phenotypes and loss-of-function mutations in the CHK2 kinase previously cate-
gorized as variants of uncertain significance for breast cancer.We anticipate that this resourcewill enable the
discovery of additional DDR gene functions and expedite studies of DDR variants in human disease.
INTRODUCTION

Maintenance of genome stability is promoted by a network of

cellular pathways known as the DNA damage response (DDR).

DDR proteins often exert numerous distinct functions, with

some factors regulating both DNA repair and DNA damage

checkpoints (e.g., ATM, 53BP1) and others controlling multiple

DNA repair processes (e.g., BRCA1) (Ciccia and Elledge,

2010). Since many DDR proteins are also essential for cell

viability and/or possess large multidomain architectures, dis-

secting their functions often requires analysis of point mutations.

As current methods to study mutations rely on conventional

structure-function approaches, only a few separation-of-func-

tion (SOF) mutations in DDR genes have been defined to date

(Billing et al., 2018; Cuella-Martin et al., 2016; Feng and Jasin,

2017; Ghezraoui et al., 2018; Schlacher et al., 2011).

Genetic alterations of DDR genes have been implicated in

numerous human genetic disorders and cancer predisposition

syndromes (Ciccia and Elledge, 2010; Jackson and Bartek,

2009; Khanna and Jackson, 2001; McKinnon, 2009). According

to the ClinVar database, >37,000 single nucleotide variants

(SNVs) in DDR genes are listed as variants of uncertain signifi-

cance (VUSs). Standard methods for classifying DDR SNVs

rely on the study of wild-type and mutant open reading frames
(ORFs). However, these studies have been limited to a small

number of genes (e.g., BRCA1, BRCA2, PALB2, and BARD1)

and entail analyses of ectopically expressed proteins (Adamo-

vich et al., 2019; Boonen et al., 2019; Bouwman et al., 2013; Far-

rugia et al., 2008; Guidugli et al., 2014; Lee et al., 2015; Wiltshire

et al., 2020). Alternatively, SNVs can be introduced at endoge-

nous loci using CRISPR-dependent homology-directed repair

(HDR) (Hsu et al., 2014). This strategy was recently used to

examine the clinical significance of �4,000 BRCA1 SNVs (Fin-

dlay et al., 2018). However, despite its high accuracy, CRISPR-

dependent HDR displays limited efficiency and requires the for-

mation of DNA double-strand breaks (DSBs), which can elicit

genomic rearrangements and p53-mediated cell cycle arrest or

cell death (Haapaniemi et al., 2018; Ihry et al., 2018; Kosicki

et al., 2018).

Recently, DSB-independent CRISPR-based methods have

been developed to generate nucleotide variants by direct modi-

fication of DNA bases. In particular, base editors resulting from

the fusion of nickase Cas9 with either the cytosine deaminase

APOBEC1 (e.g., BE3) or the adenine deaminase TadA (e.g.,

ABE) have been shown to introduce, respectively, C/T or

A/G transitions within a defined nucleotide window (Gaudelli

et al., 2017; Komor et al., 2016). Consequently, BE3 and ABE

can generate 64 distinct amino acid (AA) substitutions with
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Figure 1. Performance of CRISPR-dependent base editing screens targeting DDR genes

(A) 27-gene DDR network targeted by the sgRNA sublibrary 1, organized by pathways, and their genetic and physical interactions (gray lines), according to the

STRING database.

(B) Schematic of the protocol utilized for base editing screens in untreated conditions. MCF10A, MCF7, and HAP1 cells expressing BE3 were transduced with a

lentiviral sgRNA library targeting the gene network in (A), and then cultured for 18 days after selection. The LFC in sgRNA abundance between day 0 (T0) and day

18 (T18) was then determined following next-generation sequencing (NGS).

(legend continued on next page)
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higher efficiency than HDR-based approaches (Yeh et al., 2018).

Base editing has been applied to generate loss-of-function mu-

tations or revert pathogenic variants (Billon et al., 2017; Gapinske

et al., 2018; Gaudelli et al., 2017; Koblan et al., 2021; Komor

et al., 2016; Kuscu et al., 2017). Furthermore, base editing

screening approaches have been employed to generate muta-

tions in yeast and evaluate BRCA1, MAP2K1, KRAS, and

NRAS variants in mammalian cells (Després et al., 2020; Jun

et al., 2020; Kweon et al., 2020).

Here, we investigate the potential of CRISPR-dependent base

editing to define the function of human nucleotide variants in a

high-throughput manner, both for structure-function analyses

of functionally complex DDR genes, and for identification of

DDR VUSs with pathogenic potential. In particular, we employ

BE3-dependent base editing to induce mutational tiling of 86 hu-

man DDR genes and analyze the effects of these mutations in

response to DNA damaging agents. Through these studies we

identify loss-, gain-, and separation-of-function (LOF, GOF,

and SOF) mutations in 53BP1, mutations in the TRAIP ubiquitin

ligase with drug-specific phenotypes, and VUSs of patho-

genic-like behavior in the CHK2 kinase. Together, this work high-

lights the versatility of base editing screens for large-scale

phenotypic characterization of human nucleotide variants.

RESULTS

CRISPR-dependent base editing allows large-scale
separation of mutational outcomes in DDR genes
To evaluate the performance of base editing screens, we de-

signed a lentiviral single guide RNA (sgRNA) library targeting

every NGG PAM sequence within the coding region of 27 DDR

genes primarily involved in homologous recombination (HR)

and/or inter-strand crosslink repair (ICLR) (Figure 1A; Table

S1). Additionally, sgRNAs designed to generate stop codons in

common essential genes were included as positive controls for

cell lethality (hereafter, iSTOP controls) (Hart et al., 2015), while

non-targeting sgRNAs, AAVS1-targeting sgRNAs, and sgRNAs

targeting essential loci without cytosines within the editing win-

dow (hereafter, empty-window) were used as negative controls.

This sgRNA library (�11,000 sgRNAs) was transduced into

MCF10A, MCF7, and HAP1 cells stably expressing BE3 (here-

after, MCF10A-BE3, MCF7-BE3, and HAP1-BE3 cells) (Zafra

et al., 2018) (Figures 1B, S1A, and S1B). The transduced cells

were then cultured for 18 days, and log2-fold change (LFC), p

value, and gene rank for each sgRNA were computed at day

18 (T18) relative to day 0 (T0) (Tables S2–S4). We then deter-

mined all possible DNA editing outcomes for each sgRNA within

the defined 6-nucleotide BE3 window (Zafra et al., 2018) and

grouped sgRNAs into five unique categories, ranked from the
(C) Density plots of LFC values for sgRNAs predicted to generate the indicated m

(Table S1). LFC density plots are also shown for iSTOP and negative control sgRN

(D) ROC analyses of MAGeCK ranks for sgRNAs predicted to introduce splice and

(false positives) in essential genes. AUC values are indicated in brackets.

(E) Graphical representation of LFC values and Rule Set 2 on-target scores for iS

(F) ROC analyses conducted as in (D) exclusively for sgRNAs with Rule Set 2 on

(G) Density plots of LFC values for sgRNAs introducing nonsense and splice varian

Density plots from (C) are depicted in lighter colors. Dotted line, LFC = �0.46581

See also Figure S1 and Tables S1–S4.
least to the most damaging mutational outcome (i.e., empty-

window, silent, missense, nonsense, and splice), and a sixth

category for sgRNAs targeting non-productive transcripts (i.e.,

putative non-coding). Next, we selected sgRNAs targeting the

top 7 essential genes within our library (Table S1) and examined

the distribution of their LFCs in each mutational category. As ex-

pected, iSTOP controls were depleted across all cell lines tested,

while empty-window and synonymous categories presented

LFC distributions comparable to the negative controls (Figures

1C and S1C). The distribution of missense mutations reflected

variable mutational outcomes, whereas nonsense and splice

categories presented the highest percentages of sgRNAs below

the established threshold (bottom 5% of negative controls), re-

flecting the ability of nonsense and splice mutations to induce

gene knockout (Figures 1C and S1C).

Screen performance was also evaluated by computing

receiving operator characteristic (ROC) curves that compared

true positives, namely sgRNAs predicted to introduce splice

and nonsense mutations (hereafter, deleterious mutations) in

the top 7 essential genes, with false positives, as defined by si-

lent and empty-window sgRNAs (hereafter, neutral mutations)

targeting the same gene set (Figure 1D). Area under the curve

(AUC) values reflected consistent sgRNA behavior across all

three human cell lines evaluated, establishing the ability of

base editing screens to resolve mutational outcomes regardless

of cell transformation status and/or ploidy (Figure 1D). Likewise,

ROC analyses revealed good performance of the designed

positive and negative controls (Figures S1D and S1E). Unlike

standard CRISPR-KO screens, which require DSB formation,

base editing screens should not activate p53-mediated

checkpoint responses upon sgRNA targeting. Accordingly,

ROC analyses showed that non-targeting, AAVS1-targeting,

and empty-window negative controls behaved indistinguishably

(Figure S1F).

We additionally observed that the design of positive controls

for base editing screens can be optimized by applying the Rule

Set 2 on-target efficiency score developed for CRISPR-KO

sgRNAs (Doench et al., 2016). Indeed, iSTOP sgRNAs with

higher on-target efficiency values were more likely to yield dele-

terious phenotypes (Figure 1E; Tables S3 and S4). Remarkably,

application of a minimum Rule Set 2 score of 0.5 resulted in

increased resolution of deleterious versus neutral mutations

and led to a shift in the LFC distributions of nonsense and splice

sgRNAs for the top 7 essential genes in MCF10A-BE3 cells (Fig-

ures 1C, 1D, 1F, 1G, and S1G). As in the case of iSTOP controls,

LFC values for splice sgRNAs in the top 7 essential genes nega-

tively correlated with sgRNA on-target efficiency (Figure S1H).

Targeting splice donor or acceptor sites yielded similar results,

regardless of their relative position in the gene (Figure S1I).
utational outcomes in essential and non-essential genes in MCF10A-BE3 cells

As. Dotted line, LFC for the bottom 5% of negative controls (LFC =�0.46581).

nonsense mutations (true positives) versus silent and empty-window sgRNAs

TOP controls in MCF10A-BE3 cells.

-target scores > 0.5. AUC values are indicated in brackets.

ts in essential geneswith Rule Set 2 on-target score > 0.5 inMCF10A-BE3 cells.

.
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Figure 2. Analyses of drug-sgRNA interactions upon treatment with DNA damaging agents

(A) 86-gene DDR network targeted by sgRNA sublibraries 1 and 2, represented as in Figure 1A.

(B) Schematic of the protocol utilized for base editing screens including treatment with genotoxic agents. MCF10A-BE3 cells were transduced with the lentiviral

sgRNA sublibraries 1 and 2 targeting the gene network in (A) and cultured in the presence of the indicated genotoxic agents or left untreated. LFC values in sgRNA

abundance between T0 and T18 were then calculated for each individual condition following NGS.

(C) Heatmap of LFC values for biologically and statistically relevant sgRNAs (LFC beyond top or bottom 1% of negative controls and p < 0.01, Table S6) hier-

archically clustered by Ward’s method. E, enrichment; D, depletion.

(D) Analyses of the enrichment of sgRNA-targeted genes within the groups defined by the cluster analyses in (C). Dotted line, Fisher’s t test p < 0.01.

See also Tables S5 and S6.
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Collectively, these data demonstrate that base editing screens

can distinguish mutational outcomes and show how standard

CRISPR-KO metrics can be applied to improve base editing

screening.

sgRNA cluster analyses enable the identification of DDR
mutation-phenotype associations induced by DNA
damaging agents
Having established the potential of base editing screens to sepa-

rate mutational outcomes in essential genes, we extended our

analysis to 59 additional DDR genes (sublibrary 2, Table S1; Fig-

ure 2A) with central roles in DNA repair, characterized bywell-es-

tablished or newly proposed (e.g., TONSL) disease association

or whose essentiality and/or large size complicates traditional

molecular biology approaches (e.g., RIF1, REV3L, PCNT). We

then transduced MCF10A-BE3 cells with sgRNA libraries

(�37,000 sgRNAs, sublibraries 1 and 2) tiling our 86-gene
1084 Cell 184, 1081–1097, February 18, 2021
network and executed base editing screens in untreated (UNT)

conditions and under treatment with the DNA damaging agents

cisplatin (CISP), olaparib (OLAP), doxorubicin (DOX), and camp-

tothecin (CPT) (Figure 2B). sgRNA LFCs and p values were then

computed by comparing T18 with T0 for each individual condi-

tion. To identify sgRNAs germane to specific drug responses,

we selected all sgRNAs that had a biologically relevant change

of statistical significance (LFC beyond the top and bottom 1%

of negative control distribution and p < 0.01, hereafter referred

to as relevant sgRNAs) in at least one of the five conditions

examined and subjected them to hierarchical cluster analysis

(Figure 2C; Tables S5 and S6). A total of 1,767 sgRNAs were

selected for this analysis and clustered in 12 distinct groups, de-

pending on enrichment or depletion phenotypes across the five

conditions tested. A remarkable enrichment of sgRNAs targeting

the CHEK2 (hereafter, CHK2) and TP53BP1 (hereafter, 53BP1)

genes was observed in groups characterized by pronounced
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growth advantage in all conditions (Figures 2C and 2D, E_1, E_2),

while sgRNAs targeting ATM caused milder growth advantage

(Figures 2C and 2D, E_3, E_5). Surprisingly, sgRNAs targeting

TRAIP, a gene that regulates replication fork metabolism (Feng

et al., 2016; Hoffmann et al., 2016; Sonneville et al., 2019; Wu

et al., 2019; Harley et al., 2016), were significantly present in a

group conferring specific survival advantage to camptothecin

(Figures 2C and 2D, E_4). As expected, common essential

genes, such as POLE, RAD51, and TONSL, were targeted by

sgRNAs localizing to groups of strong depletion phenotypes

(Figures 2C and 2D, D_1, D_2), and perturbations in Fanconi ane-

mia genes resulted primarily in sensitivity to cisplatin (Figures 2C

and 2D, D_4). Together, these studies reveal that base editing

screens enable the identification of mutation-phenotype associ-

ations in response to DNA damaging agents.

LOF and GOFmutations in 53BP1 define a surface on its
tandem Tudor domain required for binding USP28
Given the notable enrichment of sgRNAs targeting 53BP1 in

sgRNA groups associated with growth advantage (Figures 2C

and 2D), we sought to characterize the functional consequences

of 53BP1 nucleotide variants. 53BP1 controls p53-dependent

responses through direct binding of p53 and USP28 (Cuella-

Martin et al., 2016) and promotes NHEJ-mediated DSB repair

by inhibiting DNA end resection (Panier and Boulton, 2014; Se-

tiaputra and Durocher, 2019). Importantly, the distinct roles of

53BP1 in p53-dependent signaling and NHEJ are resolvable by

specific SOF mutations (Cuella-Martin et al., 2016).

To accurately define the function of 53BP1 mutants identified

in our screen, we conducted small-scale cluster analyses on

relevant 53BP1 sgRNAs (Figure S2A). Deleterious sgRNAs

largely conferred resistance to DNA damaging agents, indicating

that, in the context of our screen, the growth advantage

conferred by loss of cell-cycle checkpoint regulation outweighs

the disadvantage caused by loss of NHEJ activity (Figure S2A).
Figure 3. Characterization of LOF and GOF mutations in 53BP1’s tand

required for USP28 interaction

(A) Lollipop plot of 53BP1 sgRNAs and their LFC values in the presence of doxor

reflects sgRNA biological relevance, with non-transparent lollipops indicating sgR

size reflects sgRNA statistical significance, with larger symbols indicating sgRNA

lollipop(s).

(B) Competitive growth assay in the presence of doxorubicin (2.5 nM) conducted o

Data represent the sgRNA_of_interest_GFP/AAVS1_sgRNA_mCherry ratio norma

sgRNA ratio at each experimental time point. Mean ± SD for n = 2.

(C) Time course analysis of editing frequency induced by the indicated 53BP1 sgR

(Hsiau et al., 2019). Mean ± SD for n = 2.

(D) Cartoon of the crystal structure of 53BP1’s TTD bound to a H4K20me2 pept

conservation (V, variable; C, conserved). Representations of overlapping WT (gray

are shown, and AAs structurally affected are highlighted, along with the number

(E) Competitive growth assays in the presence of N3 (1 mM) conducted onMCF7-B

for N3-treated conditions were normalized to the corresponding untreated contr

(F) Immunoblot showing USP28 and p53 co-immunoprecipitated by HA-GFP, HA-

Images are representative of two independent experiments.

(G) Dot plot of the number of IR-induced 53BP1 foci per cell in MCF10A-BE3 cell

were fixed 4 h post-IR treatment (5 Gy) prior to imaging by high-content microsc

condition are indicated. Statistical analysis was conducted using one-way ANOV

(H) Representative images of IR-induced RAD51 foci in control and 53BP1 mut

treated and imaged as in (G). Scale bar, 10 mm.

(I) Quantification of IR-induced RAD51 foci per cell from (H). Mean ± SD for n = 3

See also Figure S2 and Tables S5–S7.
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Interestingly, four sgRNAs conferring growth advantage were

predicted to uniquely modify 53BP1 serine residues reported

to be phosphorylated (PhosphoSite database, Figures S2A and

S2B), including S500, a site recurrently identified in phospho-

proteomic datasets, and S1342, an Aurora kinase B substrate

implicated in mitotic spindle regulation (Wang et al., 2017).

More strikingly, a small group of missense sgRNAs displayed

consistent depletion across conditions (Figure S2A). Bymapping

onto the 53BP1 protein the predicted sgRNA-induced mutations

and their LFC values in response to doxorubicin treatment (Fig-

ure 3A), we located sgRNAs with depletion phenotypes to two

distinct regions: in between the oligomerization domain and

the glycine-arginine-rich (GAR)motif (AAs 1288–1383) andwithin

the tandem Tudor domain (TTD) (Figure 3A). For this study, we

focused on the TTD, where a relevant sgRNA causing growth

disadvantage was predicted to target residue G1593, while

sgRNAs targeting V1544 (two sgRNAs) and G1560 (five sgRNAs)

resulted in a marked growth advantage (Figures 3A and S2A).

The growth phenotypes induced by these sgRNAs were

confirmed in two-color competition assays carried out in

MCF10A cells in the presence of doxorubicin (Figure 3B). Similar

results were also obtained in untreatedMCF10A cells and in both

untreated and doxorubicin-treated MCF7 cells (Figures S2C and

S2D). Interestingly, cells carrying the nonsensemutationW1495*

in the TTD displayed survival advantage in untreated conditions,

but not following doxorubicin treatment, possibly reflecting

simultaneous impairment of p53 signaling and DSB repair (Fig-

ures 3B, S2C, and S2D). Sanger sequencing of the edited loci

identified V1544I, G1560K, and G1593K as the primary muta-

tional outcomes of the analyzed sgRNAs (Figure 3C). Analysis

of the 53BP1 crystal structure predicted that the V1544I and

G1560K mutations induce local alterations of the TTD surface

without disrupting the overall TTD conformation (Figure 3D).

Given the role of 53BP1’s TTD in p53-dependent signaling, we

examined whether the V1544I, G1560K, and G1593K mutations
em Tudor domain that define a previously uncharacterized surface

ubicin mapped to the canonical 53BP1 protein isoform. Lollipop transparency

NAs with a LFC value beyond the threshold of 1% of negative controls. Symbol

s with p < 0.01. Residues of interest are highlighted next to their corresponding

n a BE3-expressingMCF10A cell population expressing the indicated sgRNAs.

lized to the day 1 (T1) time point and to the corresponding GFP/mCherryAAVS1

NAs at their target loci, as determined by Sanger sequencing and ICE analysis

ide (orange) (PDB: 2IG0, Botuyan et al. [2006]), colored based on amino acid

) andmutant structures for V1544I and G1560K predicted byMissense3D (red)

of sgRNAs targeting each residue (in brackets).

E3 cells expressing the indicated 53BP1 sgRNAs. GFP/mCherry sgRNA ratios

ols. Mean ± SD for n = 3.

53BP1WT, and mutants from HEK293T cell lysates using an anti-HA antibody.

s AAVS1-targeted or carrying the indicated 53BP1 mutations (Table S7). Cells

opy. Data belong to two independent experiments, and mean values for each

A (****p < 0.0001).

ant cells upon treatment with control or BRCA1 siRNA (Table S7). Cells were

. Statistical analysis was conducted using unpaired t test (****p < 0.0001).
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Figure 4. Identification of variants of the ATM protein with opposing phenotypes

(A) Heatmap of LFC values for relevant ATM sgRNAs inMCF10A-BE3 cells hierarchically clustered by theWard’smethod. sgRNA categories are color coded, and

empty-window/non-coding sgRNAs are in white. sgRNAs selected for validation are highlighted.

(B) Competitive growth assays in untreated conditions or upon doxorubicin (2.5 nM) treatment conducted on MCF10A-BE3 cells expressing the indicated ATM

sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 4 (UNT) and n = 3 (DOX).

(C) Analysis of editing frequency induced by the indicated ATM sgRNAs at their target loci at day 4 post-selection, as determined by Sanger sequencing and ICE

analyses. Mean ± SD for n = 2.

(D) Immunoblot showing ATM expression in MCF10A-BE3 cells, either AAVS1 targeted or edited with the indicated ATM sgRNAs.

(legend continued on next page)

ll

Cell 184, 1081–1097, February 18, 2021 1087

Resource



ll
Resource
altered the response of MCF7 cells to the p53-stabilizing small

molecule Nutlin-3 (N3). Without affecting 53BP1 protein levels

(Figure S2E), the V1544I and G1560K mutations conferred resis-

tance to N3 similar to the W1495* mutation, indicating a loss of

53BP1-dependent p53 regulation (Figure 3E). Conversely,

G1593K displayed a subtle but consistent increase in N3 sensi-

tivity relative to the AAVS1-transduced control, suggesting that

G1593K might enhance 53BP1-dependent p53 responses

(Figure 3E). To determine whether V1544, G1560 and/or G1593

regulate the interaction of 53BP1 with p53 and/or USP28, we

immunoprecipitated HA-tagged 53BP1 WT and mutant protein

complexes from HEK293T cells (Figure 3F). Remarkably, the

interaction between 53BP1 and USP28 was completely abol-

ished by the G1560K mutation and largely diminished by the

V1544I mutation, while the G1593K mutation increased 53BP1

binding to USP28, thus acting as aGOFmutation (Figure 3F). Un-

like a 53BP1 mutant lacking the tandem BRCT domain, none of

the analyzed mutations hindered 53BP1-p53 interactions

(Figure 3F).

To examine whether the above TTD mutations interfered with

53BP1’s role in DSB repair, we first evaluated the ability of

53BP1 to form nuclear foci upon ionizing radiation (IR), which de-

pends on the interaction of the TTD with H4K20me2 (Botuyan

et al., 2006). Whereas 53BP1 focus formation was largely abro-

gated by the W1495* mutation, V1544I, G1560K, and G1593K

did not interfere with 53BP1 localization to DSBs (Figures 3G,

S2F, and S2G). To evaluate the functionality of 53BP1 mutants

in DSB repair, we then assessed the formation of IR-induced

RAD51 foci in BRCA1-deficient cells, which is re-established

upon 53BP1 deficiency (Bunting et al., 2010). Unlike the

W1495* mutation, the V1544I, G1560K, and G1593K mutations

failed to restore RAD51 foci formation in BRCA1-deficient cells,

indicating that these 53BP1 mutants retain the ability to inhibit

DSB resection and suppress HR (Figures 3H, 3I, and S2H).

Collectively, these findings identify SOF mutations in the TTD

of 53BP1 that uniquely abolish (V1540I, G1560K) or enhance

(G1593K) 53BP1-dependent p53 regulation without interfering

with 53BP1’s function in DSB repair. Furthermore, this work de-

fines a non-canonical surface of 53BP1’s TTD required for bind-

ing USP28.

Identification of mutations with opposing phenotypes in
the ATM kinase
Hierarchical clustering analyses revealed the presence of ATM

sgRNAs that conferred mild growth advantage in response to

DNAdamage (Figures 2C and 2D, E_3, E_5). ATM is a largemulti-

functional kinase that controls cell-cycle checkpoint responses

and promotesDSB repair (Blackford and Jackson, 2017). Cluster
(E) Cartoon of the crystal structure of the ATM dimer (PDB: 5NP0, Bareti�c et al. [20

sequencing are highlighted in green (growth advantage) or red (growth disadvan

(F) Dot plot of the number of doxorubicin-induced ɣH2AX foci per cell in MCF10A-

Cells were fixed 8, 24, and 48 h after doxorubicin (20 nM) addition prior to imaging b

mean values for each condition are indicated. Statistical analysis for each condit

one-way ANOVA (****p < 0.0001).

(G) Analyses of nuclear aberrations (micronuclei, nuclear fragments) in MCF10A c

for 48 h.Mean ±SD for n = 3. Statistical analysis for each sample relative to theAA

***p < 0.001, ****p < 0.0001).

See also Figure S3 and Tables S5–S7.
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analysis of relevant ATM sgRNAs showed that deleterious

sgRNAs largely elicited a growth advantage in untreated condi-

tions and upon doxorubicin and cisplatin treatment, but not in the

presence of olaparib and camptothecin (Figure 4A). In contrast, a

sgRNA predicted to target E2457 conferred growth disadvan-

tage across all conditions, while sgRNAs predicted to target

P1526 and R2712 displayed consistent growth advantage (Fig-

ures 4A and S3A). These growth phenotypes were confirmed

in cell competition assays conducted in MCF10A-BE3 cells in

the presence of doxorubicin and olaparib and in a BE3-express-

ing MCF10A polyclonal cell population, albeit in a less pro-

nounced manner (Figures 4B, S3B, and S3C). As a LOF control

for these assays, we used a sgRNA generating the nonsensemu-

tation Q445*, which caused growth advantage in untreated con-

ditions and sensitivity to olaparib, similar to two CRISPR-KO

ATM sgRNAs (Figures 4B, S3B, S3D and S3E). Sanger

sequencing identified E2457K in �50% of the alleles edited by

the E2457 sgRNA and P1526_L1527delinsFF (PL_FF) and

R2712_R2713delinsKK (RR_KK) in up to �80% and �50% of

the alleles edited by the P1526 and R2712 sgRNAs, respectively

(Figure 4C). Introduction of RR_KK, but not PL_FF or E2457K,

reduced the levels of full-length ATM protein (Figure 4D).

E2457K is located in a groovewithin the FAT domain of ATM (Fig-

ure 4E, in red), while PL_FF and RR_KK are surface mutations

located in ATM’s N-terminal solenoid and kinase domains,

respectively (Figure 4E, in green). Notably, R2712K and

R2713K are indexed in ClinVar as VUSs in a hereditary cancer-

predisposing syndrome.

To determine the impact of the above ATM mutations on the

response to DNA damage, we monitored the phosphorylation

of H2AX, which is induced by ATM upon DNA damage (Ciccia

and Elledge, 2010). Interestingly, E2457K mutant cells dis-

played increased levels of phosphorylated H2AX (ɣH2AX) at

DNA damage sites relative to AAVS1-targeted cells in basal

conditions and upon doxorubicin treatment (Figure 4F). The in-

crease in ɣH2AX levels in E2457K mutant cells was accompa-

nied by a mild but consistent reduction in nuclear aberrations in

response to doxorubicin relative to control cells, possibly re-

sulting from enhanced ATM-dependent DNA damage check-

point responses (Figure 4G). Conversely, cells carrying the

PL_FF and RR_KK mutations displayed lower ɣH2AX levels

(Figure 4F), along with increased accumulation of doxoru-

bicin-induced nuclear aberrations, likely due to reduced ATM-

dependent signaling upon DNA damage (Figure 4G). Lower

ɣH2AX levels in basal, but not doxorubicin-treated conditions,

were also observed in cells carrying the Q445* mutation (Fig-

ure 4F). These studies identify mutations with opposing

genome stability phenotypes in the ATM kinase.
17]) with domains colored as in Figure S3A. ATMmutations verified by Sanger

tage) in the protein structure.

BE3 cells AAVS1 targeted or carrying the indicated ATMmutations (Table S7).

y high-content microscopy. Data belong to two independent experiments, and

ion relative to its respective AAVS1-targeted time point was conducted using

ells carrying the indicated ATM mutations upon doxorubicin treatment (20 nM)

VS1-targeted control was conducted using unpaired t test (*p < 0.05, **p < 0.01,
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Characterization of a functional region in the TRAIP
ubiquitin ligase whose loss or mutation results in
resistance to topoisomerase I inhibition
Next, we examined the TRAIP gene, whosemutations caused un-

expected resistance to the topoisomerase I (TOP1) inhibitor camp-

tothecin (Figures 2C and 2D, E_4). TRAIP is an E3 ubiquitin ligase

essential for mammalian development and cell viability that local-

izes to sites of replication stress and DSBs, where it promotes

replication fork progression and HR, respectively (Feng et al.,

2016; Harley et al., 2016; Hoffmann et al., 2016; Park et al., 2007;

Soo Lee et al., 2016; Sonneville et al., 2019).More recently, TRAIP

has also been shown to regulate ICLR (Wu et al., 2019).

In line with TRAIP’s requirement for mammalian cell viability,

cluster analysis showed that most sgRNAs generating delete-

rious mutations in TRAIP were depleted consistently across all

conditions (Figure 5A). However, a distinct set of sgRNAs target-

ing a region of TRAIP between its coiled-coil (CC) and leucine

zipper (LZ) domains (AAs 174–204) caused specific resistance

to camptothecin (Figures 5A, 5B, and S4A). This set included a

sgRNA predicted to insert the R185* mutation, previously

described as a deleterious hypomorphic mutation that causes

primordial dwarfism (Harley et al., 2016). To study the functional

impact of TRAIP mutations in the 174–204 AA region, we

selected sgRNAs predicted to uniquely make two nonsense

(Q174* and R185*) and three missense (M183I, G190K, and

L204F) mutations. As a LOF control, we selected a TRAIP sgRNA

generating a splice mutation consistently depleting across con-

ditions (splice, Figures 5A, 5B, and S4A). Competition assays in

MCF10A cell populations confirmed the deleterious behavior of

the splice sgRNA, similar to that of CRISPR-KO TRAIP sgRNAs

(Figures 5C and S4B–S4D). Conversely, while the evaluated

TRAIP sgRNAs targeting the 174–204 AA region caused mild

to no growth retardation in the presence of cisplatin, they

conferred a growth advantage in the presence of camptothecin

relative to the AAVS1-targeted control, indicating the relevance

of the 174–204 AA region for camptothecin-induced toxicity (Fig-

ures 5C and S4B). The predicted mutational outcomes were
Figure 5. Discovery of a functional region in the TRAIP ubiquitin ligase

(A) Heatmap of LFC values for relevant TRAIP sgRNAs hierarchically clustered b

(B) Lollipop plot of TRAIP sgRNAs and their LFC values for camptothecin-treat

Figure 3A for 53BP1. sgRNAs targeting residues selected for validation are highl

(C) Competitive growth assays upon cisplatin (1 mM) or camptothecin (5 nM) treatm

sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 3 (CISP) and

(D) Time course analysis of editing frequency induced by the indicated TRAIP sgRN

Mean ± SD for n = 2.

(E) RT-PCR analyses of TRAIP transcript levels in MCF10A cells carrying the Q174

verified by Sanger sequencing. fl, full-length transcript; Dex7, delta exon 7 transc

(F) Immunoblot showing TRAIP expression in MCF10A-BE3 cells targeted with th

left untreated. fl, full-length isoform; s, short isoform.

(G) Analyses of micronuclei in MCF10A-BE3 cells targeted with the indicated sgRN

change relative to the AAVS1-targeted control. Mean ± SD for n = 6. Statistical a

using unpaired t test (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

(H) Analyses of 53BP1NBs inMCF10A-BE3 cells AAVS1-targeted or carrying the i

(2 mM, 48 h) treatment. The fold change in the number of cells with >2 53BP1NBs in

n = 3 (CISP) or n = 4 (CPT). Statistical analysis was performed as in (G).

(I) Neutral comet assay on MCF10A-BE3 cells AAVS1-targeted or carrying the i

treatment. Mean tail moment is indicated and data represent three independent

**p < 0.01, ***p < 0.001, ****p < 0.0001).

See also Figure S4 and Tables S5–S7.
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confirmed by Sanger sequencing for all the above sgRNAs,

with the exception of the sgRNA inserting M183I, which also

introduced the out-of-window mutations E181K and E182K at

lower efficiency (Figure 5D).

Previous studies using TRAIPmutant patient cells showed that

the R185* mutation was skipped by alternative splicing of TRAIP

exon 7 (AAs 169–206), potentially resulting in shorter TRAIP pro-

tein isoforms (Harley et al., 2016). In line with this observation,

Q174* or R185* caused a reduction of full-length TRAIP tran-

scripts and a concomitant increase of alternatively spliced iso-

forms lacking exon 7 or exons 6 to 8, as determined by Sanger

sequencing (Figure 5E; data not shown). Notably, sequence

alignment revealed that exon 7 encodes for an evolutionarily

conserved protein region (Figure S4E). Consistent with the alter-

native splicing results, cells carrying Q174* and R185* mutations

largely lacked full-length TRAIP (TRAIPfl) protein, instead ex-

pressing a smaller TRAIP isoform (TRAIPS) not detected in

AAVS1-targeted control cells (Figures 5E, 5F, and S4F). TRAIPS

was also present, albeit at lower levels, in cells carrying TRAIP

missense mutations (Figure 5F). Interestingly, treatment with

camptothecin induced downregulation of both TRAIPfl and

TRAIPs isoforms, and a similar effect was also observed upon

UV radiation (Figures 5F and S4G) (Harley et al., 2016). However,

cells expressing these TRAIP mutants were proficient for UV-

induced phosphorylation of RPA2S4/8 and H2AX, unlike TRAIP-

depleted cells (Figure S4G) (Harley et al., 2016).

Next, we evaluated genomic instability in our mutants upon

camptothecin or cisplatin treatment, by monitoring the formation

of 53BP1 nuclear bodies (NBs) andmicronuclei. TRAIP deficiency

induced by the splice variant significantly increased micronuclei

and 53BP1 NB formation after cisplatin and camptothecin treat-

ments relative to the AAVS1-targeted control (Figures 5G, 5H,

and S4H) (Sonneville et al., 2019). In contrast, the tested TRAIP

mutations caused amild decrease in the formation of micronuclei

and 53BP1 NBs in response to camptothecin, but not cisplatin

(Figures 5G, 5H, and S4H). In line with these findings, the R185*

and M183I mutations caused fewer camptothecin-induced
that promotes sensitivity to camptothecin

y the Ward’s method, as shown in Figure 4A for ATM sgRNAs.

ed conditions mapped to the canonical TRAIP protein isoform, as shown in

ighted.

ent in BE3-expressing MCF10A cell populations carrying the indicated TRAIP

n = 4 (CPT).

As at their target sites, as determined by Sanger sequencing and ICE analyses.

* and R185* mutations. The identity of the indicated TRAIP splice variants was

ript; Dex6–8, delta exons 6–8 transcript.

e indicated sgRNAs and subjected to camptothecin (20 nM, 48 h) treatment or

As upon camptothecin treatment (10 nM, 48 h). Values are represented as fold

nalysis for each sample relative to the AAVS1-targeted control was performed

ndicated TRAIPmutations, subjected to camptothecin (10 nM, 48 h) or cisplatin

each condition relative to theAAVS1-targeted control is shown.Mean ±SD for

ndicated TRAIP mutations, subjected to mock or camptothecin (10 nM, 48 h)

replicates. Statistical analysis was conducted by one-way ANOVA (*p < 0.05,
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DSBs than the AAVS1-targeted control, as measured by neutral

comet assay (Figure 5I). Together, these data uncover a region

of functional relevance in the TRAIP ubiquitin ligase.

Application of base editing screens to identify LOF
mutations of clinical relevance in DDR genes
Having established the utility of base editing screens to define

the functions of DDR genes, we explored their applicability to

determine the clinical relevance of VUSs. For this purpose, we

focused on the 27-gene network of sublibrary 1, which included

genes associated with Fanconi anemia and breast and ovarian

cancer (Figure 1A). According to the ClinVar database, this sub-

library contained 157 sgRNAs generating benign/likely benign

(B/LB) mutations, 241 sgRNAs introducing pathogenic/likely

pathogenic (P/LP) variants, and 1,029 sgRNAs producing

VUSs. ROC analyses on clinically relevant variants in essential

genes in MCF10A-BE3, MCF7-BE3, and HAP1-BE3 cells

showed that base editing screens are able to resolve P/LP

from B/LB mutations (Figure 6A). To strengthen our analysis,

we conducted base editing screens in MCF7-BE3 cells treated

with CISP, OLAP, DOX, and CPT. We then compared the distri-

bution of clinically relevant sgRNAs in the whole library versus

sets of low-priority (LFC beyond top or bottom 5% of negative

controls and p < 0.05) or high-priority (LFC beyond top or bottom

1% of negative controls and p < 0.01, relevant sgRNAs, Table

S6) sgRNAs in MCF10A-BE3 and MCF7-BE3 cells. These ana-

lyses revealed significant shifts in the distribution of clinically

relevant variants in both cell lines at the higher priority threshold,

with the percentage of P/LP mutations consistently increasing

with threshold stringency (Figure 6B).

To identify VUSs of pathogenic potential with high confidence,

we explored the overlap between the relevant sgRNA sets in

MCF10A-BE3 and MCF7-BE3. The MCF10A-BE3 screens identi-

fied a higher number of clinically relevant sgRNAs associatedwith
Figure 6. Analysis of variants of uncertain significance with pathogeni

(A) ROC analyses of MAGeCK ranks for sgRNAs predicted to introduce pathog

benign sgRNAs (false positives) in essential genes from sublibrary 1. AUC values

(B) Distribution of low-priority (LFC beyond top or bottom 5%of negative controls

negative controls and p < 0.01 in any treatment, Table S6) sgRNAs predicted to

Statistical analysis relative to the full set of relevant sgRNAs inMCF10A-BE3 orMC

(C) Venn diagrams of high-priority sgRNAs generating clinically relevant mutatio

individual sgRNA across the 5 conditions (UNT, CISP, OLAP, DOX, CPT) were ave

while sgRNAs with average LFC < 0 were assigned to the depletion set.

(D) Correlation of LFC values for clinically relevant sgRNAs targeting the CHK2

Pearson correlation value is shown. sgRNAs targeting residues selected for valid

(E) Competitive growth assays in the presence of doxorubicin (2.5 nM) conducted

as in Figure 3B. Mean ± SD for n = 4.

(F) Time course analysis of editing frequency induced by the indicated CHK2 sgR

Mean ± SD for n = 2.

(G) Cartoon of the crystal structure of the CHK2 dimer (PDB: 3I6W, Cai et al. [

sequencing are highlighted in green.

(H) Immunoblot showing CHK2 expression and its phosphorylation on T68 in M

without doxorubicin treatment (100 nM, 8 h).

(I) Correlation of averaged LFC values (CISP, OLAP) for clinically relevant sgRNA

cells. Pearson correlation value is shown. sgRNAs that uniquely generate a VUS

(J) Lollipop plot of BARD1 sgRNAs and their average LFC values (CISP, OLAP)

categories are distinguished by symbol shape, and larger symbols indicate sgRN

relevance. sgRNAs that uniquely generate a VUS with pathogenic-like behavior i

See also Figures S5 and S6 and Tables S5–S7.
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growth advantage phenotypes, especially sgRNAs targeting DNA

damage checkpoint genes (i.e., ATM, CHK2) (Figure 6C, Enrich-

ment; Table S6). Strikingly, 14 out of the 16 clinically relevant

sgRNAs conferring growth advantage in both cell lines targeted

CHK2. Mutations in CHK2 predispose to breast and ovarian can-

cer and have also been linked to Li-Fraumeni syndrome (Antoni

et al., 2007; Apostolou and Papasotiriou, 2017; Bell et al., 1999).

TheCHK2 kinase is activated byATM to establish p53-dependent

cell-cycle arrest in response to DNA damage, and its deficiency

confers resistance to DSB-inducing agents (Falck et al., 2001;

Hirao et al., 2000; Takai et al., 2002).

In line with the above findings, sgRNAs targetingCHK2 caused

pronounced resistance to genotoxic agents (Figures 2C and 2D,

E_1, E_2). In particular, the growth effects induced by clinically

relevant CHK2 sgRNAs under doxorubicin treatment exhibited

good correlation in MCF7-BE3 and MCF10A-BE3 cells, albeit

they were more pronounced in MCF10A-BE3 cells (Pearson r =

0.63, Figure 6D). The greater phenotypic penetrance of CHK2

sgRNAs in MCF10A cells may be due to a previously unreported

heterozygous CHK2mutation (Y390C) associated with increased

breast cancer risk (Wang et al., 2015), which is expected to inac-

tivate one CHK2 allele in MCF10A cells (Figure S5A).

Based on the above analysis, we selected as high-confidence

hits sgRNAs predicted to uniquely introduce a CHK2 VUS (i.e.,

A237T, C284Y (2), E351K and E394K (2)) and displaying enrich-

ment behavior in the presence of doxorubicin in both MCF10A-

BE3 and MCF7-BE3 cells (Figure 6D). sgRNAs enriched only in

MCF10A-BE3 cells upon doxorubicin treatment (i.e., sgRNAs

predicted to generate S61N and V395I) were selected as low-

confidence hits (Figure 6D). Validation of the screen phenotypes

by competition assay confirmed that all the evaluated sgRNAs

caused a growth advantage upon doxorubicin and olaparib

treatment, similar to a sgRNA generating the LOF nonsense mu-

tation Q209* (Figures 6E and S5C). Sanger sequencing verified
c-like behavior

enic and likely pathogenic mutations (true positives) versus benign and likely

are indicated in brackets.

and p < 0.05 in any treatment) or high-priority (LFC beyond top or bottom 1%of

introduce clinically relevant mutations in MCF10A-BE3 and MCF7-BE3 cells.

F7-BE3 cells was conducted using a chi-square test (**p < 0.01, ****p < 0.0001).

ns in MCF10A-BE3 and MCF7-BE3 screens (Table S6). LFC values for each

raged and sgRNAs with average LFC > 0 were assigned to the enrichment set,

gene upon doxorubicin treatment in MCF10A-BE3 versus MCF7-BE3 cells.

ation are highlighted.

onMCF10A-BE3 cells expressing the indicated sgRNAs. Data are represented

NAs at their target loci, as determined by Sanger sequencing and ICE analysis.

2009]) with domains colored as in Figure S5B. Mutations verified by Sanger

CF10A-BE3 cells, either AAVS1 targeted or edited by CHK2 sgRNAs, with or

s targeting BARD1, BRCA1, and BRCA2 in MCF10A-BE3 versus MCF7-BE3

in the BARD1 gene are indicated.

in MCF7-BE3 cells mapped to the canonical BARD1 protein isoform. sgRNA

As with p < 0.01 in olaparib and/or cisplatin treatments. Colors indicate clinical

n the BARD1 gene are indicated.
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that the selected sgRNAs generated the predicted mutations,

with the exception of sgRNAs targeting A237 and S61, which re-

sulted in the generation of a second VUS (E239K and E64K,

respectively) with higher efficiency than the predicted mutation

(A237T and S61N, respectively), and sgRNA targeting V395 (no

editing) (Figure 6F). The analyzed high-confidence CHK2 muta-

tions, which localized to the kinase domain, significantly

decreased CHK2 protein expression comparably to Q209* (Fig-

ures 6G and 6H). Accordingly, only residual ATM-dependent

phosphorylation of CHK2 on T68 was observed in response to

doxorubicin treatment (Figure 6H). In the case of the E64K muta-

tion, the effect on CHK2 protein levels and ATM-dependent

CHK2 phosphorylation was less pronounced, consistent with

the milder growth advantage of cells carrying this mutation (Fig-

ures 6D, 6E, S5C, and S5E). Together, these findings show that

all sgRNAs selected (9/9) validated the screen results (Figures

6E, S5B, and S5C) and illustrate the importance of confirming

sgRNA-induced mutational outcomes, since 3 of 9 tested

CHK2 sgRNAs did not introduce the expected mutations at

high frequency.

Clinically relevant sgRNAs with depletion phenotypes also ex-

hibited notable overlap between MCF7-BE3 and MCF10A-BE3

cells (Figure 6C, Depletion; Table S6). MCF7-BE3 cells displayed

a greater number of clinically relevant sgRNAs causing growth

disadvantage, with more than 50% of them targeting breast can-

cer-associated HR genes (i.e., BRCA1, BRCA2, and BARD1)

(Figure 6C). LFC values for clinically relevant sgRNAs in

BRCA1, BRCA2, and BARD1 under cisplatin and olaparib treat-

ment showed high correlation for both cell lines (Pearson r =

0.6716 for MCF10A-BE3, r = 0.809 for MCF7-BE3). We then

averaged the LFC values under cisplatin and olaparib treatment

to draw an inter-cell line correlation (Pearson r = 0.65) and

pinpoint VUSs in BRCA1, BRCA2, and BARD1 with patho-

genic-like behavior (Figure 6I). High-confidence sgRNAs gener-

ating VUSs primarily targeted BARD1 and localized to known

functional domains, i.e., the BRCA1-interacting region and the

tandem BRCT motifs (Figures 6I and 6J). Interestingly, two

BARD1 sgRNAs localized to the UDR motif within the BRCT

domain that recognizes H2AK15ub (Becker et al., 2020) (Fig-

ure 6J). By selecting only sgRNAs predicted to uniquely make

VUSs, we identified three high-confidence (E45K, R49H,

R751W) and three low-confidence (D29N, S51L, R731H) muta-

tions that displayed P/LP behavior. Similar analysis on the

BRCA1 and BRCA2 genes revealed that missense sgRNAs of

P/LP behavior localized to critical protein domains, coinciding

with results from similar base editing screens conducted by

Doench and colleagues (Figures S5F and S5G) (Hanna et al.,

2021). Indeed, 3 of 7 deleterious, clinically relevant, missense

sgRNAs in BRCA1 localized to the RING domain and the tandem

BRCT motifs, while 8 of 10 clinically relevant, missense BRCA2

sgRNAs targeted the helical and OB-fold domains (Figures S5F

and S5G). Collectively, these studies indicate that base editing

screens can identify VUSs that exhibit P/LP behavior.

Additional DDR genes with mutational patterns of
interest
We then sought to extend our analyses of relevant sgRNAs in

MCF10A-BE3 and MCF7-BE3 to all sublibrary 1 sgRNAs to
pinpoint additional overlapping and cell-line-specific hits. Inter-

estingly, sgRNAs targeting BRIP1 conferred growth advantage

in MCF7-BE3, but not MCF10A-BE3 cells (Figure S6A, Enrich-

ment; Table S6). BRIP1 is a DNA helicase mutated in breast

and ovarian cancer and Fanconi anemia that promotes HR and

ICLR (Bridge et al., 2005; Cantor et al., 2001; Litman et al.,

2005). Unlike other HR genes, LOFmutations in BRIP1 conferred

unexpected resistance to camptothecin and, to a lesser extent,

olaparib in MCF7-BE3 cells (Figure S6B). Missense mutations

with LOF behavior targeted critical residues, such as the

conserved C284 in the Fe-S domain, or surface residues of the

arch and helicase domains (i.e., T411, T722, L810, or H835) (Fig-

ures S6C and S6D).

MCF10A-BE3 and MCF7-BE3 cells shared depletion pheno-

types for sgRNAs targeting the ATR kinase (Figure S6A, Deple-

tion; Table S6). The averaged cisplatin and olaparib LFC values

for ATR sgRNAs showed good inter-cell line correlation (Pearson

r > 0.69), enabling us to pinpoint high-confidence deleterious

sgRNAs generating missense variants (Figures S6E and S6F) in

the FAT and kinase domains (8/14), and/or targeting surface res-

idues (5/14), three of which located in a lateral groove

(S1115_P1116, H1587_L1588, and R1653_V1655) (Figures S6F

and S6G).

Finally, we explored the depletion phenotypes of sgRNAs tar-

geting CDK12 (Figure S6A, Depletion; Table S6), a kinase that

promotes the expression of DNA repair genes, including

BRCA1 and ATR (Blazek et al., 2011). Accordingly, nonsense

and deleterious missense mutations within CDK12’s proline-

rich motifs (PRM1-2) and kinase domain caused growth disad-

vantage across conditions (Figures S6H and S6I). Among

them, Q1088* and G909E mutations are considered pathogenic

according to TCGA pancancer analyses, and sgRNAs gener-

ating the VUSs R344W, A284V, and E1041K display LOF

behavior (Figure S6H, bold font; Table S5). Collectively, these

data highlight the potential of base editing screens for dissecting

the functionality of DDR genes and determining the impact of

clinically relevant mutations.

DISCUSSION

In this study, we combined CRISPR-mediated base editing and

pooled screening technologies for large-scale analyses of hu-

man nucleotide variants across multiple cell lines. Application

of base editing screens to an 86-gene DDR network under the

selective pressure of DNA damaging agents allowed us to un-

cover phenotypes distinct from those obtained using traditional

CRISPR-KO screens. To facilitate the interrogation of our data-

set, we developed an online database including the predicted

mutational outcome and protein localization for the studied

sgRNAs, alongside their clinical relevance, and statistical and

biological significance (https://www.ciccialab-database.com/

ddr-variants). This resource will facilitate the study of DDR vari-

ants and the evaluation of their impact on human pathology.

Base editing screening: current features and future
optimization
At least three aspects need to be considered for optimizing li-

brary design, targeting range, phenotypic resolution, and editing
Cell 184, 1081–1097, February 18, 2021 1093
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specificity in base editing screens. First, the design of base edit-

ing sgRNA libraries can be optimized by applying CRISPR-KO

off- and on-target scores (Doench et al., 2016) (Figures 1E–1G,

S1G, and S1H). Similarly, existing CRISPR-KO analysis algo-

rithms (MAGeCK, DrugZ) coupled to SNV annotation tools (AN-

NOVAR) can be used to evaluate base editing screen data (Colic

et al., 2019; Li et al., 2014; Wang et al., 2010). Second, the reper-

toire of variants inserted and the targeting range of base editing

screens can be broadened with cytosine and adenine base edi-

tors with relaxed PAM requirements (Gaudelli et al., 2017; Hu

et al., 2018; Huang et al., 2019; Nishimasu et al., 2018; Walton

et al., 2020). Third, base editors with narrow (1–2 nucleotide) ac-

tivity windows can limit the number of mutational outcomes

caused by multiple editable bases within and/or outside of the

editing window (Figures 3C, 4C, 5D, and 6F) (Kim et al., 2017;

Tan et al., 2019). In addition, coupling base editing screens

with individual validation of candidate variants enables the char-

acterization of the precise mutation(s) responsible for the

observed phenotype.

Applications of base editing screening technologies
Through our studies, we demonstrate the versatility of base edit-

ing screening technologies and highlight their use for the appli-

cations discussed below.

Identification of LOF, GOF, and SOF mutations

Our work shows that base editing screens enable the identifica-

tion of SOFmutations critical for functional dissection of complex

multidomain proteins. To exemplify this point, we identified and

characterized mutations of 53BP1’s TTD domain that confer

gain (G1593K) or loss (V1544I, G1560K) of 53BP1-dependent

p53 regulation, without interfering with the role of 53BP1 in DSB

repair (Figures 3 and S2). The 53BP1 TTD has been implicated

in regulating the USP28-53BP1-p53 axis independently of p53

binding (Cuella-Martin et al., 2016). Here, we describe the TTD

as the second 53BP1 domain, in addition to the tandem BRCT,

that regulates the USP28-53BP1 interaction (Figure 3F) (Cuella-

Martin et al., 2016; Knobel et al., 2014). In particular, the TTD res-

idues V1544 and G1560, located opposite to the methyl-K/R

bindingpocket (Figure 3D) (Botuyanet al., 2006), defineanon-ca-

nonical TTD interaction surface that promotes the association of

53BP1 with USP28. Our mutational analyses also revealed a

possible role in p53 regulation for an uncharacterized 53BP1 re-

gion (AAs 1288–1383) located in the vicinity of its oligomerization

domain (Figure 3A). Two clusters of 5 and 4 sgRNAswithin this re-

gion conferred growth advantage and disadvantage, respec-

tively (Figures 3A and S2A), suggesting that the resulting 53BP1

variants might regulate p53 signaling similarly to the above TTD

mutations. Further characterization of these and other 53BP1

motifs (e.g., phosphosites) will expedite our understanding of

the role of 53BP1 in p53-mediated responses.

Identification of functional domains that mediate

treatment-specific phenotypes

Our observations also highlight the potential of base editing

screens to identify treatment-specific phenotypes and discover

functional domains. In particular, we characterized a subset of

TRAIP mutations, clustered in a previously undefined but evolu-

tionary-conserved 30 AA (174–204) region, that cause growth

advantage and enhanced genomic stability uniquely in response
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to camptothecin (Figures 5B, 5C, 5G–5I, S4E, and S4H). Camp-

tothecin acts by trapping TOP1 onto DNA, thus generating DNA

single-strand breaks that can be converted into DSBs during

DNA replication (Liu et al., 2000). Since TRAIP interacts with

TOP1 (Feng et al., 2016), TRAIP mutations in this region may

interfere with the loading of TOP1 on chromatin or enhance the

removal of TOP1-DNA adducts, resulting in the formation of

fewer camptothecin-induced DSBs and a consequent growth

advantage. Alternatively, these TRAIP mutants might possess

elevated HR-promoting activities relative to the wild-type protein

(Soo Lee et al., 2016), whichwould enablemore efficient repair of

camptothecin-induced DSBs. Given that the TRAIP R185* muta-

tion causes primordial dwarfism, further mechanistic studies

defining the 174–204 AA region may provide insights into the eti-

ology of this disease.

Phenotypic characterization of disease-associated

genetic variants

Our study analyzes clinically relevant variants in 75 DDR genes

associated with genetic syndromes and/or cancer (Tables S1

and S5). We demonstrate that base editing screens can separate

pathogenic from benign mutations and identify > 240 clinically

relevant DDR variants exhibiting altered cellular growth and/or

response togenotoxic agents (Figures 6A–6C; Table S6). Inpartic-

ular, we characterized 5 CHK2 VUSs and identified 12 BARD1,

BRCA1, and BRCA2 VUSs that display behavior comparable to

that of P/LP variants predisposing to breast cancer (Figures 6C–

6J and S5B–S5G). Importantly, we show that accurate variant

classification throughbaseeditingscreens relieson thegeneration

of cellular scenarios for optimal penetrance of mutation-induced

phenotypes and requires the verification of sgRNA-inducedmuta-

tional outcomes (Figures 6E and 6F). Future improvements in edit-

ing scope and precision will increase the ability of base editing

screens to categorize clinically relevant variants.

Conclusions and future perspectives
Collectively, our work highlights the potential of base editing

screens to query nucleotide variants, allowing for the separation

of phenotypes that are often confounded in analyses based on

full protein loss. Mutational tiling of endogenous loci enables

the study of essential and large genes, overcoming limitations

of current structure-function approaches. From a clinical stand-

point, this technology can guide the identification of mutations

with pathogenic-like behavior in genetic disorders and cancer

and facilitate the discovery of mutation-drug interactions for

the development of personalized therapies. Together, base

editing screening technologies will help elucidate the molecular

determinants of human disease and accelerate the path to pre-

cision medicine.
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Ibañez de Opakua, A., Oka, Y., Feng, Y., Blanco, F.J., Mann, M., et al.

(2016). TRAIP is a PCNA-binding ubiquitin ligase that protects genome stability

after replication stress. J. Cell Biol. 212, 63–75.

Hsiau, T., Conant, D., Rossi, N., Maures, T., Waite, K., Yang, J., Joshi, S.,

Kelso, R., Holden, K., Enzmann, B.L., et al. (2019). Inference of CRISPR Edits

from Sanger Trace Data. bioRxiv. https://doi.org/10.1101/251082.

Hsu, P.D., Lander, E.S., and Zhang, F. (2014). Development and applications

of CRISPR-Cas9 for genome engineering. Cell 157, 1262–1278.

Hu, J.H., Miller, S.M., Geurts, M.H., Tang, W., Chen, L., Sun, N., Zeina, C.M.,

Gao, X., Rees, H.A., Lin, Z., and Liu, D.R. (2018). Evolved Cas9 variants with

broad PAM compatibility and high DNA specificity. Nature 556, 57–63.

Huang, S., Liao, Z., Li, X., Liu, Z., Li, G., Li, J., Lu, Z., Zhang, Y., Li, X., Ma, X.,

et al. (2019). Developing ABEmax-NG with Precise Targeting and Expanded

Editing Scope to Model Pathogenic Splice Site Mutations In Vivo. iScience

15, 640–648.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

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

Mouse monoclonal anti-HA Sigma-Aldrich Cat#H3663; RRID:AB_262051

Rabbit polyclonal anti-USP28 Bethyl Laboratories Cat#A300-898A; RRID:AB_2212916

Mouse monoclonal anti-p53 Santa Cruz Biotechnology Cat#sc-126; RRID:AB_628082

Sheep polyclonal anti-TRAIP a gift from Niels Mailand N/A

Rabbit polyclonal anti-phosphoRPA2S4/8 Bethyl Laboratories Cat#A300-245A; RRID:AB_210547

Rabbit polyclonal anti-RPA2 Bethyl Laboratories Cat#A300-244A; RRID:AB_185548

Rabbit polyclonal anti-ɣ-H2AX Bethyl Laboratories Cat#A300-081A; RRID:AB_203288

Rabbit polyclonal anti-H2AX Bethyl Laboratories Cat#A300-082A; RRID:AB_203287

Rabbit monoclonal anti-ATM Cell signaling Cat#2873; RRID:AB_2062659

Rabbit monoclonal anti-phosphoCHK2T68 Cell signaling Cat#2197; RRID:AB_2080501

Mouse monoclonal anti-CHK2 Cell signaling Cat#3440; RRID:AB_2229490

Mouse monoclonal anti-vinculin Sigma-Aldrich Cat#V9131; RRID:AB_477629

Rabbit polyclonal anti-53BP1 Bethyl laboratories Cat#A300-272A; RRID:AB_185520

Rabbit polyclonal anti-RAD51 Bioacademia Cat#70-002; RRID:AB_1056187

Mouse monoclonal anti-BRCA1 Santa Cruz Biotechnology Cat#sc-6954; RRID:AB_626761

Mouse monoclonal anti-ɣ-H2AX BioLegend Cat#613402; RRID:AB_315795

Mouse monoclonal anti-cyclin A Santa Cruz Biotechnologies Cat#sc-271682; RRID:AB_10709300

Goat anti-mouse Alexa Fluor 488 Thermo Fisher Scientific Cat#A11001; RRID:AB_2534069

Goat anti-rabbit Alexa Fluor 488 Thermo Fisher Scientific Cat#A11008; RRID:AB_143165

Goat anti-mouse Alexa Fluor 594 Thermo Fisher Scientific Cat#A11005; RRID:AB_141372

Goat anti-rabbit Alexa Fluor 594 Thermo Fisher Scientific Cat#A11012; RRID:AB_141359

Bacterial and Virus Strains

Subcloning Efficiency DH5a Thermo Fisher Scientific Cat#18265-017

Endura Electrocompetent Cells Lucigen Cat#60242-1

Chemicals, Peptides, and Recombinant Proteins

Transfection reagent: TransIT-293 Mirus Cat#MIR 2700

Transfection reagent: Lipofectamine RNAiMAX Thermo Fisher Scientific Cat#13778-150

Puromycin Gold Biotechnology Cat#P-600-100

Blasticidin Gold Biotechnology Cat#B-800-100

Cisplatin Sigma-Aldrich Cat#P4394-25MG

Olaparib (AZD2281, Ku-0059436) Selleck Chemicals Cat#S1060

Doxorubicin hydrochloride TCI Chemicals Cat#D4193-25MG

Camptothecin Sigma-Aldrich Cat#C9911-100MG

(±)-Nutlin-3 Cayman Chemicals Cat#1004372

Gibson Assembly Master Mix New England Biolabs Cat#E2611L

Q5 High-Fidelity DNA polymerase New England Biolabs Cat#M0491L

Anti-HA agarose beads Sigma-Aldrich Cat#A2095; RRID:AB_257974

Critical Commercial Assays

Quick-DNA Midiprep Plus Kit Zymo Research Cat#D4075

Quick Extract DNA Extraction solution Lucigen Cat#QE09050

Deposited Data

Unprocessed gels, blots and microscopy images This study; Mendeley Data https://dx.doi.org/10.17632/kfyr3t5v9w.1

sgRNA NGS data SRA SRA: SUB8818564; BioProject: PRJNA689217

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Human reference genome NCBI build 38, GRCh38 Genome Reference Consortium https://www.ncbi.nlm.nih.gov/projects/genome/

assembly/grc/human/

Structure of 53BP1 TTD bound to H4K20me2 (Botuyan et al., 2006) PDB: 2IG0

Structure of the ATM dimer (Bareti�c et al., 2017) PDB: 5NP0

Structure of the CHK2 dimer (Cai et al., 2009) PDB: 3I6W

Structure of ATR bound to ATRIP (Rao et al., 2018) PDB: 5YZ0

The ClinVar database (v. 2018-06-03) NCBI https://www.ncbi.nlm.nih.gov/clinvar/;

RRID:SCR_006169

The Cancer Genome Atlas database (v. gdc-1.0.0) GDC https://portal.gdc.cancer.gov/; RRID:SCR_003193

Experimental Models: Cell Lines

MCF10A ATCC Cat#CRL-10317; RRID:CVCL_0598

MCF7 ATCC Cat#HTB-22; RRID:CVCL_0031

HAP1 A gift from Thijn Brummelkamp N/A

HEK293T ATCC Cat#CRL-11268; RRID:CVCL_1926

Oligonucleotides

List of oligonucleotides This study, Table S7 N/A

Recombinant DNA

Plasmid: BE3-FNLS-P2A-BlastR (Billon et al., 2017) N/A

Plasmid: pLenti-Guide-Puro (Sanjana et al., 2014) Addgene Cat#52963

Plasmid: LentiGuide-NLS-GFP (Noordermeer et al., 2018) N/A

Plasmid: LentiGuide-NLS-mCherry-AAVS1 (Hustedt et al., 2019) N/A

Plasmids: pLenti-Guide-Puro-sgRNA-of-interest This study, Table S7 N/A

Plasmids: LentiGuide-NLS-GFP-sgRNA-of-interest This study, Table S7 N/A

Plasmid: pDONR223-53BP1 This study N/A

Plasmid: pMSCV-FLAG-HA-DEST (Sowa et al., 2009) N/A

Plasmid: pMSCV-FLAG-HA-53BP1 WT and mutants This study N/A

Plasmid: pMSCV-FLAG-HA-GFP This study N/A

sgRNA Library: 27-gene-library in pLenti-Guide-Puro This study N/A

sgRNA Library: 56-gene-library in pLenti-Guide-Puro This study N/A

Software and Algorithms

R (3.4.1; 3.5.0) The R project for statistical

computing

https://www.r-project.org; RRID:SCR_001905

RStudio RStudio https://rstudio.com; RRID:SCR_000432

PEAR (Zhang et al., 2014) https://cme.h-its.org/exelixis/web/software/pear/;

RRID:SCR_003776

Cutadapt (Martin, 2011) https://cutadapt.readthedocs.io/en/stable/;

RRID:SCR_011841

ANNOVAR (Wang et al., 2010) https://annovar.openbioinformatics.org/en/latest/;

RRID:SCR_012821

MAGeCK (Li et al., 2014) https://sourceforge.net/p/mageck/wiki/Home/

Snapgene Viewer Snapgene https://www.snapgene.com/snapgene_viewer/;

RRID:SCR_015053

Prism GraphPad Software https://www.graphpad.com/scientific-software/

prism/; RRID:SCR_002798

ImageJ National Institutes of Health https://imagej.nih.gov/ij; RRID:SCR_003070

CometScore Software Version 1.5 TriTek Corporation http://rexhoover.com/index.php?id=cometscore

MetaXpress High-Content Image Acquisition and

Analysis Software

Molecular Devices https://www.moleculardevices.com/products/

cellular-imaging-systems/acquisition-and-analysis-

software/metaxpress#gref; RRID:SCR_016654

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Inference of CRISPR Editing (ICE) Synthego https://ice.synthego.com/#/

PyMOL Delano Scientific https://pymol.org/2/; RRID:SCR_000305

Phyre2 (Kelley et al., 2015) http://www.sbg.bio.ic.ac.uk/~phyre2;

RRID:SCR_010270

Missense3D (Ittisoponpisan et al., 2019) http://www.sbg.bio.ic.ac.uk/~missense3d/

Consurf server (Ashkenazy et al., 2016) https://consurf.tau.ac.il/

ESPript3.0 (Robert and Gouet, 2014) http://espript.ibcp.fr/ESPript/ESPript;

RRID:SCR_006587

Other

Base editing screen results in MCF10A and MCF7 This study, web resource https://www.ciccialab-database.com/ddr-variants
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RESOURCE AVAILABILITY

Lead contact
Further information and request for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Alberto

Ciccia (ac3685@cumc.columbia.edu).

Materials availability
Plasmids and cell lines generated in this study will be made available by the Lead Contact under a Material Transfer Agreement.

Data and code availability
All screening data are provided as Supplemental Tables and can be additionally enquired on a dedicated website available at the

following address: https://www.ciccialab-database.com/ddr-variants.

The raw NGS data generated during this study are publicly available at the Single Read Archive (SRA). The accession numbers for

the NGS data are SRA: SUB8818564; BioProject: PRJNA689217. Original gel, blots and microscopy images have been deposited to

Mendeley Data: https://dx.doi.org/10.17632/kfyr3t5v9w.1. Scripts utilized for analysis and graph generation will be made available

upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines and cell culture
Female human mammary epithelial MCF10A cells were cultured in a high-glucose, GlutaMAX containing 1:1 mixture of DMEM and

Ham’s F12 medium (GIBCO, Thermo Fisher Scientific, Waltham, MA), supplemented with 5% (v/v) horse serum (GIBCO, Thermo

Fisher Scientific), 10 mg/mL insulin (Sigma-Aldrich, St Louis, MO), 0.5 mg/mL hydrocortisone (Sigma-Aldrich), 20 ng/mL human

epidermal growth factor (PeproTech, Rocky Hill, NJ) and 100 U/mL penicillin and 100 mg/mL streptomycin (Pen/Strep, Thermo Fisher

Scientific). Female breast cancerMCF7 cells were cultured in 2mML-glutamine containing DMEM (GIBCO, Thermo Fisher Scientific)

supplemented with 10% (v/v) fetal bovine growth serum (GIBCO, Thermo Fisher Scientific), and Pen/Strep (Thermo Fisher Scientific).

HAP1 cells were cultured in IscoveModified Dulbecco’s Medium (IMDM, Caisson Labs, Smithfield, UT) supplemented with 10% (v/v)

Fetalgro bovine growth serum (BGS, RMBIO, Missoula, MT), 2 mM GlutaMAX (Thermo Fisher Scientific), and Pen/Strep (Thermo

Fisher Scientific). Female HEK293T cells were cultured in high-glucose, 2mM L-glutamine containing DMEM (GIBCO, Thermo Fisher

Scientific) supplemented with 10% (v/v) Fetalgro bovine growth serum (BGS, RMBIO). All cells were grown in a humidified atmo-

sphere at 37�C and 5% CO2. To generate cells constitutively expressing BE3-FNLS-P2A-BlastR (Billon et al., 2017; Zafra et al.,

2018), lentiviral transduction was carried out. Briefly, 2x106 HEK293T cells were seeded in 6 cm dishes in antibiotic-free DMEM.

Sixteen h later, cells were co-transfected with 4 mg of the BE3-FNLS-P2A-BlastR and the vectors encoding the lentiviral packaging

components gag-pol, VSV-G, rev and tat (0.2 mg, 0.4 mg, 0.2 mg, and 0.2 mg, respectively). Vectors weremixed in 500 mL of Opti-MEM

(GIBCO, Thermo Fisher Scientific) and 18 mL of TransIT-293 reagent (Mirus Bio, Madison, WI) were added, mixed, incubated for

20 min at room temperature (RT). The mixture was then added dropwise to HEK293T cells. Forty-eight and 72 h post-transfection,

viral supernatants were collected, cell residues eliminated by filtration through a 0.45 mm filter and applied in a 1:1 virus/medium

mixture over the cell line of interest growing at 50% confluency with 4 mg/mL polybrene for 24 h. After transduction, cells were treated

with blasticidin at 10 mg/mL for 72 h. For clone recovery, cells were seeded at low density in 10 cm dishes (MCF10A, MCF7) or at a

density of 0.5 cells per well in 96-well plates (HAP1) and outgrown until populations were recovered. BE3-FNLS expression was

determined by western blot.
e3 Cell 184, 1081–1097.e1–e7, February 18, 2021

mailto:ac3685@cumc.columbia.edu
https://www.ciccialab-database.com/ddr-variants
https://dx.doi.org/10.17632/kfyr3t5v9w.1
https://ice.synthego.com/#/
https://pymol.org/2/
http://www.sbg.bio.ic.ac.uk/%7Ephyre2
http://www.sbg.bio.ic.ac.uk/%7Emissense3d/
https://consurf.tau.ac.il/
http://espript.ibcp.fr/ESPript/ESPript
https://www.ciccialab-database.com/ddr-variants


ll
Resource
METHOD DETAILS

Plasmids
BE3-FNLS-P2A-BlastR was previously generated (Billon et al., 2017) and pLenti-Guide-Puro (Addgene #52963, (Sanjana et al.,

2014)) were utilized for constitutive BE3 and sgRNA expression. For characterization of individual sgRNA-induced perturbations,

sgRNAs in Table S7 were cloned into the modified form of LentiCRISPRv2 that replaced Cas9 with NLS-tagged GFP (referred as

LentiGuide-NLS-GFP) from (Noordermeer et al., 2018), as previously described (Sanjana et al., 2014). LentiGuide-NLS-mCherry,

and LentiGuide-NLS-GFP carrying a sgRNA targeting theAAVS1 locus were used as controls (Hustedt et al., 2019). 53BP1 full-length

ORF (NM_005657) was cloned into pDONR223 entry vector with BP clonase II (Life Technologies). A stop codon and mutations in

53BP1 were introduced by site-directed mutagenesis (inverse PCR) and verified by Sanger sequencing. pDONR223-53BP1 WT,

its mutants or a GFP control were subsequently cloned into pMSCV-FLAG-HA-DEST (Sowa et al., 2009) with LR clonase II (Life

Technologies).

Library design and cloning
Custom DNA libraries were designed to perform mutational tiling in 86 target genes of the DNA damage response (Table S1). To this

end, all possible 20-mer sequences upstream of NGG PAM sites where the BE3 editing window (13-18 nucleotides from the PAM

(Zafra et al., 2018)) would totally or partially fall within a coding exon in any described gene isoformwere annotated in the hg38 human

genome assembly. Three types of negative controls were included: i) sgRNAs with targetable bases within the AAVS1 locus, ii) non-

targeting sgRNAs obtained from the GeCKO_v2 library, and iii) sgRNAs targeting common essential genes from (Hart et al., 2015)

containing no editable base within an extended, 8-bp long BE3 window (aforementioned 6-bp window +1 nt at both 30 and 50

ends). As positive controls for cell lethality, stop codons in common essential genes were designed using the iSTOP search param-

eters (Billon et al., 2017), and randomly sampled to include at least 1,000 sgRNAs in the final libraries. Duplicated sgRNAs and

sgRNAs containing BsmBI (CGTCTC) restriction sites were excluded. Two sublibraries were designed (sublibrary 1 and sublibrary

2) and combined in the current screen analyses (library) (Table S1). Oligonucleotides were designed including BsmBI restriction sites

for cloning into the pLentiGuide-Puro expression plasmid, and primer sites were appended for specific library amplification within

mixed oligonucleotide pools. Final oligonucleotides for sublibrary 1 were designed for Gibson assembly-based cloning and looked

as follows: 50[Forward primer]cgtctcgtcatgtggaaaggacgaaacaccg[sgRNA 20-mer]gttttagagctagaaatagctgcacgagacg[Reverse

primer]30. Oligonucleotides for sublibrary 2 were designed for Golden Gate-based cloning as two sgRNA concatemers separated

by Esp3I sites allowing for the decoupling of individual sgRNAs. Oligonucleotide pools were ordered from Agilent Technologies

(Santa Clara, CA). Libraries were amplified using 1 ng of starting oligonucleotide pool and Q5 high-fidelity DNA polymerase (New En-

glandBiolabs, Ipswich, MA) in a 25 mL reaction for every 5,000 sgRNAs and amaximumof 20 PCR cycles. Amplified customdesigned

sublibraries were cloned as follows. Sublibrary 1 was digested with Esp3I (New England Biolabs) prior to cloning into pLenti-Guide-

Puro using a Gibson assembly strategy as per manufacturer instructions, and the protocol described in (Joung et al., 2017). Subli-

brary 2 was cloned into pLenti-Guide-Puro using a modified version of the Golden Gate assembly protocol. A combined Esp3I (New

England Biolabs) digestion-assembly step was carried out using the Golden Gate technology as per manufacturer’s indications.

Upon isopropanol precipitation, libraries were transformed into Endura electrocompetent cells (Lucigen). Plasmid DNA libraries

were isolated using ZymoPure II Plasmid Maxiprep Kit (Zymo Research, Irvine, CA). Prior to use, libraries were sequenced on a No-

vaSeq 6000 sequencing platform (Illumina, San Diego, CA) by the Genome Sciences Facility at The Pennsylvania State College of

Medicine.

BE3 base editing screens
All screens were performed in biological triplicates and library coverage of at least 1,000 cells per sgRNA was preserved at every

step. MCF10A-BE3, MCF7-BE3 and HAP1-BE3 cells were transduced with three independent batches of custom lentiviral sublibra-

ries 1 and 2 at a lowMOI (< 0.4) for 24 h. Puromycin-containingmediumwas then added and selectionmaintained for 48 h at 2 mg/mL.

Subsequently, cells were cultured in medium containing 0.5 mg/mL puromycin and 5 mg/mL blasticidin for the duration of the screen.

At this stage, which was considered time 0 (T0), cells were subcultured and medium with and without drugs refreshed every 3 days

with collection time established at day 18 (T18). Collection times were optimized performing smaller screens in biological triplicates

using sublibrary 1 and assessing the behavior of iSTOP controls and negative controls. Drug concentrations were optimized to

achieve a lethal dose 25 (LD25) by previously culturing sublibrary 1-transduced MCF10A-BE3 and MCF7-BE3 cells in 6-well plates

for 18 days and passaging them into refreshed drug medium every 3 days. Drugs were used as follows: i) cisplatin (Sigma-Aldrich,

#P4394) at 1 mM and 750 nM, ii) olaparib (Selleck Chemicals, Houston, TX, USA, #S1060) at 2 mM and 1 mM, iii) doxorubicin (TCI

Chemicals, Tokyo, Japan, #D4193) at 2.5 nM and 5 nM, iv) camptothecin (Sigma-Aldrich, #C9911) at 5 nM and 2.5 nM, for

MCF10A-BE3 and MCF7-BE3, respectively. Cell pellets were frozen at T0 and T18 and subsequent gDNA isolation was performed

using Quick-DNA Midiprep Plus Kit (Zymo Research). Genome-integrated sgRNA sequences were amplified with Q5 high-fidelity

DNA polymerase (New England Biolabs). Briefly, 10 mg of genomic DNA were amplified in a 100 mL reaction utilizing a 5-staggered

forward primer mix and a unique reverse primer and including Q5 High GC Enhancer as per manufacturer indications (Table S7).

sgRNA representation was preserved considering that the genome of 106 diploid cells weights �6.6 mg. PCR amplification was car-

ried out as follows: 30 s at 98�C; followed by 10 s at 98�C, 30 s at 58�C, 10 s at 72�C for 18 cycles; and 2 min at 72�C. Samples were
Cell 184, 1081–1097.e1–e7, February 18, 2021 e4
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barcoded in a second PCR step using 5 mL of the first PCR, custom primers containing TruSeq Illumina dual indexes (UDI) and Q5

High GC Enhancer, as per manufacturer indications (Table S7). The following PCR conditions were used: 30 s at 98�C; followed by

10 s at 98�C, 30 s at 68�C, 15 s at 72�C for 10 cycles; and 2min at 72�C. sgRNA representation was preserved by running a barcoding

reaction for every 5,000 sgRNAs. Final products were run on 2% agarose gels, gel purified, multiplexed and sequenced on a Nova-

Seq 6000 sequencing platform (Illumina) with a 10% spike-in of PhiX by the Princeton University Genomics Core Facility.

Variant annotation
All the possible mutational outcomes for a given sgRNAwere computed by permutation of the editable bases within the BE3 window

(13-18 nucleotides from the PAM (Zafra et al., 2018)). Base substitutions were translated into the corresponding protein mutations in

all protein isoforms using Variant Effect Predictor (Ensembl version 93), and categorized based on their outcome as ‘‘synonymous,’’

‘‘missense,’’ ‘‘nonsense,’’ or ‘‘splice’’ variants. sgRNAs targeting exonic regions in putative non-protein coding isoforms were

uniquely categorized as ‘‘putative non-coding’’ regardless of the mutational outcome. Each sgRNAwas placed in a unique category,

defined by the most damaging mutation possibly made within its editable window in any of the protein isoforms (e.g., if a sgRNA

makes a nonsense mutation in one isoform and a synonymous mutation in another isoform, it will be categorized as ‘‘nonsense’’).

Mutations in the first codon were classified as ‘‘nonsense.’’ sgRNAs with no editable bases in the window were categorized as

‘‘empty-window.’’ To determine the clinical relevance, mutations were parsed against theClinVar database using ANNOVAR (version

2018Apr16) (Wang et al., 2010). For simplicity, three categories were established: i) benign/likely-benign, ii) VUS, including variants of

uncertain significance and variants with conflicting interpretations, and iii) pathogenic/likely-pathogenic. Whenmultiple variants were

generated by the same sgRNA, the clinical interpretation of the most deleterious amino acid change was assigned (e.g., if a given

sgRNA is predicted to insert a missense mutation listed in ClinVar as a VUS and a nonsense mutation absent from ClinVar, then

the sgRNA would not be classified as clinically-relevant). When all predicted sgRNA mutational outcomes were equally deleterious

at the functional level, the clinical relevance of the sgRNA was determined based on the following criteria applied to the mutational

outcomes: benign/likely-benign < absent inClinVar (NA) < VUS < pathogenic/likely-pathogenic. Predicted mutations were also map-

ped to The Cancer Genome Atlas (TCGA) database (version gdc-1.0.0). TCGA somatic mutation data of 33 cancer types were down-

loaded from GDC (https://portal.gdc.cancer.gov/). sgRNAs were called as present in TCGA when a mutation in the TCGA database

coincided with any of the possible mutations that sgRNA could introduce, regardless of the presence of bystander mutations. Post-

translational modification sites were mapped against the PhosphoSitePlus database utilizing predicted amino acid substitutions in

the canonical isoform for each gene.

Two-color competitive growth assays
Cells were transduced with lentiviral particles of LentiGuide-NLS-mCherry-AAVS1 or LentiGuide-NLS-GFP-sgRNA-of-interest (Hus-

tedt et al., 2019; Noordermeer et al., 2018), at high MOI (> 1). Twenty-four h post-infection, puromycin was added at 2 mg/mL for 24 h

in MCF10A populations expressing BE3, and for 48 h in both MCF10A-BE3 and MCF7-BE3 to select for transductants. GFP- and

mCherry-expressing cells were subsequently mixed in a 1:1 ratio to seed on black, clear-bottom 96-well plates at a density of

5,000 cells per well for experiments using MCF10A cells and 8,000 cells per wells for experiments on MCF7 cells. At this stage,

considered day 0, cells were treated with drugs at the concentrations specified in the screen or left untreated. Cells were subcultured

and medium with and without drugs refreshed every 4 days. Cells were imaged on day 1 to evaluate plating ratios and on days 4, 8,

12, 16 and 20. Image acquisition was performed with an ImageXpress Nano Automated Imaging Systemmicroscope (Molecular De-

vices, San Jose, CA) with a 10X objective. Image analyses for segmentation and counting of GFP and mCherry positive cells was

performed using the MetaXpress imaging software. Each experiment was performed in at least two biological replicates (indepen-

dent transductions), and each condition assessed in technical duplicates. Unless otherwise indicated in the figure legends, data are

represented as the sgRNA-of-interest-GFP/AAVS1-sgRNA-mCherry ratio normalized to T1 and to the corresponding AAVS1-

sgRNA-GFP/AAVS1-sgRNA-mCherry ratio at each experimental point.

Cell line genotyping
Evaluation of the effective mutational outcome was performed by PCR amplification followed by Inference of CRISPR Editing (ICE)

analyses. Briefly, cells were transducedwith sgRNAs targeting the genomic loci of interest and theAAVS1 locus control as described

above, collected at T4, T12 and T20 or T4 only, and genomic DNA extracted usingQuick-Extract (Lucigen,Middleton,WI, USA) as per

manufacturer indications. Genomic loci containing the corresponding sgRNA-targeted sequences were PCR amplified using the

primer pairs in Table S7 and Sanger sequenced. Genomic DNA from AAVS1-targeted cells was used to obtain WT reference

sequences. Sequencing traces were enquired for predicted in-window and out-of-window single-base substitutions using the ICE

online tool (Synthego, 2019, v2.0 (Hsiau et al., 2019)).

Immunoblotting
Cells were collected, washed and resuspended in 0.375 volumes of PBS and mixed with 0.375 volumes of sample buffer (0.1M Tris

pH 6.8, 4% SDS, 12% b-mercaptoethanol). Subsequently, 4x NuPage LDS sample buffer (Thermo Fisher Scientific) was added and

samples were mixed by vortexing for 15 s and boiled at 95�C for 10 min. A second pulse of vortexing and boiling was performed prior

to subjecting equivalent protein amounts to gel electrophoresis and proteins were transferred onto nitrocellulose membranes.
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Proteins were detected using the appropriate primary and HRP-conjugated secondary antibodies at a 1:10,000 dilution. Primary an-

tibodies used in this study includemouse anti-FLAG (Sigma-Aldrich F1804, 1:2,000), mouse anti-HA (Sigma-Aldrich H3663, 1:5,000),

rabbit anti-USP28 (Bethyl Laboratories A300-898A, 1:1,000), mouse anti-p53 (DO-1, Santa Cruz Biotechnology sc-126, 1:5,000),

sheep anti-TRAIP (a gift from Niels Mailand, 1:500), rabbit anti-phosphoRPA2S4/8 (Bethyl Laboratories A300-083A, 1:10,000), rabbit

anti-RPA2 (Bethyl Laboratories A300-244A, 1:5,000) rabbit anti-ɣ-H2AX (Bethyl Laboratories A300-081A, 1:10,000), rabbit H2AX

(Bethyl Laboratories A300-081A, 1:5,000), rabbit anti-ATM (Cell signaling #2873, 1:1,000), rabbit anti-phosphoCHK2T68 (Cell

signaling #2197, 1:1,000), mouse anti-CHK2 (Cell signaling #3440, 1:500), and mouse anti-vinculin (Sigma-Aldrich V9131, 1:25,000).

Co-immunoprecipitation
HEK293T cells seeded in 10 cm dishes were transfected with 10 mg of pMSCV-FLAG-HA-53BP1 WT, mutant or a GFP control using

TransIT-293 (Mirus Bio) as per manufacturer’s indications. Three days after transfection, cells were harvested in PBS and resus-

pended in 750 ml of mammalian cell lysis buffer (MCLB; 50 mM Tris-HCl pH 7.5, 1% NP40) supplemented with 150 mM NaCl and

protease and phosphatase inhibitor cocktails (GB-331 and GB-450, Goldbio, St Louis, MO). Following end-over-end rotation for

30 min at 4�C, cell lysates were cleared by centrifugation and the low-salt supernatant collected. Cell pellets were then resuspended

in 250 ml of MCLB supplemented with 500 mM NaCl and protease and phosphatase inhibitor cocktails and incubated for 1 h at 4�C
with end-over-end rotation. After centrifugation, the salt concentration of the high-salt supernatant was adjusted to 150 mM NaCl

with MCLB and combined with the low-salt supernatant. The combined lysates were then incubated with anti-HA agarose beads

(A2095, Sigma-Aldrich) for 4 h at 4�C with end-over-end rotation. Protein-bound beads were washed five times in buffer (MCLB

supplemented with 150 mM NaCl) and bound proteins subsequently eluted by boiling in 1x LDS sample buffer (NP0007, Life

Technologies) supplemented with 5% (v/v) b-mercaptoethanol.

RNA interference
Cells were subjected to reverse siRNA transfection utilizing of firefly (FF) siRNA or BRCA1 siRNA at 20 nM and lipofectamine

RNAiMAX (Thermo Fisher Scientific) as per manufacturer’s indications. Twenty-four h after siRNA transfection, MCF10A cells

were seeded on black 96-well bottom-glass plates and incubated for 2 additional days prior to immunofluorescence analyses.

High-content imaging
Cells were seeded on black, clear-bottom 96-well plates at a density of 6,000 cells per well for overnight growth. Subsequently, cells

were either mock-treated, treated with drugs as specified in every experiment, or treated with 5 Gy ionizing radiation for 4 h using a JL

Shepherd Mark I cesium irradiator (JL Shepherd & Associate). Cells were fixed and permeabilized using a solution of 2% (v/v) para-

formaldehyde and 0.5% (v/v) Triton X-100 for 10 min. After extensive PBS washing, cells were incubated in blocking buffer (3% (w/v)

BSA in TBS- 0.1% (v/v) Tween20) for 1 h. Incubation with corresponding primary antibodies in blocking buffer, i.e., rabbit anti-53BP1

(Bethyl laboratories A300-272A, 1:2,000), rabbit anti-RAD51 (Bioacademia 70-002, 1:10,000), anti-BRCA1 (Santa Cruz Biotech-

nology sc-6954, 1:100), mouse anti-ɣ-H2AX (BioLegend #613402, 1:5,000) mouse anti-cyclin A (Santa Cruz Biotechnologies sc-

271682, 1:1000) was performed overnight at 4�C. Cells were washed with TBS-T, and incubated with anti-rabbit and anti-mouse

Alexa Fluor 488- and 594-labeled secondary antibody (Thermo Fisher Scientific) at a 1:1,000 dilution. Upon TBS-T washing, cell

nuclei were counterstained with DAPI. Image acquisition was performed with an ImageXpress Nano Automated Imaging Systemmi-

croscope (Molecular Devices, San Jose, CA) with a 40X Plan APO objective. Image analyses for segmentation and counting 53BP1

foci, RAD51 foci, BRCA1 foci, 53BP1 NBs were performed using MetaXpress imaging software. Unless otherwise indicated, data

represented include a minimum of 5,000 cells from two biological replicates. For nuclear aberrations/micronuclei analyses, at least

400 cells belonging to a minimum of 5 different DAPI images were blind-counted per biological replicate.

RT-PCR
RNA extractions were performed using the Quick-RNAmicroprep kit (Zymo Research) as per manufacturer’s instructions. cDNAwas

generated using 1 mg starting RNA and random hexamers (New England Biolabs) andMMLV high performance reverse transcriptase

(Lucigen). PCR amplifications were performed using Q5 High-fidelity DNA polymerase (New England Biolabs) and primer pairs ob-

tained from IDT as described in (Harley et al., 2016).

Neutral comet assay
DNA double-strand breaks were evaluated by neutral comet assay. MCF10A cells were plated in 12-well plates at a density of 50,000

cells/well and the following day treated with camptothecin at 10 nM for 24 h. Cells were collected by trypsinization and kept on ice

prior to mixing with molten LMAgarose and pipetted onto slides coated with a single layer of 1% NMAgarose. Slides were then incu-

bated with a lysis solution (30 mM EDTA, 0.5% SDS) for 45 min, and cells migrated in an electrophoretic chamber (Fisher Biotech) at

20 V for 20 min in TBE. Slides were extensively washed with water, and fixed with ice-cold methanol for 5 min. Prior to image acqui-

sition, slides were stained with a fluorescent dye (GelRed, Biotium, 1:1,000 in water). Images were acquired utilizing a Nikon Eclipse

50i microscope and the amount of DNA damage assessed by calculating comet tail moment values using CometScore Software

Version 1.5. Apoptotic cells (small comet head and very large comet tail) were excluded from the analysis. A minimum total of

100 cells belonging to 3 independent experiments were analyzed for each experimental point.
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Protein structural modeling and conservation analyses
Partial or total protein structures for 53BP1’s tandem Tudor domain (TTD) (2IG0, (Botuyan et al., 2006)), ATM (5NP0, (Bareti�c et al.,

2017)), CHK2 (3I6W, (Cai et al., 2009)), ATR (5YZ0, (Rao et al., 2018)) were retrieved from the Protein Data Bank (PDB). BRIP1 helicase

domain structure was modeled using the Phyre2 web portal with default parameters (Kelley et al., 2015). The effect of missense

variants in protein structure was predicted using Missense3D (Ittisoponpisan et al., 2019). Structure graphics were generated using

PyMOL (Delano Scientific LLC). Amino acid conservation analyses on 53BP1’s TTD were implemented on Consurf using the afore-

mentioned structure and default multiple sequence alignment (MSA) parameters (Ashkenazy et al., 2016). In the case of TRAIP, a

multisequence alignment including sequences from the organisms depicted in Figure S4E was performed using MAFFT (Madeira

et al., 2019), and visualization generated with ESPript3.0 (Robert and Gouet, 2014).

QUANTIFICATION AND STATISTICAL ANALYSES

Screen quality control and analyses
Pair-end reads were joined using PEAR to create a single sequencing read from the two paired-end fastq files (Zhang et al., 2014).

After joining paired end reads, the single joined reads were trimmed at the 50 and 30 ends using cutadapt to remove the constant se-

quences flanking the sgRNA sequence (Martin, 2011). After trimming, the number of reads per sgRNA sequencewas computed using

theMAGeCK count command (Li et al., 2014). TheMAGeCK standard count summary revealed that the percentage of mapped reads

oscillated between 51% and 82.5% for all the samples. Gini indexes of read-count distribution for all conditions were on the interval

between 0.035 and 0.076. Additionally, off-target determination was performed using the Genetic Perturbation Platform (GPP) portal

suite for sgRNA design. 582 sgRNAs targeting more than 10 sequences with a Cutting Frequency Determination (CFD) score of 1

were eliminated from subsequent analyses. Read counts for the two sublibraries were independently normalized using the median

ratio method. In order to avoid false positives, sgRNAs with low sequencing coverage (average normalized read count at T0 < 200)

were eliminated from the analyses (Table S2). Comparisons of T0 versus T18 were performed using paired MAGeCK robust rank ag-

gregation (RRA) using normalized values as input (e.g., mageck test –k Countfile.txt, -t T18_rep1, T18_rep2, T18_rep3, -c T0_rep1,

T0_rep2, T0_rep3–paired–norm-method none -n T18–adjust-method fdr).

Data analyses and graphical representations
Density and rank plot analyses were performed in R version 3.5.0 (2018-04-23) and original plots were produced using the ggplot2

package. When required, sgRNA efficiency values were obtained from Rule Set 2 on-target scores using the GPP portal suite for

sgRNA design (Table S3). Unless otherwise indicated, biological significance thresholds were set at the top and bottom 1% values

of ranked LFC for the negative controls. For statistical significance, the threshold was set to one-sided p value < 0.01. sgRNAs

meeting both criteria were considered hits, referred to as ‘‘relevant sgRNAs’’ and clustered into groups by theWard.D algorithm using

the R package pheatmap (Pretty Heatmaps v1.0.12) (parameters: clustering_distance_cols = ‘euclidean’, cutree_cols = 12, cluster-

ing_method = ‘ward.D’). Enrichment analysis for relevant sgRNAs in each group was performed using the R function fisher.test

(parameter: alternative = ‘two.sided’) for Fisher’s exact test. Lollipop plots were performed in R version 3.5.0 (2018-04-23) using

the ggplot2 package including exclusively values and annotation for sgRNAs targeting the canonical transcript. Other depicted plots

and statistical analyses were generated using Prism v6 (Graphpad Software Inc, San Diego, CA, USA). Unless otherwise indicated,

mean ± SD are represented, and details for statistical tests used (i.e., unpaired t test, one-way ANOVA, chi-square) are shown in the

corresponding figure legends. Values given to n refer to independent biological replicates.
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Figure S1. Quality controls for base editing screens, related to Figure 1

(A) Immunoblot showing Flag-BE3 expression in the MCF10A, MCF7 and HAP1 cells utilized for base editing screens. P: pool, C: clone.

(B) Analysis of editing frequency induced by an AAVS1-targeted control sgRNA at its target locus at day 4 post-selection in MCF10A, MCF7, and HAP1 cells, as

determined by Sanger sequencing and ICE analyses. P: pool, C: clone.

(C) Density plots of LFC values for different categories of sgRNAs in MCF7-BE3 and HAP1-BE3, represented as in Figure 1C. Dotted line: MCF7-BE3, LFC =

�0.61511, HAP1-BE3, LFC = �0.9068.

(D) ROC analyses of MAGeCK ranks for iSTOP sgRNA controls (true positives) versus negative control sgRNAs (false positives). AUC values are indicated in

brackets.

(E) ROC analyses as in (D) for sgRNAs introducing deleterious mutations in essential genes (true positives) versus non-essential genes (false positives).

(F) ROC analyses as in (D) for iSTOP sgRNA controls (true positives) versus sgRNAs of each individual negative control subgroup, i.e., empty-window, non-

targeting, AAVS1-targeting (false positives).

(G) ROC analyses conducted as in Figure 1D after filtering deleterious and neutral sgRNAs targeting essential genes at increasing thresholds of Rule Set 2 on-

target scores.

(H) Correlation of LFC values and Rule Set 2 on-target scores for sgRNAs introducingmutations in splice donor (blue) or acceptor (orange) sites in essential genes.

Pearson correlation value is shown.

(I) Graphical representation of LFC values and the relative position in the gene of sgRNAs targeting splice donor (blue) and acceptor (orange) sites in essen-

tial genes.
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Figure S2. Characterization of LOF and GOF mutations in 53BP1’s tandem Tudor domain, related to Figure 3

(A) Heatmap of LFC values for relevant 53BP1 sgRNAs in MCF10A-BE3 cells, as shown in Figure 4A for ATM sgRNAs. sgRNAs uniquely targeting 53BP1

phosphorylation sites (regular font) and residues selected for validation (bold font) are highlighted.

(B) Table of 53BP1 phosphorylation sites uniquely targeted by relevant sgRNAs. Number of studies reporting phosphorylation at the indicated sites according to

the PhosphoSite database (low-throughput, high-throughput), location in the canonical 53BP1 protein isoform and motifs surrounding the phosphosites are

indicated.

(C) Competitive growth assays in untreated conditions conducted on a BE3-expressing MCF10A cell population transduced with lentiviral constructs expressing

the indicated 53BP1 sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 2.

(D) Competitive growth assays in untreated conditions and upon doxorubicin treatment (5 nM) conducted on MCF7-BE3 cells transduced with lentiviral con-

structs expressing the indicated 53BP1 sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 4.

(E) Characterization of MCF7-BE3 cells utilized in (D) and in Figure 3E. Immunoblot showing 53BP1 expression (top) and graph of the corresponding editing

frequencies, as determined by Sanger sequencing and ICE analyses (bottom) at day 4 after sgRNA selection. Mean ± SD for n = 2.

(F) Characterization of MCF10A-BE3 cells utilized in (G-H) and in Figures 3G–3I. Immunoblot showing 53BP1 expression (top) and graph of the corresponding

editing frequencies, as determined by Sanger sequencing and ICE analyses (bottom) at day 4 after sgRNA selection.

(G) Dot plot of the number of IR-induced ɣH2AX foci per cell in MCF10A-BE3 cells from the experiments shown in Figure 3G. Data belong to two independent

experiments. Mean values are shown.

(H) Dot plot of the number of IR-induced BRCA1 foci per cell in MCF10A-BE3 cells from the experiments shown in Figures 3H–3I. Data represent three inde-

pendent experiments. Mean values are shown.
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Figure S3. Phenotypic characterization of cells carrying ATM mutations, related to Figure 4

(A) Lollipop plot of ATM sgRNAs and their LFC values upon olaparib treatment mapped to the canonical ATM protein isoform, as shown in Figure 3A for 53BP1.

Residues targeted by sgRNAs selected for validation are highlighted.

(B) Competitive growth assays upon olaparib (2 mM) treatment conducted on MCF10A-BE3 cells transduced with lentiviral constructs expressing the indicated

ATM sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 3.

(C) Competitive growth assays in untreated conditions and upon olaparib (2 mM) or doxorubicin (5 nM) treatment conducted on a BE3-expressing MCF10A cell

population transduced with lentiviral constructs expressing the indicated ATM sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 3.

(legend continued on next page)
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(D) Competitive growth assays in untreated conditions and upon olaparib (2 mM) treatment conducted in aMCF10A cell population stably expressing SpCas9 and

transduced with two independent ATM sgRNAs (1,2). Data are represented as in Figure 3B. Mean ± SD for n = 4.

(E) Analysis of editing frequency induced by the indicated ATM sgRNAs at their target loci at T4 in MCF10A cells expressing SpCas9, as determined by Sanger

sequencing and ICE analyses. Mean ± SD for n = 2.
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Figure S4. Characterization of the 174–204 amino acid region of the TRAIP ubiquitin ligase, related to Figure 5

(A) Lollipop plot of TRAIP sgRNAs and their LFC values under cisplatin treatment mapped to the canonical TRAIP protein isoform, as shown in Figure 3A for

53BP1. Nonsense and splice residues targeted by sgRNAs selected for validation are highlighted.

(B) Competitive growth assays in untreated conditions conducted on a BE3-expressing MCF10A cell population transduced with lentiviral constructs expressing

the indicated TRAIP sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 3.

(C) Competitive growth assays in untreated conditions and upon cisplatin (1 mM) and camptothecin (5 nM) treatment conducted on a MCF10A cell population

stably expressing SpCas9 transduced with two independent TRAIP sgRNAs (1, 2). Data are represented as in Figure 3B. Mean ± SD for n = 2.

(D) Analysis of editing frequency induced by the indicated TRAIP sgRNAs at their target loci at T4 in MCF10A cells expressing SpCas9, as determined by Sanger

sequencing and ICE analyses. Mean ± SD for n = 2.

(E) Alignment of the TRAIP protein sequences in the indicated species, highlighting the region encoded by exon 7. Residues targeted by relevant sgRNAs

generating missense mutations are marked with asterisks, including the validated residues M183, and G190 and L204. Sequence alignments were conducted

using MAFFT and visualization was performed on ESPript3.0.

(F) Analysis of editing frequency inMCF10A-BE3 cells induced by the indicated TRAIP sgRNAs at their target loci at day 4 post-selection prior to use in phenotypic

characterization experiments, as determined by Sanger sequencing and ICE analyses. Mean ± SD for n = 2.

(G) Immunoblot showing TRAIP, RPA2 and H2AX expression, along with RPA2 S4/S8 phosphorylation and ɣH2AX levels in MCF10A-BE3 cells targeted with the

indicated sgRNAs and subjected to UV treatment for 4 and 24 h (25 J/min). fl: full-length isoform; s: short isoform; *: non-specific band. Dotted line indicates a

discontinuity on the blots.

(H) Analyses of micronuclei in MCF10A-BE3 cells targeted with the indicated sgRNAs upon camptothecin treatment (10 nM) for 48 h. Values are represented as

fold change relative to the AAVS1-targeted control. Mean ± SD for n = 3. Statistical analysis for individual samples relative to the AAVS1-targeted control was

performed using unpaired t test (*p value < 0.05, **p value < 0.01, ****p value < 0.0001).
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Figure S5. Identification of variants of uncertain significance with pathogenic-like behavior in CHK2, BRCA1, and BRCA2, related to Figure 6

(A) Representative Sanger sequencing traces of the indicated CHK2 locus from WT, BE3-expressing and sgRNA-edited MCF10A cells. The heterozygous

mutation causing the Y390C AA substitution is marked with an asterisk.

(B) Lollipop plot of CHK2 sgRNAs and their LFC values under doxorubicin treatment in MCF10A-BE3 cells mapped to the canonical CHK2 protein isoform, as in

Figure 6J for BARD1. Colors indicate clinical relevance. sgRNAs that uniquely generate a VUS in the CHK2 gene are indicated.

(C) Competitive growth assays in untreated conditions and upon olaparib treatment (2 mM) conducted on a BE3-expressing MCF10A cell population transduced

with lentiviral constructs expressing the indicated CHK2 sgRNAs. Data are represented as in Figure 3B. Mean ± SD for n = 4.

(D) Analysis of editing frequency in MCF10A-BE3 cells induced by the indicated CHK2 sgRNAs at their target loci at day 4 post-selection, as determined by

Sanger sequencing and ICE analyses.

(E) Characterization of MCF10A-BE3 cells targeted with the CHK2 S61 sgRNA. (Left) Editing frequencies induced by the CHK2 S61 sgRNA, as determined by

Sanger sequencing and ICE analyses at T4 after sgRNA selection. (Right) Immunoblot showing CHK2 expression and its phosphorylation on T68 inMCF10A-BE3

cells, with or without doxorubicin treatment (100 nM, 8 h).

(F and G) Lollipop plots of BRCA1 (F) or BRCA2 (G) sgRNAs and their average LFC values under olaparib and cisplatin treatments in MCF7-BE3 cells mapped to

the canonical BRCA1 or BRCA2 protein isoforms, as in Figure 6J for BARD1. Colors indicate clinical relevance. sgRNAs that uniquely generate a VUS with

pathogenic-like behavior in the BRCA1 or BRCA2 gene are indicated.
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Figure S6. Identification of mutational patterns of interest in other DDR genes, related to Figure 6

(A) Venn diagrams of relevant sgRNAs in MCF10A-BE3 and MCF7-BE3 screens. Diagrams were generated as in Figure 6C.

(B) Heatmap of LFC values for relevant BRIP1 sgRNAs in MCF7-BE3 cells, as shown in Figure 4A for ATM sgRNAs.

(C) Lollipop plot of BRIP1 sgRNAs and their LFC values in MCF7-BE3 cells upon camptothecin treatment mapped to the canonical BRIP1 protein isoform, as

shown in Figure 3A for 53BP1.

(D) Cartoon of the Phyre2-predicted structure for the BRIP1 helicase region, with domains colored as in (C). Residues targeted by relevant sgRNAs are highlighted

and depicted as red spheres in the structure. The number of sgRNAs targeting each residue is displayed in brackets.

(E) Correlation of averaged LFC values (CISP, OLAP) for relevant sgRNAs targeting the ATR gene in MCF10A-BE3 versus MCF7-BE3 cells. Pearson correlation

value is shown. Dots are colored based on sgRNA category.

(F) Lollipop plot of ATR sgRNAs and their LFC valuesmapped to the canonical ATR protein isoform, as shown in Figure 3A for 53BP1. LFC values are calculated as

the average of the LFCs in cisplatin and olaparib treatment in both MCF10A-BE3 and MCF7-BE3 cells. Threshold for biological relevance is set at the 1% of the

averaged LFC values for negative controls. Statistical significance is considered for p values < 0.01 in at least one condition (CISP and/or OLAP) in both cell lines.

(G) Partial cartoon of the cryo-EM structure of an ATR dimer in the conformation bound to ATRIP (not shown) (PDB: 5YZ0 chains A and B; Rao et al. [2018]), with

domains colored as in (F). Residues of interest are highlighted, and the number of relevant sgRNAs targeting each residue is shown in brackets.

(H) Heatmap of LFC values for relevant CDK12 sgRNAs in MCF10A-BE3 cells, as shown in Figure 4A for ATM sgRNAs. CDK12 sgRNAs generating TCGA

mutations are highlighted, and sgRNAs generating unique mutations are shown in bold.

(I) Lollipop plot of CDK12 sgRNAs and their LFC values in MCF10A-BE3 cells upon olaparib treatment mapped to the canonical CDK12 protein isoform, as shown

in Figure 3A for 53BP1.
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