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Cells repair DNA double-strand breaks (DSBs) through a complex set of pathways critical

for maintaining genomic integrity. To systematically map these pathways, we developed a high-
throughput screening approach called Repair-seq that measures the effects of thousands of genetic
perturbations on mutations introduced at targeted DNA lesions. Using Repair-seq, we profiled
DSB repair products induced by two programmable nucleases (Cas9 and Cas12a) in the presence
or absence of oligonucleotides for homology-directed repair (HDR) after knockdown of 476 genes
involved in DSB repair or associated processes. The resulting data enabled principled, data-driven
inference of DSB end joining and HDR pathways. Systematic interrogation of this data uncovered
unexpected relationships among DSB repair genes and demonstrated that repair outcomes with
superficially similar sequence architectures can have markedly different genetic dependencies.
This work provides a foundation for mapping the complex pathways of DSB repair and for
optimizing genome editing across diverse modalities.
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Measuring the effects of genetic perturbations on the spectrum of mutations produced at targeted
DNA breaks in high-throughput allows systematic mapping of DNA repair pathways.
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INTRODUCTION

Failure to properly repair DNA double-strand breaks (DSBs) can result in genome instability
and cell death (Ciccia and Elledge, 2010). To deal with DSBs, eukaryotic cells have

evolved a set of specialized repair mechanisms typically conceptualized as a decision tree,
with “branches” representing the various molecular events leading to a repaired break

and “nodes” indicating points of transition or commitment between processes (Scully

et al., 2019). Within this framework, DSB repair has two main branches. The first, non-
homologous end joining (NHEJ), comprises a set of flexible mechanisms that act throughout
the cell cycle to facilitate the processing, synapsis, and direct ligation of DSB ends. The
second, homology-directed repair (HDR), uses homologous regions of DNA to facilitate
repair in S/G2 after 5'- to-3' nucleolytic resection of DSB ends. Beyond these high-level
branches, however, descriptions of DSB repair as decision trees can oversimplify a complex
mechanistic landscape (Paull, 2021) and mask gaps and ambiguities that remain in our
understanding. For example, although well established to exist, alternative mechanisms of
DSB end-joining have been difficult to fully characterize (Ramsden et al., 2021), leading to
uncertainty in the number of possible “routes” from DSB to repaired DNA.

Limitations in our understanding of DSB repair are due in part to technical challenges
associated with profiling the determinants of repair outcomes. While many genetic screens
have been performed to identify DSB repair factors, such efforts have largely relied on
phenotypes that conflate the activity of many processes (e.g., growth assays) (Hurov et al.,
2010; Noordermeer et al., 2018; O’Connell et al., 2010; Olivieri et al., 2020; Smogorzewska
et al., 2010; Zimmermann et al., 2018) or used low-resolution reporters (Adamson et al.,
2012; Howard et al., 2015; Richardson et al., 2018), limiting their ability to unambiguously
define the roles of identified genes. Alternatively, deep sequencing of mutations produced
at enzymatically induced DSBs has implicated specific repair factors in defined DSB
processing events by revealing shifts in repair product frequencies after genetic or chemical
perturbations (Bothmer et al., 2017; van Overbeek et al., 2016; Wyatt et al., 2016), but to
date such experiments have been limited to small numbers of perturbations.

We reasoned that simultaneously measuring the genetic determinants of a broad range of
DSB repair outcomes would enable systematic studies of DSB repair. With this goal in
mind, we developed Repair-seq, a high-throughput method that combines locus-specific
deep sequencing with CRISPR-interference (CRISPRi)-based genetic screens to measure
the effects of thousands of genetic perturbations on the spectrum of mutations produced at
targeted DNA lesions. Using Repair-seq, we studied the repair of DSBs induced by two
programmable nucleases (Cas9 and Cas12a). Systematic exploration of these maps isolated
processes responsible for common nuclease-induced mutations and revealed unexpected
roles for canonical DNA damage response genes. Additionally, we applied Repair-seq to
study DSB repair with different exogenous repair templates (oligonucleotide donors). This
effort identified a range of genetically distinct processes by which template sequences

are incorporated at breaks and demonstrated that Repair-seq is a flexible approach for
uncovering how diverse genome editing technologies interact with endogenous repair
processes. Finally, in two companion manuscripts (Chen et al. 2021, Koblan et al., 2021),
we used Repair-seq to identify the genetic determinants of base and prime editing outcomes,
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enabling the development of more efficient and precise editing tools. Together, these data
demonstrate the broad utility of Repair-seq and provide a foundation for further exploration
of DNA repair pathways.

RESULTS

A functional genomics platform for interrogating DSB repair pathways

CRISPR-based screening approaches use libraries of perturbations directed by single-guide
RNASs (sgRNAs) to enable massively parallel interrogation of gene function in scalable
pooled experiments (Doench, 2018). To perform screens with targeted sequencing of DSB
repair products, we engineered a lentiviral screening vector that links SgRNA expression to
a nearby “target region” for DNA damage (Figures 1A and S1A). We reasoned that genomic
integration of this vector would allow induction and repair of targeted damage across diverse
pools of perturbed cells, followed by linked recovery of perturbation identities and repair
outcomes from individual cells by paired-end sequencing (Figure 1B).

To test induction and repair of DSBs, we transduced our vector into the human myelogenous
leukemia cell line K562 and induced DSBs at several sites within a target region derived
from the human AHBB locus via electroporation of three differently targeted Streptococcus
pyogenes Cas9 (SpCas9) RNPs (Figure S1A and Table S1). Distributions of DSB repair
outcome frequencies were highly reproducible at each site (Figure S1B) but differed
considerably between sites, including two sites located only one base pair (bp) apart
(Figures S1C). Because RNPs also matched sequences within the endogenous HBB locus,
we next compared outcome distributions produced in the integrated vector to those in the
endogenous context. Despite the potential influence of local chromatin (Schep et al., 2021),
distributions from the two contexts were closely concordant with each other (Figures S1D
and S1E). We concluded that repair outcomes generated within our integrated screening
construct would produce reproducible and informative readouts of DSB repair.

We also considered how to accurately quantify the effects of genetic perturbations on

a broad range of outcomes. Because many genes with known roles in DNA repair and
replication are essential, we chose to perturb gene expression with CRISPRi (Figure 1B).
CRISPRI uses a catalytically-inactive SpCas9 fusion protein (dCas9-KRAB) to inhibit
transcription at targeted promoters (Gilbert et al., 2013) and has been shown to be well-
suited for investigating genes whose inhibition causes adverse growth phenotypes (Gilbert
et al., 2014). Additionally, because PCR amplification may distort the relative abundances
of different repair outcome sequences, we developed a sequencing strategy in which unique
molecular identifiers (UMIs) are attached to repair outcomes prior to PCR (Figures 1B and
S1F). UMIs enable grouping of reads derived from the same starting molecule to ensure that
repair events from each cell are counted only once (Shiroguchi et al., 2012). This process
also allows for correction of errors introduced by PCR or sequencing to distinguish genuine
repair outcomes from technical artifacts (Schmitt et al., 2012). Finally, we developed a
computational outcome classification pipeline based on our previously described knock-
knock approach (Canaj et al., 2019) to characterize both simple indels and more complex
sequence arrangements. We note, however, that previously identified repair processes may
remove flanking sequences necessary for sequencing library construction and therefore not
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be detected, including long deletions (Kosicki et al., 2018) (Figures S2A-S2E, Table S2,
and STAR Methods), loss of chromosomal segments (Zuccaro et al., 2020), chromothripsis
(Leibowitz et al., 2021), or translocations (Bothmer et al., 2020).

Repair-seq enables sequence-independent classification of DSB repair outcomes and
systematic identification of functionally related genes

To perform an initial Repair-seq screen, we designed a CRISPRI library targeting 476 genes
with previously-identified roles in DNA repair or associated processes (1,513 gene-targeting
sgRNAs and 60 non-targeting controls; Figure 1C, Tables S3 and S4). We cloned this library
into our screening vector, transduced the library into K562 cells expressing dCas9-KRAB
(K562 CRISPRI cells), allowed 6 days for gene depletion, and electroporated the cells with
one HBB-targeting Cas9 RNP. We then allowed 3 days for induction and repair of DSBs

at the Cas9 target site, extracted genomic DNA, and sequenced the distribution of repair
outcomes for each genetic perturbation.

A reduction in the frequency of an outcome upon knockdown of a gene is evidence that
activity of the corresponding gene product promotes formation of the outcome, while
an increase indicates that the gene’s product suppresses the outcome. To quantify such
phenotypes from our screen, we compared the frequency of each repair outcome in the
presence of a gene-targeting CRISPRi sgRNA to the average frequency of that outcome
across all 60 non-targeting control sgRNAs (Figures 1D). Performing the screen at high
coverage (median 6,312 UMIs recovered per sgRNA; Table S5) enabled statistically
significant comparisons across many repair outcomes, including those produced at low
frequency (Figure 1E).

To explore data from this initial Repair-seq screen, we considered two complementary
perspectives. First, we examined the effects of many different gene knockdowns on specific
repair outcomes, producing “parts lists” of genes involved in creating or preventing each
outcome (Figure 1E). For example, a common deletion flanked by two nucleotides (nts)

of microhomology (MH) was reduced by sgRNAs targeting POLQ, a gene known to
promote deletions with such sequence features (Ramsden et al., 2021), and was increased
by sgRNAs targeting 53BFP1, a negative regulator of such events. Next, we examined the
effects of specific CRISPRi sgRNAs across many repair outcomes, producing detailed
views of the roles that each gene plays in different repair pathways (Figure 1D). From this
perspective, the effect of POLQ knockdown was unexpectedly complex, with knockdown
depleting a specific subset of MH-flanked deletions but increasing or having no effect

on others. In another example, knockdown of genes that encode an NHEJ heterodimer,
XRCC5 (encoding Ku80) and XRCC6 (encoding Ku70) (Fell and Schild-Poulter, 2015),
produced strikingly similar redistributions of outcomes, including specific increases in two
short insertions (Figure S2F and S2G). This example suggested that systematic comparison
of sgRNA-induced outcome redistributions could identify other functionally related genes.
Conversely, the observation that outcomes with related sequence characteristics sometimes
shared genetic regulators suggested that comparing dependencies of repair outcomes could
identify those produced by similar mechanisms.
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To test these ideas, we formed an outcome-by-sgRNA matrix of the log, fold changes

in frequencies caused by the 100 most active sgRNAs on all outcomes above a baseline
frequency of 0.2% and hierarchically clustered this matrix along both dimensions (Figure 2).
Clustering of sgRNAs revealed a rich set of distinct gene signatures across our library,

with sgRNAs targeting the same gene or genes with known functional relationships
frequently clustering closely together. Clustering of repair outcomes, on the other hand,
revealed that while some outcomes with similar sequence architectures shared consistent
genetic dependencies, other sets of similar sequences exhibited substantial variability in
dependencies (e.g., bidirectional deletions).

Repair-seq screens at multiple target sites produce a high-resolution map of DSB repair

Because local sequence context is a major determinant of DSB repair outcomes (van
Overbeek et al., 2016), evaluating repair within any particular sequence may provide an
incomplete or idiosyncratic view of repair processes. We therefore next applied Repair-seq
to a broader set of Cas9-induced DSBs by screening three additional Cas9 target sites
located across a 102 nt window of our screening construct (Figures 3A, Tables S1 and S5).
To enable more efficient parallelization of screens, we built and validated a condensed
CRISPRI library with 336 sgRNAs targeting 118 genes and 30 non-targeting control
sgRNAs, prioritizing sgRNAs empirically determined to produce significant redistribution of
outcome frequencies in initial analyses (Figures S3A-S3C, Tables S4 and S6).

Replicate screens performed at four Cas9 target sites using either the original 1,573
SgRNA library or the 336 sgRNA sub-library allowed evaluation of the technical quality
of screen data. Across replicates, the effects of different CRISPRi sgRNAs on individual
repair outcomes were highly reproducible, even for lower frequency outcomes (Figures

3B and S3D-S3F). Furthermore, correlations between these “outcome signatures” for pairs
of distinct outcomes reproducibly spanned a range from high (indicating many shared
genetic dependencies) to intermediate (indicating partially-overlapping dependencies) to
negative (indicating production by opposing pathways) (Figures 3C and S3G-S3l). These
correlations therefore represent a high-resolution measurement of relatedness between
outcomes. Similarly, the effects of individual sgRNAs on different repair outcomes were
reproducible between replicates (Figure 3D), and pairs of sgRNAS targeting the same gene
reproducibly produced highly correlated “sgRNA signatures” (Figures 3E and S3J-S3L).

We next combined the changes in outcome frequencies measured in each of our screens

into a single composite matrix, with outcomes from each replicate screen at the same target
site included separately (Figures 3F and S4). Hierarchical clustering of these data frequently
grouped identical outcomes from different replicates closely together, indicating that the
precise dependencies of each outcome are highly specific, while also revealing rich structure
in patterns of outcomes with shared genetic dependencies and genes with similar effects.

To better visualize groupings of outcomes, we performed dimensionality reduction on
outcome signatures using uniform manifold approximation and projection (UMAP), creating
an embedding based on the genetic dependencies of each outcome (Figure 3G). Examination
of this embedding revealed three high-level features. First, although outcomes with similar
sequence features were often grouped together, many were separated into distinct groups,

Cell. Author manuscript; available in PMC 2022 October 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Hussmann et al.

Page 7

including three clusters of short insertions (labeled I, 11, and 111 in Figure 3G). Second,
outcomes from different target sites were interspersed throughout the embedding (Figure
3H), supporting the idea that DSBs in different sequence contexts engage broadly similar
repair mechanisms. An interesting exception to this observation was a cluster of genetically-
related insertions and more complex insertion + deletion outcomes, which were observed
predominantly at target site 4, suggesting that the mechanism underlying these outcomes is
more sensitive to sequence context (Figures 3G and 3H). Finally, high-frequency outcomes
clustered into specific areas of the embedding (Figure 31), indicating that while a subset of
repair processes are preferentially engaged at Cas9-induced breaks, the genetic dependencies
of many individually rare outcomes collectively reveal a broader diversity of mechanisms.

Distinct mechanisms generate insertions at Cas9-induced DSBs

A key strength of Repair-seq is the ability to classify repair outcomes by their genetic
dependencies rather than assumptions based on their sequences. This strength is highlighted
by the separation of Cas9-induced short insertions into distinct groups (Figure 3G).
Consistent with a general requirement for DNA synthesis in generation of insertions, these
groups exhibited strong dependence on different polymerases, with DNA polymerase theta
(Pol 8, encoded by POL Q) promoting insertions in one group (I11) (Figure 4A) and DNA
polymerase lambda (Pol A, encoded by POLL) promoting insertions within the other two
(I'and 1) (Figures 4B-4D). Notably, while a previous study found that a Pol A homolog
was responsible for Cas9-induced insertions in yeast (Lemos et al., 2018), the existence of
Pol A-independent insertions in our data indicates that the genetic landscape of insertion
mechanisms in human cells is more complex.

Bifurcation of Pol A-dependent insertions into two groups suggested that Cas9-induced
DSBs can be repaired by distinct Pol A-mediated mechanisms. Comparing the effects

of all gene knockdowns on insertions from each group revealed striking differences for
three mechanistically related NHEJ genes, XRCC5, XRCC6, and PRKDC, which encode
the core NHEJ heterodimer Ku70/Ku80 and its binding partner DNA-dependent protein
kinase catalytic subunit, DNA-PKGcs, respectively. Remarkably, repression of these genes
dramatically increased the frequency of insertions from group | while decreasing the
frequency of insertions from group Il (Figures 4B, 4C, and 4E). Additionally, across

all four target sites, the insertions suppressed by these genes shared common sequence
characteristics, consisting of three related sequence types: 1 nt insertions that duplicated
the nucleotide on the side of the canonical Cas9 cut site opposite the protospacer adjacent
motif (PAM-distal); 2 nt insertions that duplicated this same nucleotide twice (“iterated
duplications”); and 2 nt insertions that duplicated two consecutive PAM-distal nucleotides
adjacent to the cut site (Figure 4F). Validating this observation, CRISPRi-mediated
repression of XRCC5and POLL in HeLa cells produced similar results at five endogenous
Cas9 target sites (Figures 4G and S5A).

Notably, the sequence features of insertions suppressed by Ku70/Ku80 and DNA-PKcs

are consistent with products of staggered Cas9 cleavage. Although canonically blunt, Cas9-
induced DSBs are variably generated with short 5' overhangs (Jones et al., 2021; Shou et
al., 2018), and fill-in synthesis can create insertions of the overhang sequence (Lemos et
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al., 2018). Our results suggest that these fill-in events are mediated by Pol A in human

cells and that the resulting insertions, but not those generated by other Pol A-directed
processes, are suppressed by Ku70/Ku80 and DNA-PKGcs. Intriguingly, biochemical assays
have demonstrated that Ku70/80 and DNA-PKcs can protect DNA ends from processing by
DNA polymerases, including Pol A (Stinson et al., 2020). Synthesizing this observation with
screen results suggests that when Cas9 produces a staggered cut, Ku70/80 and DNA-PKcs
efficiently suppress fill-in of overhangs by POLL to favor direct rejoining of the compatible
ends (Figure 4H). The counter-intuitive fact that knockdown of canonical mediators of
NHEJ increases the frequency of these specific NHEJ-associated outcomes highlights the
complexity of the interplay between DNA end configurations and repair factors.

Capture of human genomic sequence at DSBs is stimulated by loss of DNA2 and MCM10

In addition to short insertions, we observed repair outcomes in which longer stretches of
sequence from the human genome were “captured” at breaks (Onozawa et al., 2014; Yu

et al., 2018) (Figure S5B). The length distribution of these insertions in unperturbed cells
consisted of partially-overlapping populations centered at ~75 and ~150 nts (Figure S5C).
These populations exhibited dramatically different genetic dependencies, with a broad set
of genes causing substantial changes in the shorter population but weak or no changes

in the longer population (Figures S5D and S5E). This effect was most striking for two
genes: DNAZ, which encodes a nuclease with high affinity for single-stranded 5' flaps and
multiple proposed roles in replication and DNA repair (Zheng et al., 2020), and MCM10,
which encodes a replisome component with roles in replication initiation and elongation
(LBoke et al., 2017). Knockdown of these genes produced 4.5- to 13-fold increases in the
short population but substantially weaker changes in the long population. Mirroring this
effect, overexpression of DNAZ2 specifically reduced the frequency of the short population of
captured human sequence fragments (Figure S5F).

Intriguingly, DNA2 deficiency has been shown to increase genomic capture events at
induced breaks in yeast, potentially by increasing levels of overreplicated single stranded
DNA produced during Okazaki fragment maturation or the processing of reversed
replication forks (Yu et al., 2018). Our data indicate that this phenotype is recapitulated

in human cells and further nominates a key role for a specific component of the replisome,
MCM10, in suppressing these events. Notably, we also observed rare capture of sequence
from the Bos taurus genome (Figure S5B), presumably stemming from DNA in fetal bovine
serum used in culture media entering cells during electroporation (Ono et al., 2019). Capture
of bovine sequences was not suppressed by knockdown of DNAZ2or MCM10 (Figure S5G),
suggesting that the longer population of captured human sequence fragments may also
originate as extra-cellular DNA. Together, these results highlight how direct sequencing of
outcomes allows Repair-seq to reveal the genetic determinants of a diverse range of repair
events.

Repair-seq allows systematic identification of DSB repair complexes and pathways

We next explored the idea that Repair-seq could be used to identify DSB repair complexes
and pathways. Supporting this idea, repair outcome redistributions produced by pairs of
CRISPRI sgRNAs targeting different members of the Ku70/80 heterodimer (XRCC5 and
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XRCC6), the MRN complex (MRE11, NBN, and RAD50), and replication factor C complex
(RFC2, RFC3, RFC4, and RFC5, across all four Cas9 target sites frequently correlated

more highly with each other than with any other targeted genes (Figures 5A-5C). To

further explore such relationships, we performed dimensionality reduction on the columns
of our composite sgRNA-by-outcome matrix, creating an embedding based on the outcome
redistribution profiles of each sgRNA (Figure 5D). This embedding revealed many groups
of sgRNA-targeted genes with similar roles in DSB repair, including those involved in
initiating DSB end resection (e.g., MRE11, NBN, RAD50, RBBPS), replication (e.g., RFCI,
RFC2, RFC3, RFC4, RFC5, MCM_Z2, MCM6, TIMELESS, TONSL, MMS22L, POLE,
POLE?), the replication checkpoint (e.g., RAD17, HUS1, RAD9A), HDR (e.g., BRCAZ,
PALB2), and the Fanconi anemia pathway (e.g., FANCI, FANCE, FANCDZ2, FANCB,
FANCM, FANCF, FANCA, FAAP24, UBE2T, BRCA1, and BARDI). This embedding

also separated canonical NHEJ genes into multiple distinct clusters (e.g., 53BP1, RNFS,
PAXIP1, and DCLREIC, LIG4and NHEJ1; XRCC5, XRCC6, PRKDC and APTX),
highlighting the power of high-resolution phenotypes to capture specific gene functions.
Finally, unexpected groupings of genes without known functional relationships nominated
noncanonical roles for several DSB repair genes. Specifically, screen data identified
phenotypic similarities between POL @ and a set of replication checkpoint genes (RAD17,
HUS1, and RADJIA), as well as between the canonical replication and checkpoint gene
TOPBP1 and genes that initiate DNA end resection (MRE11, NBN, RAD50, RBBPS).

Because DSB repair is regulated by the cell cycle (Hustedt and Durocher, 2017), effects

of gene knockdowns on cell cycle progression may contribute indirectly to Repair-seq
phenotypes. Most notably, perturbations that reduce the fraction of cells in S/G2 would be
expected to decrease the frequency of resection-dependent repair outcomes. We therefore
used direct capture Perturb-seq, a method for performing single-cell RNA-sequencing of
CRISPR-based screens (Replogle et al., 2020), to measure the fraction of cells observed in S
and G2/M phases for each CRISPRi sgRNA in our 366 sgRNA sub-library. Overlaying these
phenotypes onto the Repair-seq embedding of outcome redistribution profiles revealed that
sgRNAs with strong cell cycle effects were distributed both within and outside of distinct
clusters (Figures 5E and 5F), suggesting that Repair-seq phenotypes capture signals of gene
function beyond simple cell cycle effects. Clustering of 7OPBP1 with end resection genes
provided an interesting example of this logic. Intriguingly, TOPBP1 has been shown to
physically interact with MRN (Duursma et al., 2013). TOPBP1 is also required for DNA
replication initiation (Wardlaw et al., 2014), and consistent with this role, SgRNAs targeting
TOPBPFI reduced the fraction of cells in S phase (Figure S6A). While these cell cycle
effects likely contribute to the phenocopying of MRN genes by 7OPBPFI1, other sgRNAS in
the library, such as those targeting MCM_Z2, produced substantially stronger reductions in S
phase occupancy but weaker correlations with the outcome redistribution signatures of MRN
genes. Cell cycle effects may therefore not be sufficient to explain the specificity of the
observed TOPBP1-MRN relationship.

We next asked whether the functional relationships identified in our Cas9 screens are
specific to DSBs produced by Cas9 or represent more general features of DSB repair.

To survey an additional DSB configuration, we performed a Repair-seq screen using
Acidaminococcus sp. Cas12a (H800A mutant; Table S1) with our 1,573 CRISPRi sgRNA
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library (Figure S1A). Cas12a-induced DSBs differ from Cas9-induced DSBs in two key
ways: Casl12a produces staggered nicks that leave ~5 nt 5' overhangs and are located

further from the PAM sequence (Zetsche et al., 2015). Consistent with these differences,
screen data revealed several Cas12a-specific features. First, clustering of Cas12a outcomes
based on their genetic signatures identified distinct groups of deletions spanning each of

the two staggered nicks, with complex patterns of dependencies on different NHEJ factors
between the groups (Figure S6B). Second, we observed a group of sgRNAs that specifically
increased a set of outcomes that were either unmutated or contained mutations that did

not disrupt the PAM or protospacer (Figure S6B). Because these outcomes are susceptible
to re-targeting but will only be observed when they do not acquire additional mutations,
increases in these outcomes may be driven by sgRNA-induced reductions in the overall

rate of cutting. Finally, baseline frequencies of capture of human genomic sequences at
Cas12a-induced DSBs were 3.6-fold lower than in Cas9 screens, suggesting that such events
favor Cas9 end configurations.

Despite these differences, clustering of sgRNA signatures produced with Cas12a
recapitulated many of the gene-gene relationships observed with Cas9. Specifically, we
observed similar groupings of NHEJ genes, including one of end synapsis genes (L/G4

and NHEJI), one with XRCC5 and XRCC6 next to PRKDC, and one featuring 5381,
RNF8, PAXIP1, and DCLREIC (Figure S6B). Furthermore, SgRNAS targeting POL Q again
clustered closely with those targeting replication checkpoint genes (e.g., RAD17, HUSI),
and 7OPBPI phenocopied DSB end resection genes (e.g., MRE11, NBN, RAD50, RBBPS).

Identification of genetically distinct pathways of microhomology-mediated end-joining

A major goal in building Repair-seq was to systematically define DSB repair pathways. We
were therefore intrigued by the observation that POLQ, a key mediator of alternative end-
joining, was phenocopied by a set of genes without characterized roles in POL Q-mediated
repair (RAD17, RADIA, RADI, and HUS1, encoding the 9-1-1 complex and associated
clamp loader) (Figures 6A, 6B, S4, and S6B). To quantify the similarity between these
phenotypes, we calculated correlations between outcome redistribution profiles for all pairs
of active sgRNAs in both Cas9 and Cas12a screens (Figure 6C). Correlations between
POLQsgRNAs and sgRNAs targeting RAD17, RADIA, HUS1, and RAD1 were among the
strongest observed for any pair of genes in our library. Validating this relationship, POLQ
and RAD17phenotypes were also similar at one endogenous Cas9 target site in K562 cells
(Figure 6D) and at two lentivirally transduced target sites (Cas9 and Cas12a) in both K562
and HelLa cells, albeit with data from a third cell line (RPEL1) suggesting possible cell type
specificity (Figure S6C). Together, these results indicate that RAD17 and the 9-1-1 complex
can promote and suppress similar subsets of DSB repair outcomes as Pol 6 (the gene product
of POLQ).

We next examined the sequence characteristics of POL Q-dependent outcomes. To facilitate
repair, Pol © engages short stretches of complementary base pairing present in DSB repair
intermediates (Ramsden et al., 2021; Sfeir and Symington, 2015). These microhomologies
prime Pol © for DNA synthesis and leave recognizable sequence characteristics at repaired
breaks. Previous work has defined two categories of Pol 6-mediated mutations: (1) complex
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insertion outcomes in which DSBs are “filled-in” with sequences bearing microhomologies
at the boundaries, sometimes also accompanied by deletions, and (2) deletions of typically
<50 nts flanked by >2-3 nts of microhomology. Within our screen data, we found examples
of each of these mutation types with clear POLQ dependence (Figures 6A and 6E); however,
consistent with a recent observation (Carvajal-Garcia et al., 2020), we also identified many
low-frequency deletions with lengths and microhomology usage consistent with expected
Pol 6-mediated sequence architectures that were independent of, or even suppressed by,
POLQ (Figures 31, 6A, 6F and 6G).

Given this observation, we next examined how inhibition of DNA end resection, a defined
step in Pol ©-mediated repair (Truong et al., 2013; Wyatt et al., 2016), affected outcome
frequencies at our Cas9 and Cas12a target sites. Within screen data, genes responsible

for initiating resection (i.e., MRE11, RAD50, NBN, and RBBPS8) promoted a superset

of POL Q-dependent outcomes, including both complex insertions and a broad set of
bidirectional deletions flanked by microhomologies (Figures 6A, 6E-6H, S4, and S6B).
Consistent with a general requirement for end resection across these outcomes, ectopic
expression of MRE11 but not a nuclease inactive mutant (MRE11-H129N) rescued the
frequencies of both POL Q-dependent and -independent bidirectional deletions after MRE11
knockdown (Figures 61 and S4). Bidirectional deletions across the spectrum of POLQ
phenotypes were also reduced by treatment with an MRE11 exonuclease inhibitor (Figure
6D). These data demonstrate that not all resection-dependent end-joining requires Pol € in
human cells.

Altogether, these observations suggest that there exist two genetically distinct mechanisms
of “microhomology-mediated end-joining” downstream of MRE11-mediated end processing
(Figure 6J), each with different dependence on POL Q. Furthermore, the POLQ-dependent
mechanism is promoted by RAD17 and the 9-1-1 complex, either through checkpoint
signaling or alternative functions. Notably, while lack of dependence on NHEJ factors is a
canonical characteristic of such alternative end-joining mechanisms (Ramsden et al., 2021;
Sfeir and Symington, 2015), the effects of NHEJ factors on these outcomes in our screens
were not always straightforward (Figure S6D). The phenotypes of one NHEJ regulator
(53BP1), however, clearly opposed those of POLQ (Figures S4, S6B, S6E).

Repair-seq is a versatile platform for mapping the cellular determinants of genome editing

systems

A broad range of genome editing approaches rely on endogenous DNA repair processes to
install programmed sequence changes (Anzalone et al., 2020). To explore the flexibility of
Repair-seq to study diverse editing modalities, we next performed screens in the presence
of a panel of different homologous repair templates (donors), including four single-stranded
oligodeoxyribonucleotides (ssODNs) and one linear double-stranded ODN with homology
to our target region as well as a non-homologous single-stranded control (Figure 7A, Tables
S2 and S5).

Single-strand template repair (SSTR) is an exogenous form of HDR in which sequences
from ssODNs are incorporated into nuclease-induced DSBs (Jasin and Haber, 2016).
Previous work has identified regulators of SSTR in yeast and human cells (Bothmer et al.,
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2017; Canny et al., 2018; Gallagher et al., 2020; Maruyama et al., 2015; Richardson et al.,
2018), but the processes responsible for SSTR remain incompletely defined. To investigate
SSTR, we compared baseline outcome frequencies from Repair-seq screens performed with
and without a 178 bp ssODN containing 8 programmed single-nucleotide variants (SNVs)
near the DSB surrounded by regions of perfect homology to the corresponding genomic
sequence (Figure 7B). Inclusion of this template reshaped repair outcome distributions in
two informative ways. First, the frequencies of a set of microhomology-flanked bidirectional
deletions dramatically decreased in the presence of homologous ssODN, while the presence
of non-homologous donor produced more modest decreases, suggesting that SSTR competes
with specific donor-independent outcomes. Second, we observed three major categories of
outcomes in which donor sequence was incorporated at the break: HDR outcomes in which
donor-encoded SNVs were scarlessly installed (Figure 7C); “half-HDR” outcomes in which
the perfectly homologous region on the 3' end of the sSODN was correctly engaged but the
transition back to genomic sequence on the other side of the break did not occur as intended
(Rouet et al., 1994) (Figure 7D); and capture of fragments of donor sequence at the break
without using intended homology on either side (Figure 7E). Baseline frequencies of each
outcome type were similar between screens performed with and without purified donors,
arguing that contamination by truncated donor molecules does not contribute substantially to
these outcomes (Figure 7B).

We examined genetic regulators of each category of donor-dependent outcome, starting
with scarless HDR events. We first calculated the effect of each gene knockdown on

the combined frequency of all outcomes containing scarless installation of any subset of
donor-encoded SNVs in single-stranded donor screens. Consistent with previous results
(Richardson et al., 2018), this frequency was increased by knockdown of NHEJ genes
(e.g., 53BP1, PRKDC, and LI/G4) and decreased by knockdown of many HDR genes (e.g.,
BRCAI, MRN genes, RBBPS, Fanconi anemia (FA) genes, and gene encoding components
of the POLD and RFC complexes) (Figure 7F). We then compared these phenotypes to
corresponding phenotypes from a screen performed with a linear double-strand donor of
the same sequence. While HDR from these two donor configurations shared many genetic
regulators, knockdown of several genes, including DNAZand multiple genes involved in
RAD51-mediated strand invasion (e.g., BRCAZ2and RAD5I) reduced HDR from single-
stranded donors but not from the double-stranded donor (Figure 7G and S7A).

We next examined outcome categories in which single-stranded donor sequence was
incorporated at the break without perfect use of encoded homologies, producing two
interesting observations. First, knockdown of several groups of genes that substantially
reduced ssSODN-templated scarless HDR did not reduce the frequency of half-HDR
outcomes in which the 3' region of perfect homology but not the 5' region were correctly
engaged, including RAD51-related genes, FA genes, and DNAZ (Figures 7H, 71, STA,
and S7B). This observation suggests that activity of these genes may specifically promote
second-end capture of a donor-extended DSB through pairing of donor-templated 5'
homology to the other DSB end. Second, capture of partial sSSODN fragments without the
use of homology was promoted by L/G4, strongly suppressed by DNAZ, and modestly
suppressed by MCM10, suggesting that these events arise from similar but not identical
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mechanisms as capture of shorter human genomic sequence fragments (Figures 7J, 7K, and
S7C; see discussion).

Finally, we reasoned that examining the genetic dependencies of individual SSTR outcomes
in which different subsets of SNVs were scarlessly installed could reveal additional
mechanistic diversity. In a set of screens performed with ssSODNs carrying a variety of
programmed SNV patterns, we found that genes encoding components of the MutSa/
MutLa DNA mismatch repair (MMR) complexes (MSHZ2, MSH6, MLH1, and PMS2)
promoted some scarless SSTR outcomes while suppressing others, with suppressed
outcomes typically missing SNVs from the 3' ends of ssODNSs (Figures S7TD-S7F). These
observations support a model of scarless SSTR in which MMR activity installs SNVs
encoded on the 3' ends of ssODNs by “fixing” mismatches established upon donor
annealing (Gallagher et al., 2020; Harmsen et al., 2018; Kan et al., 2017) (Figure S7G).
Extending this model, we found that scarless SSTR outcomes within the MMR-suppressed
set also generally exhibited stronger MRN dependence (Figures S7D-S7F), suggesting that
incorporation of donor-encoded SNVs by MMR relieves a requirement for end resection
and, more broadly, demonstrating that scarless SSTR can occur via distinct mechanistic
paths.

Collectively, these observations highlight the complex range of pathways by which
oligonucleotide donors are incorporated at DSBs and demonstrate the utility of Repair-seq
for delineating the genetic determinants of both intended and unintended genome editing
outcomes.

DISCUSSION

Repair-seq pairs CRISPR-based genetic screens with locus-specific deep sequencing to
profile the spectrum of mutations produced at targeted DNA lesions across many genetic
perturbations, enabling systematic interrogation of DNA repair pathways. Here, we applied
Repair-seq to survey DSBs produced by 2 different programmable enzymes (Cas9 and
Cas12a) within 5 different sequences contexts in the presence and absence of homologous
repair templates. Data from these experiments produced a high-resolution atlas of the
genetic dependencies of DSB repair outcomes. Systematic exploration of this atlas revealed
that repair outcomes with superficially similar sequence architectures can show marked
differences in genetic dependencies. For example, we observed that a subset of short

Pol A-mediated insertions at Cas9-induced DSBs were suppressed by canonical NHEJ
factors (Ku70/80 and DNA-PKcs). Additionally, we found that deletions flanked by
microhomologies can be produced by distinct mechanisms. Comparisons of signatures of
each gene across outcomes then revealed associations between a canonical mediator of these
deletions (POLQ) and several other genes (e.g., FAD17). Altogether, these observations
deepen our understanding of how cells repair enzymatically induced DSBs and demonstrate
the power of classifying of DNA mutations without a priori registration of sequence features.

Beyond simple insertions and deletions, Repair-seq enables the study of more complex
repair outcomes. As examples, we identified genes that modulate the capture of fragments of
genomic sequence or exogenous ssSDNA at DSBs, including DAMA2and MCM10. Consistent
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with our results, DNA2 has been proposed to suppress such outcomes in yeast by preventing
generation of ssDNA and/or by degrading intracellular ssDNA (Yu et al., 2018). Intriguingly,
across our data sets, MCM10suppressed capture of genomic sequence with comparable

or greater magnitude as DNAZ, but DNAZhad a much stronger impact on capture of
exogenous ssSDNA than MCM10 (Figures S5E and 7K). Together, these phenotypes suggest
a model in which loss of MCMZI0increases generation of genomic fragments, while DNA2
also shapes repair outcomes downstream of this step, either through degradation of ssSDNA
or via more direct activity of the enzyme at DSBs. These findings demonstrate how the
ability to compare the effects of genetic perturbations across different repair outcomes can
suggest and constrain models of the mechanisms behind DNA repair events.

Finally, the ability of Repair-seq to simultaneously measure the effects of genetic
perturbations on a broad range of mutations makes it well-suited to study how DNA damage
produced by genome editing tools is repaired in both intended and unintended ways. Our
studies of HDR with oligonucleotide repair templates serve as proof of principle for this
concept. Furthermore, in companion studies (Chen et al, 2021 and Koblan et al., 2021), we
applied Repair-seq to identify the cellular determinants of base and prime editing and used
the insights gained from those screens to develop editing tools with improved efficiency

and precision. Although the complexity of DNA repair remains a formidable challenge for
precise genome editing, these studies collectively demonstrate that Repair-seq is a powerful
tool for unravelling this complexity.

LIMITATIONS OF THE STUDY

Due to its reliance on short-range amplicon sequencing, Repair-seq produces rich but

not comprehensive profiles of DNA repair outcomes. In particular, repair processes

that regenerate the original target sequence or that remove specific flanking sequences
required for library preparation cannot be directly detected. The development of alternative
sequencing strategies may enable screening of additional repair mechanisms. Alternatively,
unobservable repair outcomes can be indirectly studied by comparing CRISPRi sgRNA
abundances to matched control screens in which no on-target DNA damage was induced
(Table S7).

Technical aspects of screen design may also impact repair outcomes. Random genomic
integration of the screen vector masks the influence of chromatin context on repair, and
the context of the screen vector itself may influence some repair processes. Additionally,
nucleofection of RNPs into cells may introduce elevated levels of extracellular nucleic
acids. We note that while Repair-seq is a powerful tool for nominating roles of genes in
specific repair processes, understanding the exact mechanisms underlying each phenotype
will require targeted validation and follow-up.

Applying Repair-seq in different cell types, at additional target sites, to DSBs produced

by additional nucleases, and with alternative methods of delivering damage-induced agents
will be helpful to understand the roles of these variables in DSB repair. Moving forward,
genome-wide Repair-seq screens will be of interest to identify additional modulators

of repair, but scaling the number of perturbations screened while maintaining sufficient
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coverage of cells per perturbation to resolve low frequency outcomes may be challenging.
Determining ideal coverage levels will require balancing experimental practicality with the
complexity of the outcome landscape produced by a given editing modality. Finally, we note
for clarity that while this manuscript was in preparation, an unrelated method also called
Repair-seq was published (Reid et al., 2021).

STAR METHODS
RESOURCE AVAILABILITY

Lead Contact.—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the Lead Contact, Britt Adamson
(badamson@princeton.edu).

Materials Availability.—Plasmids and CRISPRi sgRNA libraries generated in this study
have been deposited to Addgene.

Data and Code Availability.—Raw sequencing data has been deposited at the NCBI
Sequence Read Archive database under Bioproject PRINA746980. Code is available at
https://github.com/jeffhussmann/repair-seq (DOI: https://doi.org/10.5281/zen0d0.5534778).
Processed data and notebooks are available at DOI: https://doi.org/10.5281/zenod0.5555287.
Data can be interactively explored at https://seq.repair. Any additional information required
to reanalyze the data reported in this paper is available upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines used in this study were 293T, K562, K562 CRISPRI, K562 CRISPRa, HelLa
CRISPRI, RPE1 CRISPRI cell lines. K562 CRISPRi and CRISPRa cell lines were
constructed as previously described (Gilbert et al., 2014). The K562 CRISPRI cell line
expressed dCas9-BFP-KRAB (pHR-SFFV-dCas9-BFP-KRAB; Addgene, 46911), and the
K562 CRISPRa cell line expressed both dCas9-SunTag (pHRASV40-dCas9-10xGCN4_v4-
P2A-BFP; Addgene, 60903) and scFV-sfGFP-VP64 (pHRASV40-scFv-GCN4-sfGFP-VP64-
GB1-NLS; Addgene, 60904). HeLa CRISPRi and RPE1 CRISPRI cells also expressed
dCas9-BFP-KRAB and were constructed as previously described (Gilbert et al., 2013; Jost
et al., 2017). During this study, K562, K562 CRISPRI, K562 CRISPRa, and HeLa CRISPRI
cell lines were authenticated by analysis of short tandem repeats as exact matches to the
corresponding line, CCL-243 (K-562, female) or CCL-2 (HeLa, female), from ATCC. One
293T cell line, used for packaging lentivirus, was replaced mid-study due to mutational
events that reduced those cells to only a near perfect match to CRL-3216 (293-T). Cells
tested negative for micoplasma. K562 cells were grown in RPMI 1640 with L-glutamine
and 25 mM HEPES (Corning or Gibco) supplemented with 100 U/mL penicillin, 100 ug/mL
streptomycin, and 0.292 mg/mL L-glutamine. 293T and HeLa cell lines were grown in
DMEM with 4.5 g/L glucose and sodium pyruvate with or without L-glutamine (Corning

or Gibco) supplemented with 100 U/mL penicillin and 100 ug/mL streptomycin. RPE1

cell lines were grown in DMEM/F12 with L-glutamine and 15 mM HEPES (Gibco)
supplemented with 100 U/mL penicillin and 100 ug/mL streptomycin. Cells were grown

at 37°C. Mirin (Millipore Sigma, M9948-5MG) was dissolved in DMSO.
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METHOD DETAILS

Plasmid construction.—Our CRISPRi sgRNA libraries were delivered to cells using

a custom expression vector (pAX198). We constructed this vector from pU6-sgRNA
EF1Alpha-puro-T2A-BFP (Gilbert et al., 2014) (Addgene, 60955) as follows: We added
two restriction sites (Notl and Hindlll) and spacer sequence to pU6-sgRNA EF1Alpha-puro-
T2A-BFP to construct an intermediate vector (pMJ468). We then cloned a “target region”
for enzyme-induced DNA damage between the sgRNA and selection marker expression
cassettes (the latter expresses both BFP and puromycin resistance) by Gibson assembly

at the Nsil and Xhol sites. This target region comprised sequence from the human HBB
gene—specifically the second and third exons of ENST00000647020.1 (no intron) and

part of the 3' UTR—and was flanked by a Notl site. As part of this cloning, a second

Notl site (adjacent to the target site) was removed and the termination signal for the
U6-sgRNA expression cassette was reduced to a stretch of 6 thymines. Finally, to enable
sgRNA cloning, a BstXI site was removed from the target site by site-directed mutagenesis.
In arrayed experiments, individual sgRNASs were delivered using pU6-sgRNA EF1Alpha-
puro-T2A-BF, including XRCC5_+ 216974121.23-P1P2, POLL_- 103347937.23-P1P2,
POLQ_+_121264772.23-P1P2, MRE11A - 94227004.23-P1P2, RAD17_+_68665692.23-
P1P2 (Table S3). pU6-sgRNA EF1Alpha-puro-T2A-BFP was used as a negative control in
experiments depicted in Figures 4G, S5A, and 6D.

For the experiment depicted in Figure 61, we built expression vectors using pInducer20
(Addgene, 44012) as follows: pInducer20 was first digested with Agel and religated to
remove unwanted functional cassettes. £F1A promoter was then inserted between the
BamHI and Xhol sites. The resulting plasmid contains bicistronic expression cassettes with
distinct promoters (EF1A and UBC) for each cassette. To generate MRE11 expression
vectors (pJL056 and pJL057), superfolder GFP was inserted downstream of the UBC
promoter between the Kpnl and Notl sites, and MRE11 cDNA sequence, amplified from
pICE-HA-MRE11-WT (Addgene, 82033) using primer pairs 0JL162 and 0JL163 (Table S2),
was inserted downstream of the £F1A promoter at the Xhol site. The nuclease-inactivating
mutation (H129N) was then introduced by PCR with primer pairs 0JL079 and 0JL080
(Table S2). To generate a GFP expression vector control (pJL059), superfolder GFP was
inserted downstream of the UBC promoter between the Kpnl and Notl sites. MREA11-
targeting SJRNAS used in this experiment (1, 3, 8) were MRE11A_-_94227004.23-P1P2,
MRE11A - 94226994.23-P1P2, MRE11A + 94226703.23-P1P2 (Tables S3 and S6).
These sgRNAs and one non-targeting sgRNA (non-targeting_01332) were cloned into
pAX198.

In Figure S6C we used a condensed Repair-seq library.

In this library, individual sgRNAs were cloned into pAX198,

including MRE11A - 94227004.23-P1P2, MRE11A - 94226994.23-P1P2,
MRE11A + 94226703.23-P1P2, POLQ_+ 121264772.23-P1P2, RAD17_+ 68665692.23-
P1P2, non-targeting_00026, non-targeting_00566, and non-targeting_01332. The resulting
plasmids were pooled in equal molar ratio for virus packaging.
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For the experiment depicted in Figure S5F, individual SgRNAs were cloned into pAX198,
including DNA2_-_70231468.23-P1P2 for CRISPRi and DNA2_+_70231809.23-P1P2 for
CRISPRa (Gilbert et al., 2014). A non-targeting sgRNA (non-targeting_00026) was used as
a negative control in both CRISPRi and CRISPRa assays.

Oligonucleotides.—Oligonucleotides (unless otherwise indicated) and TagMan probes
were obtained from Integrated DNA Technologies. Single-strand oligonucleotides for SSTR
experiments (0BA701, 0JAH158, 0JAH159, 0JAH160, and 0JAH165; Table S2) were
ordered with phosphorothioate bonds connecting the 3' and 5' terminal nucleotides in order
to limit nuclease degradation (represented by asterisks in Table S2). One single-stranded
oligonucleotide (0BA701) was PAGE-purified by IDT or as follows: 25 uL of 100 uM
0BA701 ultramer (10 nmol total) were combined with 25 uL 2x Novex TBE-Urea sample
buffer (LC6876) and run on a 6% TBE-Urea gel (UreaGel System, National Diagnostics,
EC-833). The gel was stained by washing 10X SYBR Gold (10000x concentrate, catalog
number S11494, diluted in 1X TBE) over the surface of the gel and visualized using a Safe
Imager 2.0 Blue Light Transilluminator (ThermoFisher Scientific). A high intensity band
corresponding to the full length ultramer was cut out of the gel. Gel slices were pulverized
using Gel Breaker tubes (Ist Engineering/Fisher NC0462125), and DNA was extracted from
pulverized gel by soaking in 750 uL of extraction buffer (300 mM NaCl, 10 mM Tris 8,

1 mM EDTA) overnight. Extracted DNA was isopropanol precipitated, and the resulting
pellet was cleaned up by ethanol precipitation. Double-strand oligo donor (0BA701-PCR)
was prepared by PCR using 0BA701 as a template with o0BA736 and c0BA737 (Table S2).
We note that these amplification primers did not have phosphorothioate bonds.

CRISPRI library design.—For our 1,573 sgRNA CRISPRI library (AX227), we curated
a set of 476 genes enriched for those involved in DNA repair and associated processes (e.g.,
DNA replication, repair, recombination) (Figure 1C and Table S4). We then selected 1,513
SgRNAs targeting these genes from a previously published CRISPRi library, hCRISPRi-v2.1
(Horlbeck et al., 2016) (Table S3). Selected sgRNAs were those ranked as the top 3 per
transcript per gene. A minority of sgRNAs were annotated as targeting multiple gene
promoters. We also included 60 non-targeting control sgRNAs. These were selected from
hCRISPRi-v2 randomly and filtered using data from a genome-scale growth screen in K562
cells (Horlbeck et al., 2016).

For our 366 sgRNA CRISPRI library (AC001), we selected 336 sgRNAS targeting 118 genes
and 30 non-targeting controls (Table S6). To select the 118 genes targeted by this library
(Figure S3A and Table S4), we considered data from Repair-seq screens performed with our
1,573 sgRNA CRISPRI library. Of the 118 genes, 114 are a subset of those targeted by our
large library (AX227), while 4 were included based on interest from the literature (EXDZ,
HELB, RBBP6, ZBTB38). Each gene in this library was targeted with 2-6 sgRNAs (26 with
2, 86 with 3, 5 with 4, and 1 with 6). Among sgRNAs that target genes also included in
AX227, we excluded 19 from AC001. A minority of SgRNAs included in AC001 have been
annotated as targeting multiple gene promoters.

CRISPRI library cloning.—Oligonucleotides containing sgRNA targeting sequences
were synthesized by Twist Bioscience (Q-15620=AX227; Q-28859=AC001). These
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sequences were cloned into pAX198 with standard protocols (details available

at https://weissmanlab.ucsf.edu/CRISPR/Pooled_CRISPR_Library_Cloning.pdf). Briefly,
library sequences were amplified by PCR, purified (column-based), and digested with
Blpl and BstXI (ThermoFisher Scientific). Digested fragments were then isolated by gel
purification, precipitated using isopropanol (AC001) or ethanol (AX227), and ligated into
a similarly digested vector (Blpl and BstXI). Ligations were performed at an insert to
backbone ratio of 1:1 for 16 hours at 16 °C and subsequently electroporated into MegaX
DH10B T1R Electrocomp™ cells (ThermoFisher Scientific). Cells were grown in liquid
culture (~1L) supplemented with carbenicillin (AC001) or on agar plates supplemented with
carbenicillin and then scraped into liquid for plasmid purification (AX227). Final plasmid
libraries were isolated using column-based purification.

Perturb-seq.—The relatively compact size of our 366 SgRNA CRISPRi library (AC001)
allowed for characterization of transcriptional phenotypes produced by all sgRNAs in the
library using direct capture Perturb-seq (Figures S3B and S3C), a method for multiplexed
single-cell RNA-sequencing of CRISPR-based screens (Replogle et al., 2020). To perform
this experiment, we transduced the 366 sgRNA library (AC001) into K562 CRISPRIi cells
(9e6 cells) with centrifugation (2 hours at 1000 x g). Cells were grown for ~6 days and
selected with puromycin (3 pg/mL, starting on day 2). During selection, cells were split and
media was replaced as needed. Selected cells were prepared for single-cell RNA-sequencing
(scRNA-seq) as follows: Cells were centrifuged at 100 x g for 3 minutes to remove media,
washed in PBS supplemented with 0.04% sterile-filtered Bovine Serum Albumin (Sigma
Aldrich), centrifuged again at 100 x g for 3 minutes to remove wash, diluted with wash
buffer, and then kept on ice before loading into droplets for SSRNA-seq using the Chromium
Single Cell 5' Library & Gel Bead Kit (10x Genomics, PN-1000006) and the Chromium
Controller (10x Genomics). Altogether, we performed 8 reactions of sSCRNA-seq (aiming for
~14,000 cells per reaction). Cells were 88% viable and 94% BFP+ (sgRNA marker) before
loading into droplets for SSCRNA-seq.

For scRNA-seq, we followed instructions in the Chromium Single Cell V(D)J Reagent
Kits with Feature Barcode technology for Cell Surface Protein user guide (CG000186)
with modifications to enable recording of SgRNASs as previously described (Replogle et al.,
2020). Briefly, we added 5 pmol of a sgRNA-specific primer (0JR160, Table S2) to each
reaction Master Mix prior to droplet formation. During cDNA amplification, we performed
11 cycles of PCR (according to manufacturer’s instructions) and after cONA amplification
separated the sample as follows: We performed a 0.6X left-sided cleanup reaction with
SPRIselect (Beckman Coulter) and collected both the beads (which carry material for
preparing the gene expression library) and the supernatant (containing sgRNA-derived
cDNA amplicons). Using the supernatant, we then completed a 0.6X-1.35X double-sided
cleanup. Eluate from the 0.6X cleanup was used to complete the gene expression library
(according to manufacturer’s instructions), and eluate from the 0.6X-1.35X reaction was
used to produce a library of sgRNA sequences containing SCRNA-seq indexes.

Perturb-seq data from this experiment showed that SJRNAs in the 366 SgRNA CRISPRi
library (AC001) produced a median of 86% depletion of target gene expression (Figure
S3B), with 113 of 118 genes targeted by at least one sgRNA achieving >70% knockdown
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(Figure S3C). Additionally, using the Perturb-seq data, we quantified the effect of each
sgRNA on relative occupancy of each cell cycle phase (Figures 5E and 5F).

Ribonucleoprotein (RNP) complexes.—Streptococcus pyogenes Cas9 and
Acidaminococcus sp. BV3L6 (A.s.) Casl2a with an RNase inactivating mutation (H800A)
were complexed with guide RNAs obtained from Integrated DNA Technologies (Cas9,
Alt-R® CRISPR-Cas9 crRNA and Alt-R® CRISPR-Cas9 tracrRNA; Cas12a, Alt-R®
CRISPR-Cpfl crRNA). Enzymes were obtained from Integrated DNA Technologies (Alt-
R® spCas9 Nuclease V3, 1081059) or from Editas Medicine (made in-house or ordered
from supervised vendor, Aldevron; sequences included in Table S1). RNPs obtained from
Editas Medicine were complexed at a ratio of 2:1 (RNA:protein) as follows: Cas9 complexes
were prepared to 50 UM by diluting Cas9 to 100 UM in complete 1X HG300 buffer (50

mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES), 300 mM NaCl, 1 mM
tris(2-carboxyethyl)phosphine (TCEP), 20% glycerol (% v/v), pH 7.5) and mixing 1:1 with
guide RNAs diluted to 200 uM in 1X H150 buffer (10 mM N-2-hydroxyethylpiperazine-
N'-2-ethanesulfonic acid (HEPES), 150 mM NaCl, pH 7.5). Components were allowed

to complex for at least 45 minutes at room temperature and a differential scanning
fluorimetry assay (Maeder et al., 2019) was performed to confirm complexation occurred.
Cas12 complexes were prepared to 66 pM by resuspending guide RNAs in H150:HG300
buffer to 200 uM and mixing with Cas12a (400 uM) and 1X H150 at a ratio of 4:1:1
(RNA:protein:buffer) by volume. Components were allowed to complex for at least 45
minutes at room temperature and a differential scanning fluorimetry assay was performed
to confirm complexation occurred. Other RNPs were complexed as follows: crRNA

and tracrRNA oligos were mixed in equimolar concentrations (1:1) to a final duplex
concentration of 100 uM (16 pl total), incubated at 95 °C for 5 minutes, and allowed to cool
to room temperature (15-25 °C) for ~45 minutes. Duplexed guide RNAs were mixed with
Cas9 enzyme and PBS (Thermo Fisher Scientific) to a final 12.2 pyM RNP concentration and
incubated at room temperature for ~1 hr.

Electroporation.—For experiments depicted in Figures 4G, 6D, 61, S1B-S1E, S2C, S2E,
S5A, S5F, and S6C, indicated cells were electroporated with RNPs as follows: Cells
(1.25-6€5 or 2e6-3e6 per sample) were spun out of media by centrifugation (1000-1500
rpm for 5 minutes) and washed once with PBS (Thermo Fisher Scientific) or directly
resuspended in electroporation buffer. Using an SE Cell Line 4D X Kit S (Lonza
Bioscience), cells were electroporated on a 4D-Nucleofector (Lonza Bioscience) according
to manufacturer’s instructions (CN-114 reagent code for HeLa cells, FF120 reagent code
for K562 cells, and EA-104 reagent code for RPE1 cells) using 50 pmol of Cas9 RNP.
Details of electroporation during screens are described below (see Repair-seq Screens—cell
culture).

Virus preparation.—Lentivirus was produced in 293T cells by co-transfection of transfer
plasmids (single or library) and packaging plasmids for expression of HIV-1 gag/pol and
rev (+/—tat) and VSV-G envelope protein using either TransIT®-LT1 Transfection Reagent
(Mirus) or Polyethylenimine (Polysciences, Inc.) with or without ViralBoost Reagent
(Alstem, Inc.). For screening, virus-containing supernatant was either used directly, or
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filtered using either syringe filters (0.45 pm) or a vacuum filtration system (0.20 pm). Viral
titers were determined by test transductions prior to screening (except for screen 1). For
individual experiments, virus-containing supernatants were frozen prior to use.

Repair-seq—cell culture.—K562 CRISPRI cells were transduced with an sgRNA library
(AX227 or AC001) in large-scale infections (140e6 or 640e6 cells for AX227; 300e6 or
406e6 cells for AC001) (Table S5). Infections were supplemented with 8 pg/mL polybrene
and conducted in many wells of multiple 6 well plates with centrifugation (~2-3 hours at
1000 x g). After centrifugation, cells were pooled and resuspended in fresh, complete RPMI
to ~0.5e6 cells per mL. Screens 1-15 were spun out of virus-containing supernatant prior to
resuspension. Cells were then grown with or without agitation for 6 days and selected with
1-3 pg / mL puromycin (added 2-3 days post transduction). For each screen, cells were less
than 30% BFP+ (sgRNA library marker) 2 days post transduction (Table S5). To remove
dead cells, cultures were periodically spun out of media +/- PBS wash.

Screens were performed in the following groups: 1, 2-6, 7, 8-15, 16-21 (Table S5). Screens
that were performed concurrently were derived from a single transduction culture and

split prior to RNP electroporation. Cells were electroporated with RNPs, with or without
oligonucleotides, as follows: First, cells were spun out of media by centrifugation and
washed with PBS. Next, using an SE Cell Line 4D X Kit L (Lonza Bioscience), cells

were electroporated on a 4D-Nucleofector (Lonza Bioscience) with the FF120 reagent code,
according to manufacturer’s instructions, with the following exceptions: (1) Post wash, cell
pellets were mixed with Buffer SE (100 pL per reaction) and RNP (13 pL of 66 pM Casl12a
or 5 UL of 50 pM Cas9 per reaction) with or without oligonucleotides (2.5 pyL of 100 pM
sSODN or 5.3 uL of 4.7 uM dsODN per reaction). (2) These mixtures were then loaded into
cuvettes, typically using as many cuvettes as necessary to process the entire volume of cell
mixture (~100 ul per cuvette; numbers of reactions and cuvettes per screen are indicated

in Table S5). We note that practical constraints on nucleofection limit how many sgRNAs
can be screened at any given level of per-sgRNA coverage. Prior to performing Repair-seq
experiments, we recommend that nucleofection procedures be piloted to ensure good cell
recovery.

All RNPs used in screening were prepared and provided by Editas Medicine (see
Ribonucleoprotein (RNP) complexes). Following nucleofection, cells were allowed to
recover for ~10 minutes at 37 °C (except for screen 9). Cells were then resuspended

with media and transferred for growth. For screens 1 and 8-15 cells were spun out of

media and washed with PBS two days post electroporation to help remove dead cells.

After 3 days, cells were collected and cell pellets were processed to generate sequencing
libraries (numbers of cells collected per screen, viability of cells at collection, and cell
population doublings between nucleofection and collection are included in Table S5).
Throughout screening, cells were counted and viabilities were determined using an Accuri™
C6 flow cytometer (BD Biosciences) or Countess I Automated Cell Counter (Thermofisher
Scientific). Cells were typically maintained at densities between ~0.5e6 and ~le6 cells per
mL (splitting as necessary).
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Repair-seq—sequencing library preparation.—Sequencing libraries were prepared
from the cells collected at the end of the screens as follows: Genomic DNA was extracted
using the NucleoSpin Blood XL, Maxi kit for DNA from blood (Macherey-Nagel) with

a condition of 50e6-100e6 cells per column. Genomic DNA was then digested with
Notl-HF (NEB) and run on large 0.8% agarose gels (Owl™ Al Large Gel System,
Thermo Fisher Scientific) prepared with custom 3D printed combs capable of producing
wells large enough for loading 1.5 mL volume per well (for more information on these
gels, see https://weissmanlab.ucsf.edu/CRISPR/IlluminaSequencingSamplePrep_old.pdf)
with individual samples typically spread across multiple wells. Fragments of genomic
DNA within the size range of those containing both edited sequences and sgRNA
expression cassettes (target fragments) were then excised with wide boundaries, purified
using NucleoSpin® Gel and PCR Clean-up kit (Macherey-Nagel), digested with HindIl1-HF
(NEB) to remove a Notl overhang from one end of the target fragments, and isolated

using SPRIselect Reagent (Beckman Coulter) in a 0.8X reaction. We note that fragment
recovery throughout our library preparation protocol is lossy and thus limits how many
sgRNASs can be screened at any given level of per-sgRNA coverage (see Sequencing
section for estimate of UMIs recovered per cell). When piloting Repair-seq experiments,
we recommend that efficiency of recovery (at least through the gel electrophoresis step) be
empirically determined before scaling to a full screen.

Custom adapters containing 12 nt unique molecular identifiers (UMIs) were then ligated
onto target fragments using the remaining 4 nt Notl overhang. These adapters (0BA676 and
0BA677; Table S2) were obtained as individual DNA oligonucleotides (HPLC purified)
from Integrated DNA Technologies and then annealed. For the annealing reaction, an
equimolar amount of each oligo was mixed and were run on a C1000 touch thermal cycler
with the following program: 1 cycle of 5 minutes at 95 °C; 70 cycles of 1 minute each with
gradual cooling from 95 °C to 25 °C; 1°C hold. For the ligation reactions, we used enzyme
and buffer from the KAPA HyperPrep Kit (PCR-free) (Roche). Ligation reactions were
assembled as follows: 30 L ligation buffer, 10 L ligase, adapter at 200:1 adaptor:insert
ratio, 1 ug of Hindll1 digested product, and PCR-grade water to 110 L total volume. These
reactions were incubated at 4 °C overnight on a thermocycler with lid temperature set to 30
°C. Following ligation, DNA was purified using SPRIselect Reagent (Beckman Coulter) in
two steps: First, we performed a 0.65X reaction as calculated; however, as the ligation buffer
contains PEG, the reaction ratio was effectively higher. Then, we performed a 0.8X reaction.

To enrich our target fragments for sequencing, we next amplified those sequences by

PCR, performing enough PCR reactions to use nearly the entirety of each sample obtained
from the ligation and subsequent clean-up reactions (number of PCR reactions per screen
indicated in Table S5). We assembled PCR reactions with 30-50 ng of template into 50 pL
total volume. These reactions contained amplification primers at 0.6 uM final concentration
(each), 3% dimethyl sulfoxide, and 1X KAPA HiFi HotStart ReadyMix PCR Kit (Roche)
and were run on a thermocycler with the following program: 1 cycle of 3 minutes at 95 °C;
16 or 20 cycles of 15 seconds at 98 °C, followed by 15 seconds at 70 °C; 1 cycle of 1 minute
at 72 °C; 4 °C hold. Amplification primers used were against the Illumina P7 sequence
(included in the adapter) and an indexed version of the Screenindexing primer (Table S2).
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Amplified DNA was purified for sequencing using SPRIselect Reagent (Beckman Coulter)
in a 0.8X reaction, and index samples were mixed. Throughout the sample preparation,
samples were checked for quality and yield using either a NanoDrop Spectrophotometers
(Thermo Fisher Scientific), Agilent 2100 Bioanalyzer system, or by running on a Novex™
TBE Gel.

Repair-segq—control arms.—Alongside screens 16-21, we performed control arms
wherein cells were electroporated without RNP. Cell culture and library preparation were
performed as described above. Counts of UMIs recovered for each CRISPRi sgRNA in
these controls are provided in Table S7.. Comparing sgRNA counts between these controls
and screens performed with RNP identifies genes with multiple sgRNAs whose relative
abundance is increased or decreased in the presence of induced on-target DSBs. Further
interpretation of these signals however is limited by the fact that such phenotypes represent
an unknown mixture of contributions from many possible mechanisms. Changes in sSgRNA
abundance may reflect indirect effects of gene deficiency on the cytotoxicity of DSBs, on
the Kinetics of DSB repair or cell doublings after damage, or on the formation of repair
outcomes that cannot be sequenced by short-read amplicon sequencing (e.g., long deletions
or more extreme on-target rearrangements).

Arrayed DSB repair experiments.—For arrayed experiments depicted in Figures 4G,
6D, S1B-S1E, S5A, and S5F, cells were electroporated with indicated RNPs (as described
above). Three days post electroporation, cells were collected and cell pellets were processed
to generate sequencing libraries as follows. Genomic DNA was extracted using the
NucleoSpin® Blood, Mini kit for DNA from blood (Macherey-Nagel). The targeted loci
were amplified with primers (0JAH262 and 0JAH263 for HEK3_3a target site, 0JAH264
and 0JAH265 for RNF2 target site, 0JAH258 and 0JAH259 for Cas9 target sites 1, 3,

and 4 at the endogenous locus, 0BA991 and o0BA992 for Cas9 target sites 1, 3, and 4

within a genomically integrated screening construct; Table S2) using NEBNext Ultra Il Q5
Master Mix (New England Biolabs). Each reaction (100 uL total volume) contained 1 pg of
genomic DNA and 1 uM of each primer and was run on a thermocycler with the following
program: 1 cycle of 30 seconds at 98 °C; 22 cycles of 10 seconds at 98 °C, followed by

75 seconds at 65 °C; 1 cycle of 5 minute at 65 °C; 4 °C hold. The resulting products were
purified using SPRIselect Reagent (Beckman Coulter) in 1.2X to 1.8X reactions and used
as templates for a second PCR to add indexes to the amplified fragments. The indexing
primers used were versions of Indexing_REV and Indexing_FOR in Table S2. Each of these
reactions (50 uL total volume) contained 6 ng or 10 ng of template DNA and 0.6 uM of
each primer with 1x KAPA HiFi HotStart ReadyMix PCR Kit (Roche) and was run on a
thermocycler with the following program: 1 cycle of 3 minutes at 95 °C or 98 °C; 8 cycles
of 20 seconds at 98 °C, followed by 15 seconds at 65 °C and 15 seconds at 72 °C; 1 cycle of
1 minute at 72 °C; 4 °C hold. Amplified DNA was purified for sequencing using SPRIselect
Reagent (Beckman Coulter) in 1.2X to 1.8X reactions, and index samples were mixed prior
to sequencing.

For experiment depicted in Figures S1B-S1E, K562 cells transduced with pAX198 were
electroporated with RNPs against target sites 1, 3, and 4 (Table S1) (as described above).
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For experiments depicted in Figures 4G, S5A, and 6D, K562 CRISPRI cells or HelLa
CRISPRI cells were transduced with indicated sgRNAs, selected with puromycin (1-3
pg/mL) prior to electroporation, and electroporated on day 6 or 7 post transduction. For
experiments depicted in Figure 6D, right after electroporation, each sample was divided

into two portions, CRISPRI data are from cells with indicated sgRNAs treated with DMSO
(normalized to non-targeting sgRNA sample treated with DMSO) and MRE11 chemical
inhibitor data are from cells carrying non-targeting SgRNA treated with 50 pM Mirin
(normalized to non-targeting sgRNA sample treated with DMSO). For experiments depicted
in Figure S5F, K562 CRISPRI cells or K562 CRISPRa cells were transduced with indicated
sgRNAs, selected with puromycin (3 pg/mL) and pooled for electroporation on day 5 post
transduction. CRISPRIi cells with DNA2-targeting SgRNA and non-targeting SgRNA were
pooled in a 2:1 ratio to account for the depletion effect caused by DNAZknockdown.
CRISPRa cells with DNA2-targeting sgRNA and non-targeting sgRNA were pooled in a 1:1
ratio.

MRE11 rescue experiment.—For the experiment depicted in Figure 61, constructs
expressing GFP, MRE11, and a nuclease-inactive mutant (MRE11-H129N) were transduced
into K562 CRISPRI cells alongside one of three MRE11-targeting SYRNAS or one negative
control (see Plasmid construction). Cells infected with the same expression construct
(different sgRNAS) were pooled together and, after 3 days, cells expressing GFP (expression
construct marker) and BFP (sgRNA marker) were isolated by fluorescence-activated cell
sorting on a FACSAria Fusion (BD Biosciences). On day 6, cells were electroporated with
RNP (Cas9 against target site 1) as described above. After 3 days, cells were collected and
cell pellets were processed to generate sequencing libraries as described above for arrayed
experiments, except that 1.8 pg genomic DNA was used for the first PCR amplification.
Notably, all of the MRE1I-targeting sgRNAS used in this experiment were designed to target
endogenous MRE11 and are not expected to deplete exogenous MRE11 expressed from the
EFI1A promoter.

Condensed Repair-seq library Experiment.—For experiment depicted in Figure S6C,
K562 CRISPRI cells, HeLa CRISPRI, or RPE1 CRISPRI cells were transduced with small
pools of sgRNAs (see Plasmid construction) and selected with puromycin (3 ug/mL for
K562, 1 ug/mL for HelLa, and 10 pg/mL for RPE1, starting on day 2). Cells were no more
than 10% BFP+ (SgRNA library marker) without selection three days post transduction. On
day 7 post transduction, cells were electroporated with indicated RNPs as described above.
Three days post electroporation, cells were collected and cell pellets were processed to
generate sequencing libraries as described above for the MRE11 rescue experiment. As this
was initially a control arm for a treated experiment, cells were grown in DMSO-containing
medium.

Sequencing.—Sequencing libraries from Repair-seq screens were sequenced on an
Illumina NovaSeq 6000 System with 4 total reads per cluster (paired end reads plus
two additional indexing reads) with the following read lengths: 11 = 12 nts (UMI
sequence); 12 = 8 nts (sample index); R1 = 45 nts (CRISPRi sgRNA); R2 = 258 nts
(editing outcome) (Figure S1F). Reads were demultiplexed based on sample index and
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CRISPRi sgRNA, allowing up to one mismatch between observed sequences and expected
sample indices or spacer sequences. Reads reporting a CRISRPi spacer sequence of
GACCAGGATGGGCACCACCC represented delivery of the sgRNA present in pAX198
before sgRNA library cloning; these reads were disregarded. Across screens, we obtained
~0.03 UMIs per cell collected at the end of the screen. Number of sequencing reads, total
UMIs, and median UMIs per sgRNA obtained from each screen are indicated in Table

S5. Sequencing for Perturb-seq experiment was performed on an Illumina NovaSeq 6000
system with paired end reads (11 = 8nts; R1 = 28 nts; R2 = 98 nts). Sequencing of arrayed
experiments, MRE11 rescue, and experiment depicted in Figure S6C were performed on an
[llumina MiSeq System with single end reads (11 = 8 nts; 12 = 8 nts; R1 = 300 nts) or paired
end reads (11 = 8 nts; 12 = 8 nts; R1 = 44 nts; R2 = 240 nts or 256nts). Sequencing of
experiment depicted in Figure S5F was performed on an Illumina MiSeq System with paired
end reads (11 = 8 nts; 12 = 8 nts; R1 = 44 nts; R2 = 350nts).

Measurement of large deletions.—Some DSB repair products can remain “unseen”
when analyzed by short-read sequencing. We observed that, after RNP electroporation, a
fraction of electroporated cells lost expression of a BFP marker encoded on our screening
construct (~2000 nt away from the target region) (Figure S2A). Further investigation of
this phenomenon by droplet digital PCR (ddPCR) analysis showed that BFP— populations
isolated by fluorescence-activated cell sorting (FACS) were enriched for cells lacking
sequence within a 4069 nt window around the targeted DSB, as compared to BFP+
populations isolated from the same electroporation reaction (Figures S2B and S2C). This
observation is consistent with reports of large deletions induced by endonuclease cutting
(Kosicki et al., 2018); however, we also observed that some of these repair products
represented repair junctions wherein the flanking lentiviral long terminal repeats (LTRS)
collapsed, indicative of repair through single-strand annealing (SSA) (Figures S2D and
S2E). Given the relative positions of sequences important for Repair-seq sequencing library
preparation (Figure S2B), these events would not be detected.

For the experiments depicted in Figures S2B-S2E, we constructed 3 cell lines. First, we
transduced K562 CRISPRI cells with pAX198 and selected them with puromycin. Cells
expressing BFP were then isolated by FACS (FACSAria Fusion, BD Biosciences) to
establish (1) a BFP+ cell pool and (2) two clonal BFP+ lines. To ensure homogeneous
expression of BFP, both clonal lines were checked by flow cytometry (LSR Il Flow
Cytometer, BD Biosciences), and we verified single-copy lentivirus integration for each

by ddPCR (QX200 AutoDG Droplet Digital PCR system, Bio-Rad). For clonal line 2, we
determined the lentiviral integration site using a protocol adapted from Lenti-X Integration
Site Analysis Kit (Takara Bio) and oligonucleotides 0JY0104-0JY0109. Briefly, genomic
DNA (gDNA) was extracted from clonal lines with single lentiviral vector integration and
2.5 ug of gDNA was digested with 80 U Hpal (New England Biolabs) for 18 hr at 37°C.
Digestion product (120 ng) was then ligated with 48 pmol annealed genome walker adaptor
(0JY0104 and 0JY0105) and 100 U T4 ligase (New England Biolabs) in an 8 pL reaction at
16°C overnight. After T4 ligase was heat inactivated (65°C for 10 min) and diluted with 32
pL IDTE pH 7.5 (Integrated DNA Technologies), 1 pL of the product was PCR amplified
with OJY0106 and OJY0108. Product from this reaction was then diluted and 1 uL of the
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diluted product was used for a second round of PCR using 0JY0107 and 0JY0109. The
nested PCR reaction was checked by 1% SYBR safe agarose gel and the major band was
excised and extracted for Sanger sequencing with 0JY097 and 0JY0109.

ddPCR experiments were then performed as follows: First, our established BFP+ cell

pool and/or BFP+ clonal line(s) were electroporated with Cas9 RNP against target site

1 (Table S1) or Cas9 programmed with a negative control gRNA (gRNA-neg in Table

S1) as described above. Four days post nucleofection, BFP+ and BFP— cell populations
were separated by FACS (FACSAria Fusion, BD Biosciences). Genomic DNA was then
extracted from each population using the NucleoSpin Blood, Mini kit for DNA from blood
(Macherey-Nagel) according to manufacturer’s instructions. ddPCR was performed using
this DNA, a forward primer, a reverse primer, and a TagMan probe for each amplicon
indicated in Figures S2B and S2D, as well as an AC7B control amplicon (0BAQ074, oBAQ75,
0JY012, 0JY0117, 0JY033, 0JY0034, 0JY0037-39, 0JY0089, 0JY0090, and 0JY040; Table
S2). Amplicons used to quantify large deletions surrounding the edit site were 298 nt
upstream, 126 nt downstream, and 3453 nt downstream of the DSB (designed using
Primer3Plus; Figure S2B). For our SSA assay, we designed two amplicons specific to
clonal line 2, using the sequence of the lentiviral integration site: (1) the “LTR amplicon”
(designed using Primer3Plus), which was amplified by primers that bound immediately
upstream and downstream of the 5" LTR (0JY0110, 0JY0115; Table S2), and (2) the
“SSA amplicon”, which was amplified by 0JY0110 and a primer that binds immediately
downstream of the 3" LTR (0JY0113; Table S2). A single TagMan probe (0JY0099; Table
S2) was used for both amplicons. For each amplicon, raw concentration measurements
were normalized to the AC7B control amplicon from the same sample. Comparison of the
normalized concentration of the “SSA amplicon” to that of the “LTR amplicon” in cells
electroporated with Cas9 and gRNA-neg (Table S1) allowed quantification of the former.
ddPCR reactions were performed using ddPCR Supermix for Probes (no dUTP) (Bio-Rad)
following manufacturer’s instructions with a QX200 AutoDG Droplet Digital PCR system
(Bio-Rad).

Flow cytometry.—Flow cytometry data was collected with an LSR Il Flow Cytometer
(BD Biosicences) and FACSDiva™ Software (BD Biosicences). Data in Figure S2A was
processed with FCS Express 7 Research software (Version 7.04.0014).

QUANTIFICATION AND STATISTICAL ANALYSIS

UMI consensus calling.—Within each sample index and CRISPRi sgRNA, reads are
grouped by UMI sequence. Distinct reads with the same sample index, CRISPRi sgRNA,
and UMI may represent amplification products from the same initial UMI-ligated molecule
(possibly modified by point mutations or short indels from PCR or sequencing errors) but
may also represent chimeric products generated by recombination during PCR or by index
switching during cluster generation on Illumina platforms that use exclusion amplification
for cluster generation (Sinha et al., 2017). The goals of processing each group of reads with
the same UM are to cluster together reads likely to represent the same repair event and use
the redundant information present across such reads to correct sequencing or PCR errors by
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identifying a consensus sequence, and to filter out reads likely to represent recombination/
index switching artifacts.

To accomplish these goals, a greedy clustering algorithm consisting of the following
iterative process is applied to each UMI read group. First, the most common sequence

in the group is identified. Then, all reads for which no base calls with quality score greater
than 20 disagreed with the identified common sequence are removed from the read group to
form a cluster. A consensus sequence of the cluster is called by identifying the most frequent
base call across all reads at each position. If more than one base call is equally frequent,

the consensus base is set to “N” and consensus quality score is set to 2. Positions at which

a single base call is present in more than 50% of reads for which at least one such base call
had a quality score greater than or equal to 30 are assigned a consensus quality score of 31.
All other positions are assigned a consensus quality score of 10. This consensus formation
process is applied to both the repair outcome sequence and the CRISPRi sgRNA sequence.
This process is iteratively repeated on remaining reads in the UMI read group until all reads
have been assigned to clusters. Any cluster containing fewer than 4 reads is discarded. Of
the remaining clusters, the cluster containing the highest number of reads is retained and all
others are discarded. Finally, clusters for which the consensus CRISPRi sgRNA sequence
did not perfectly match the designed protospacer may represent sgRNAs that experienced
an error during synthesis, cloning, or lentiviral packaging. Since such errors may result in
weaker knockdown of the targeted gene, any such clusters are discarded. All remaining
clusters are advanced to outcome categorization.

Categorization of repair outcome sequences.—Consensus sequences of editing
outcomes are classified using a modified version of knock-knock. Conceptually, the process
of classifying a given sequence outcome consists of first generating a comprehensive set

of local alignments between the outcome sequence and all relevant references sequences:
the lentiviral screen vector, any donor sequences supplied in the screen, the human

(hg19) genome, and the cow (bosTau7) genome. Alignments to the screen vector and

donor sequences are generated using BLASTN version 2.10.1+ and using a custom Smith-
Waterman implementation. Alignments to genomes are generated using STAR version
2.6.0a. All local alignments for a given read are then jointly processed to identify the
arrangement of segments of the screen vector and any other relevant sequence sources that
make up the outcome,identify any mismatches, insertion, deletions, or other rearrangements
of these sequences, and to assign a classification to the type of editing outcome represented
by the read.

A summary of the portions of the decision tree relevant to results presented in

the manuscript is presented below. The categorization process assigns a “category”,
“subcategory”, and “details” to each outcome. The process first attempts to identify a single
alignment to the screen vector, potentially containing a single deletion or short insertion

but not containing any mismatches, that begins by pairing the beginning of the read with
the expected sequencing primer and that extends to the end of the sequencing read. If such
an alignment exists with no insertion or deletion, the outcome is classified as category
“wild type”. If the alignment contains an insertion, the outcome is classified as category
“insertion” and subcategory “insertion”, with the inserted sequence and the position in
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the target after which the insertion begins recorded as details. If the alignment contains a
deletion, the outcome is classified as category “deletion” and subcategory “near cut” if the
deleted region overlaps a window of 5 nts around the expected cut site and subcategory “far
from cut” if it does not, with the length of the deletion and the position in the target at
which it begins recorded as details. The exact insertion or deletion assigned by the alignment
process may represent an arbitrary representative from a class of equivalent insertions or
deletions that would have produced indistinguishable resulting sequences. To account for
this, the screen vector sequence is preprocessed to identify classes of degenerate insertions
(that is, distinct combinations of inserted sequence plus insertion location that result in
identical post-insertion sequences) and degenerate deletions (distinct starting locations of a
given deletion length that result in identical post-deletion sequences). A lookup table from
each member of a degenerate class to the representation of the full class is populated, and
the observed insertion or deletion is looked up in this table to possibly replace its details
with the details of the degenerate class of which it is a member.

If a single read-spanning alignment contains mismatches relative to the screen vector, these
mismatches are compared to the expected SNVs programmed by a donor sequence. If

all mismatches correspond to donor SNVSs, the alignment contains no insertions, and the
alignment contains no deletions longer than 1 nt long, the outcome is assigned category
“HDR?”. If there are no deletions, the outcome is assigned subcategory “clean”. Empirically,
in reads that contain donor SNVs, we frequently observe 1 nt deletions throughout the
region corresponding to the donor sequence. Deletion of 1 nt is a common error mode of
oligonucleotide synthesis, so we conservatively attribute such deletions as likely existing

in the starting oligonucleotide donors rather than being introduced by an error-prone repair
process. If there are 1 or more 1 nt long deletions in the alignment, the outcome is therefore
assigned subcategory “synthesis errors”. These outcomes correspond to the scarless HDR
category in Figures 7 and S7.

If no single alignment to the target covering the whole read is identified, the longest
alignments to the target that reach each edge of the read are identified. Note that while the
start of the read should always be covered by such an alignment because of the amplification
strategy, the end of the read may not be covered if a sufficiently long sequence fragment

has been captured at the DSB. The gap between these target edge alignments on the read is
determined, and the remaining local alignments are searched to attempt to explain the gap.
If no gap-covering alignments exist, a more permissive application of Smith-Waterman is
applied to specifically search for additional local alignments between the gap region and the
screen vector or the sequence of any donor used.

If the gap can be covered by an alignment to donor sequence, the outcome is assigned
category “donor misintegration”. Donor misintegrations are sub-categorized based on how
the donor sequence lines up with the target edge alignments on each side of the cut site.
The two sides of the cut site relative to the read (left and right) are separately classified.
For each side, if the homology arm in the donor alignment and in the target edge alignment
are aligned to the same portion of the read, that side is classified as “intended”. If this

is not true and if the donor alignment on a side extends all the way to an edge of the

donor, the side is classified as “blunt”. If neither of these conditions is true, the side is
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classified as “unintended”. An additional wrinkle exists on the right side of the read, where
the sequencing read may not be long enough to reach the end of the donor alignment and
therefore may not be able to resolve how the outcome transitioned from donor sequence
back to target sequence on the right side. If this is the case, the right side is classified as
“ambiguous”. The full subcategory assigned to the outcome is the pair of classifications
assigned to its two break sides. Half-HDR outcomes analyzed in Figures 7 and S7 consist

of outcomes classified as “intended” on the side corresponding to the 3" end of the donor
and “unintended” on the 5 end of the donor. Capture of donor fragment outcomes consist of
outcomes classified as “unintended” on both sides.

If the gap can be covered by a single alignment to the human genome or to the cow genome,
the outcome is assigned category “genomic insertion”, with the subcategory indicating
which organism the gap covering alignment was from.

If none of the above conditions are satisfied but the outcome architecture contains two
target edge alignments with an unexplained gap in between, the outcome is classified as
“insertion” if there is no missing reference sequence on the target between the target edge
alignments, and as “insertion with deletion” if there is.

If none of these conditions are satisfied, the outcome is assigned to category
“uncategorized”.

Finally, because many of the individual repair outcome sequences seen in a screen will occur
many times each, performing the categorization process described above on each outcome
sequence would result in substantial computational redundancy. To improve performance,
data from a screen is first preprocessed to identify any sequences that occur more than

once across all UMIs for all CRISPRi sgRNAs. The categorization process described above
is applied to each common sequence to populate a lookup table of common sequence to
outcome. Then, all sequences for each UMIs for each CRISPRi sgRNA are categorized by
first checking this lookup table for each sequence and only carrying out the categorization
process on sequences not present in the table.

Following categorization of all reads from a screen, the number of occurrences of each
combination of outcome category, subcategory, and details is counted for each CRISPRI
sgRNA. Outcome counts for the entire screen are then collected into a matrix with rows
for each outcome (category, subcategory, and details) combination and columns for each
CRISPRI perturbation.

Analysis of Repair-seq reproducibility.—For the purposes of all analyses that involve
comparisons between screen replicates, replicates consisted of independent nucleofections
of RNPs that were subsequently independently cultured and processed for sequencing. As
noted above, when replicates were performed concurrently, they were derived from the
same CRISPRi sgRNA library lentivirus transduction culture, split prior to nucleofection.
Note that some such comparisons are between a screen performed with the 1,573 CRISPRi
SsgRNA library and a screen performed with the 366 sgRNA sub-library but with otherwise
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matched conditions. In these cases, analyses were restricted to SgRNAS present in both
libraries.

Ranking sgRNAs by outcome redistribution.—To rank CRISPRi sgRNAs in a
screen by overall outcome redistribution activity, a chi-squared-like statistic is calculated

to quantify the statistical strength of the extent to which editing outcomes are redistributed
by each sgRNA relative to all non-targeting sgRNAs. Given a targeting SgRNA t and a set of
n relevant outcomes, let n; j be the number of UMIs for outcome i in sSgRNA t and ny; j by
the number of UMIs for outcome i collectively across all non-targeting sgRNASs. Let ny total

= 37— 1 njand Nyt toral = i = 1 Mne; Then the expected number of counts for outcome i in
sgRNA t if sgRNA t has no effect is e; j = Nyt i / Nt total * Nt total- THe chi-squared statistic
for sgRNA tis then Y7 _ (- e )? 1 e

Clustering.—In hierarchical clustering of data from a single screen or composite data
from multiple screens, sgRNAs were ranked by total outcome redistribution activity across
all outcomes above indicated baseline frequency thresholds as described above, and the
indicated number of most active sgRNAs were retained. Clustering of outcomes was
performed using the scipy.cluster.hierarchy.linkage function from scipy 1.5.4 using the
‘correlation’ metric and single linkage with the optimal_ordering argument set to True.
Clustering of sgRNAs was performed using HDBSCAN version 0.8.26 using pre-computed
cosine distances.

Dimensionality reduction.—Dimensionality reduction of composite Cas9 repair maps
was performed using umap-learn version 0.4.6 (Mclnnes et al., 2018).

Perturb-seq analysis.—Data from the Perturb-seq experiment was analyzed using
custom Python scripts built on SCANPY (Wolf et al., 2018). Assignments of CRISPRi
sgRNAs to cells was performed using the mixture model approach described in (Replogle
et al., 2020). Assignment of cells to cell cycle stages was performed as described in the
SCANPY documentation at https://nbviewer.jupyter.org/github/theislab/scanpy_usage/blob/
master/180209 cell_cycle/cell_cycle.ipynb. Briefly, each cell is scored for expression of a
set of S-phase marker genes and a set of G2/M-phase marker genes and assigned to S or
G2/M if either of these sets are highly expressed, or to G1 if neither are. Marker gene sets
for cell cycle stages were taken from https://github.com/hbc/tinyatlas/blob/master/cell_cycle/
Homo_sapiens.csv. which is derived from gene lists originally describe in (Tirosh et al.,
2016).

ADDITIONAL RESOURCES

Repair-seq data can be interactively explored at https://seq.repair.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Repair-seq maps the genetic dependencies of DNA repair outcomes

High-resolution signatures of gene function identify unexpected gene
relationships

DSB-induced mutations with similar sequences can result from distinct
mechanisms

Repair-seq can be adapted to study a broad range of genome editing tools

Cell. Author manuscript; available in PMC 2022 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Hussmann et al. Page 35

Cellular response to stimulus (4 genes) Recombinational repair (41 genes)
Nuclear division (12 genes) |
T Double-strand break
~250 nt ~100 nt itz gtz repair (36 genes)
T r- = T o .
Notl @S C~RISPRI target Notl DNA replication (23 genes ucleotide-excision
; = : ; ' 2 4 ir (30
sii . sgRNA region site Protein modification (24 genes) DNA repair(30genes)
: liarak repair Base-excision repair
Other (39 genes) (212 7 P:

(23 genes)

genes)
Regulation of transcription (46 genes) g Postr%pgc;etir?gsgepair

Chromatin processes (83 genes) Mismatch repair (16 genes)

Editing nuclease
(Cas9, Cas12a)

B ;@j: Lentiviral CRISPRi sgRNA
sghiNA ﬁ CRISPRi target

g [
library 2 [0]
I sgRNA region

(e ®h= i? Ct fﬂh\?ﬁ‘,,}} a |g'— i, g
o ® \ - > \ = Notl ¢ Notl .‘_.3-’
= ® 29 < ) ‘8 e 8
o © CRISPRI- | 3
perturbed cells )

i M1
K562 cells Edited cells \éE—L _ o

-

expressing Wm%&p ==
dCas9-KRAB CRISPRI

targeting non-targeting
sgRNA sgRNAs control
dCas9-KRAB sgRNAs
D Percentage of repair outcomes in cells — ™, :CD E
DSB with specific CRISPRi sgRNA ggg aag
0.1 05 1 5 10 28T 333
CCAGTGCAGGCTGCCTATCAGAAAGHEETGGCTGGTGTGGCTAATGCCC | 1 1 1 1 BEEEE] T T T T 1
T
— 25,000
AG-1-AG . I i
© o= average of all {
= " :
9 mcic |-AGTG ol | . non-targeting —— p =10* -
B - i scete sgRNAs —— significance =
8 - ‘".ﬁ " threshold 20,000 g
® P— f °
§ - individual E
= p non-targeting 3 =
[0} —15,000 =
& i < sgRNA o
o Gc Ge > 3 [ |
P ; < | (ol @
° o s P [ . POLQ_2 ® 53BP1_3 gg
£ i POLQ_1 53BP1_2 —<10,000 g5
g S— - ‘ = r POLQ_3 53BP1_1 2
i
g AG : AG B L &
£ i e I °e s ds000 2
3 . S/ [} . ® =
= o ol < 13 POLQ sgRNASs B
o —a ==~ ¥+ 53BP1sgRNAs \
i et 4 1139 [ - o
Tece | TecC “e#esv non-targeting sgRNA f == - y 0
0 5 15 20

log, fold change
from non-targeting Percentage of o0

in
<94 00 1 B2 cells with each CRISPRi sgRNA

gene activity : gene activity
promotes U suppresses
repair outcome repair outcome

Figure 1. Repair-seq is a high-resolution screening platform for systematically interrogating
DNA repair processes

(A) Schematic of Repair-seq screening vector with linked CRISPRi sgRNA expression
cassette and target region for induced DNA damage.

(B) Experimental workflow of a Repair-seq screen. Cells expressing a CRISPRi effector
protein (dCas9-KRAB) are infected with CRISPRi sgRNAs linked to a targetable editing
region. After allowing time for targeted gene repression, a programmable nuclease pre-
complexed with a gRNA targeting the editing site is delivered to perturbed cells by
electroporation. The genomic region containing the CRISPRi sgRNA and repair outcome
is then isolated, ligated with a unique molecular identifier (UMI), and amplified. Paired-
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end sequencing of linked CRISPRi sgRNA identities and repair outcomes then measure
perturbation-specific repair outcome distributions.

(C) Functional annotations for 476 genes targeted by 1,573 sgRNA CRISPRI library.

(D) Screen data viewed from perturbation-centric perspective. Diagrams (left) show the
30 most frequent indels observed. Green rectangles in the top row mark the protospacer
and PAM of the Cas9 target site. Vertical dashed line marks the expected DSB location.
Insertions are marked by purple vertical lines and deletions by grey horizontal lines.

Line plots show frequencies of each outcome for indicated sgRNAs. Heatmaps show log,
fold changes in each outcome frequency for POLQ or 53BP1 sgRNAs relative to all non-
targeting sgRNAs.

(E) Screen data viewed from outcome-centric perspective, focusing on the indicated
microhomology-flanked 4 nt deletion. Scatter plot shows number of UMIs recovered for
each sgRNA (y-axis) against the percentage of UMIs reporting this deletion (x-axis).
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Figure 2. Repair-seq enables data-driven inference of the genetic organization of DSB repair

pathways

Central heatmap shows log, fold changes in repair outcome frequencies for the 100 most
active CRISPRi sgRNAs relative to the average of all non-targeting SgRNAs, hierarchically
clustered along both dimensions. Rows correspond to outcomes depicted by diagrams on
the left, and columns correspond to individual CRISPRi sgRNAs. Triangular heatmaps
depict correlations between pairs of sgRNAs (above) and between pairs of outcomes (right).

sgRNA cluster assignments are labeled below.
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Figure 3. A systematic map of the genetic dependencies of repair outcomes generated at Cas9-

induced DSBs

(A) Cas9 target sites. Data from screens at target site 4 are shown in panels B-E; data from
other target sites are shown in Figure S3.
(B) Reproducibility of the effects of CRISPRi sgRNAs on individual outcome frequencies.
Black line (middle) shows baseline percentages averaged across two replicates. Brown line
(right) shows correlations between replicates in log, fold changes to outcome frequencies

across the 100 most active sgRNAs (right). Insets compare changes in frequency of a
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common insertion (top) or less common deletion (bottom) for all CRISPRi sgRNAS between
two replicates.

(C) Correlations between pairs of distinct outcomes in log, fold changes in frequency across
active sgRNAs. Green points mark pairs of distinct bidirectional deletions; light grey points
mark all other outcome pairs.

(D) Logs, fold changes in frequency of outcomes produced by indicated sgRNAS targeting
MRE11and XRCC5 in two replicate screens. All outcomes above baseline frequency of
0.5% are plotted.

(E) Correlations between pairs of distinct CRISPRi sgRNAs in log, fold changes in
frequency across outcomes. Blue points mark pairs of sgRNAS targeting the same gene;
grey points mark pairs of sgRNASs targeting distinct genes.

(F) Composite matrix of changes in outcome frequencies in screens performed at all four
Cas9 target sites. See also Figure S4.

(G) UMAP embedding summarizing relationships between outcomes at Cas9 target sites
based on their genetic dependencies. Points represent outcomes from individual screen
replicates; colors represent outcome sequence architecture categories.

(H+1) UMAP embedding of Cas9 outcomes colored by Cas9 target site of origin (H) or
baseline frequency of outcome (1).
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Figure 4. Insertions at Cas9-induced DSBs have distinct sets of dependencies on core NHEJ

factors

(A-C) Effects of gene knockdowns on the frequency of representative insertions from
indicated outcome groups. Points depict the mean log, fold change in frequency of the
insertion relative to non-targeting sgRNAs for the two sgRNAs with the most extreme

phenotypes targeting each gene. See also Figure 3G.

(D+E) Log; fold changes in outcome frequencies produced by indicated CRISPRi SgRNAS

overlaid on UMAP embedding of Cas9 outcomes.
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(F) Effects of indicated CRISPRi sgRNAs on the most frequent insertions at four Cas9 target
sites. Letters to the left of outcome diagrams mark insertions highlighted in panels (A-C).
Black bars mark insertions that duplicate PAM-distal sequence adjacent to the canonical
DSB location or insertions consistent with multiple iterated duplications.

(G) Effects of indicated CRISPRi sgRNASs on insertions at endogenous loci in HeLa cells.
(H) Model for generation of Cas9-induced insertions from 5" overhangs.

Cell. Author manuscript; available in PMC 2022 October 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Hussmann et al. Page 42
=
on 10
£2 o5\ N B
8% U N o — e
g; 0.0 —%—"“«N‘\A b \‘\\%\ K\q
E% -0.5- XRCC5 with XRCC6 - MRN with other MRN RFC with RFC
gn—: A XRCC5/XRCC6 with all others MRN with all others RFC with all others
5 ;
80
Pairs of active sgRNAs for distinct genes, ranked by correlation
log, fold change in fraction of
cells in specific cell cycle phases
<1 0 21
D NHEJ genes ( =
regulation &
DELREIC ( i
P EAXIP "ENbov  end processing) E S phase
i 7 AXIP1
_CRISPR| sgRNAs RNFB BOLRETE ' |\
s 2 | 4 o
< [ HNRNPA] s oot DOLRE1E) TELO2 £
HNRNPA( £ PRPF19 3
e HNRNPA153BPY CATM oA
R 53BP
@5 RFWD3 X -
(=% POLN pRKDc NHEJ genes £ 00,0, o
e Sl d .t. L 3 * 2
S (end recognition) S
2 o °
= & (APTX Gte \
o% XRC &AP\X ;
.g =] x)é%%gs XRCC5
© IXRCCS
%"‘ XRCCBY ApTY F 2 G2/M phase
P 56
S &
=T
&
NHEJ genes %L
(synapsis & NHEJLKNHEJf on sonha
end processing) tig4  (FOLL g
R ABRAXAS 1 o8 S 208
> (U ABRAXAS1 ¢ sy
Dimensionality reduction . R
summarizes relationships BRCA2 " RAD9A
between genes HDR genes ALsz&"@E&é}\L
(homologous SLx4, PAL32 :SMARCA
recombination) RAD52?ABRCA2 BROAZ
BRIy D%
WAPL _—
DNA2 WRN.MMS19 -WAPL BRIP4 Replication
WRN enes
cluster  WRE a7 POLA1 SLX4 9 EEQ%S\/&R‘
SRSF4 R1
RIHDNAz MMS19 S RFWD3 GatEt BECH RAD9A
RIF1 MCM10 ) RAD17 1}
@wciio §p }’PO(?_(Z? TRIP
MCM10y POLA: __RADS51 RFC5 HU 3{-‘«017
TIMELESS RA TRIP
oTL TIMELESS ' R PA3
SE POLE pOLD2 %
CHAF1B) o HAFIA POLESPOLDS T pores IONSL&JMEQI Checkpoint
ICHAF1B _— TO S g N 2 HELQ genes
HDR genes “Asces por i MG, MCIERFCa e
(end resection & B MCM8&" “MMS22L UATR
signaling) EXO1 MMS22L BRCA1 |
BARD1
.+ BARD1 ATR
el rlwmu ‘Rgpé LTE UBE2T. /‘ZBRCM
H2AFX 0 RLV PLEHLTF “2TBroad (FAAP24
HIAFX. JRABROR PEIE UBE2TEAR CB. FANGM,
MRE1% INBN, ng% MNC%S N ANCG.
RAD50 %OPBP'EIJ'P A FANCI - AREF FANCL{%‘[&P\,/\
Topgpq TOPBPIEPAEE, py  FANCC FANCA'. - TOP3A
uteRUT BOMATT Fanconi anemia
£ but ) genes
o<
o=
">
sgRNA
UMAP 1

Figure 5. Systematic inference of functional relationships between DNA repair genes
(A-C) Correlations between outcome redistribution signatures for pairs of active sgRNAS

targeting distinct genes where one or both genes is a member of a known complex: XRCC5
and XRCC6 (A), MRE11, RAD50, and NBN (B), or RFCZ, RFC3, RFC4, and RFC5(C).
(D) UMAP embedding of outcome redistribution signatures for individual sgRNAs (columns
of the indicated composite matrix of Cas9 outcome frequency changes). sgRNAs are colored
by cluster assignments prior to dimensionality reduction; grey points were not assigned to

a specific cluster. sgRNAs are labeled with GeneCards gene symbols (www.genecards.org),
except that a common alias 5381 is used for gene symbol 7P53BFP1. We note other
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common aliases: XLF (NHEJ1), ARTEMIS (DCLREIC), PTIP (PAXIP1), KU8O (XRCC5),
KU70 (XRCC6), DNAPK (PRKDC), HZAX (HZAXF), and NBS1 (NBN).

(E+F) Changes in the fraction of cells for each sgRNA assigned to S phase (E) or G2/M
phase (F) relative to all non-targeting sgRNAs based on expression profiles measured by
Perturb-seq.
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Figure 6. Repair-seq delineates microhomology-mediated end-joining pathways
(A+B) Log, fold changes in outcome frequencies produced by indicated CRISPRi sgRNAS

overlaid on the UMAP embedding of Cas9 outcomes. See also Figure 3G.
(C) Comparison of correlations between outcome redistribution signatures for pairs of
sgRNAs targeting distinct genes between composite Cas9 screens and Cas12a screen.

(D) Effects of indicated CRISPRi sgRNAs or of chemical MREL11 inhibitor on repair
outcome frequencies at Cas9 target site 1 in the endogenous HBB locus. Heatmaps
display log, fold changes in outcome frequency for the 20 outcomes with highest baseline
frequency, sorted by average log, fold change across POLQ sgRNA replicates.

(E) Examples of Cas9-induced mutations consistent with known Pol 8-mediated

architectures (insets). Top black lines represent the sequence of a repair outcome; bottom
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grey line represents the sequence flanking the targeted DSB in the integrated screening
vector; lines between these depict local alignments; and red (top) and blue (bottom)
rectangles mark the protospacer and PAM of Cas9 target sites.

(F+G) Deletions in UMAP embedding of Cas9 outcomes colored by the length of
microhomology flanking the deletion junction (F) or the length of sequence removed by
the deletion (G).

(H) Log, fold changes in outcome frequencies produced by an MRE1I-targeting SgRNA
overlaid on the UMAP embedding of Cas9 outcomes. The region marked with a dotted line
includes the vast majority of MRE1I-promoted outcomes and is similarly indicated in panels
(A, B, E, F and G).

() Effects of indicated CRISPRi sgRNAs on outcome frequencies in cells ectopically
expressing MRE11 + GFP, or nuclease-inactive MRE11 (H129N) + GFP, or control (GFP).
Heatmaps (right) display log, fold changes in the frequencies of the 20 outcomes with
highest baseline frequency, sorted by average log, fold change across MRE1I-targeting
sgRNAs in control cells.

(J) Model of genetically distinct sub-pathways of resection-initiated end joining.
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Figure 7. Repair-seq is a versatile platform for mapping the genetic determinants of diverse
genome editing modalities
(A) Repair-seq can be adapted to interrogate many DNA repair processes.

(B) Comparison of baseline outcome frequencies in screens performed with no donor, a
ssODN homologous to the target site with or without PAGE-purification, or a ssSODN with
no homology to the target site. Outcomes (depicted, left) are sorted by average baseline
frequency in no-donor screen. Data in line plot (middle) show mean baseline outcome
frequencies (+/- s.d.) across replicates. Bottom two rows report the combined frequency of
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all outcomes with sequence architectures shown in (D) and (E); three rows above these show
scarless HDR outcomes containing different subsets of donor-programmed SNVs as in (C).
(C+D+E) Examples of distinct categories of repair outcomes that incorporate sequence

from ssODNSs: scarless HDR outcome (C), “half-HDR” outcome (D), and outcome in

which a fragment of the donor has been captured at the break without use of intended
homology on either side (E). Middle black lines represent the sequence of a repair outcome;
top orange lines represent the donor sequence; bottom grey lines represent the screen

vector sequence; and lines between these represent alignments between an outcome and the
relevant reference sequence. Xs mark any mismatches. Gray shaded boxes indicate regions
of perfect homology between the donor and target region, which flank a homeologous region
containing programmed SNVs.

(F) Effects of gene knockdown on the frequency of scarless HDR in replicate screens
performed using a single-stranded donor with the 1,573 CRISPRi sgRNA library. Each dot
depicts the mean log, fold change in combined frequency of all scarless HDR outcomes for
the two sgRNASs targeting each gene with the most extreme phenotypes.

(G) Comparison of the effects of gene knockdown on scarless HDR in a screen performed
using a single-strand donor (x-axis) and a screen performed using a linear double-stranded
donor with the same sequence (y-axis).

(H) Effects of gene knockdown on the frequency of half-HDR outcomes in two replicate
screens performed using a single-strand donor with the 366 CRISPRi sgRNA library.

(I) Comparison of the effects of gene knockdown on the frequency of scarless HDR
outcomes (x-axis) and half-HDR outcomes (y-axis) in a screen performed using a single-
strand donor.

(J) Effects of gene knockdown on the frequency of capture of donor fragment outcomes

in two replicate screens performed using a single-stranded donor with the 366 CRISPRI
SgRNA library.

(K) The effects of repressing select genes on capture of donor fragments (left) and capture of
genomic fragments >75 nts (right) in four screens performed using the same single-stranded
donor.
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