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ONE SENTENCE SUMMARY 

A multiplexed screen reveals how dozens of proteins sense the local chromatin context to 

tune the balance between two DNA repair pathways. 
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ABSTRACT 

DNA double-strand breaks are repaired by multiple pathways, including non-

homologous end-joining (NHEJ) and microhomology-mediated end-joining (MMEJ). The 

balance of these pathways is dependent on the local chromatin context, but the underlying 

mechanisms are poorly understood. By combining knockout screening with a dual 

MMEJ:NHEJ reporter inserted in 19 different chromatin environments, we identified dozens of 

DNA repair proteins that modulate pathway balance dependent on the local chromatin state. 

Proteins that favor NHEJ mostly synergize with euchromatin, while proteins that favor MMEJ 

generally synergize with distinct types of heterochromatin. BRCA2 is an example of the former, 

which is corroborated by chromatin-dependent shifts in mutation patterns of BRCA2-/- cancer 

genomes. These results uncover a complex network of proteins that regulate MMEJ:NHEJ 

balance in a chromatin context-dependent manner.  
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MAIN TEXT 

Background: chromatin context effects on DSB repair pathways. DNA double-strand 1 

breaks (DSB) are repaired by multiple repair pathways such as non-homologous end-joining 2 

(NHEJ), homologous recombination (HR) and microhomology-mediated end joining (MMEJ). 3 

These pathways act in an equilibrium that is referred to as the DNA repair pathway 4 

balance(reviewed in 1). Defects in this balance can compromise genome stability, but also offer 5 

opportunities for therapy, particularly in cancer (2). Pathway balance is influenced by several 6 

factors, including cell cycle (3), break complexity (4) and the chromatin context in which a DSB 7 

occurs (5, 6). The latter is generally attributed to molecular interactions between specific repair 8 

proteins and distinct chromatin proteins, in some instances regulated by posttranslational 9 

modifications (7-9). Such local interactions can alter the recruitment of the repair protein to a DSB, 10 

or modulate its activity in the repair process. Yet, the overall extent and the principles of this 11 

interplay between chromatin and repair proteins have remained poorly studied. Here, by screening 12 

hundreds of DNA repair proteins, we uncover that chromatin context has a widespread influence 13 

on the relative contribution of specific DNA repair proteins to repair pathway balance.  14 

 Experimental design. We focused on the balance between NHEJ and MMEJ, which are 15 

two of the main mutagenic DSB repair pathways, particularly for DSBs generated during CRISPR 16 

editing (10). We applied a sequencing-based assay that determines the MMEJ:NHEJ balance after 17 

induction of a DSB by Cas9, with high accuracy and in multiple genomic loci in parallel(6). For this 18 

we employed a human K562 cell line with 19 barcoded Integrated Pathway Reporters (IPRs) 19 

inserted throughout the genome (Fig. 1A). Importantly, the integration sites represent all major 20 

known chromatin types (6) (see below). In this cell line we conducted three biological replicates of 21 

a 96-well CRISPR/Cas9 screen to knock out (KO) 519 proteins that had previously been linked to 22 

at least one DNA repair pathway (Fig. 1A & Fig. S1A-C; Table S1-S2; Detailed protocol in 23 

methods). For each KO we then induced a DSB in all IPRs; after 72 hours to allow repair to occur, 24 

we isolated genomic DNA and sequenced the IPRs to determine the MMEJ:NHEJ balance as the 25 

ratio between the signature indels +1 (NHEJins) and -7 (MMEJdel) (Table S3) (6). For each IPR3KO 26 

combination we then computed the log2 fold change in MMEJ:NHEJ balance [Dlog2MMEJ:NHEJ] 27 

relative to the average of a set of 33 mock KO control samples (in which gRNA was omitted in the 28 

KO step). We averaged the results of three replicates, resulting in a 519 x 19 matrix of 29 

Dlog2MMEJ:NHEJ scores (Table S4). These scores reflect the contribution of each tested protein 30 

to the MMEJ:NHEJ balance in 19 well-characterized chromatin contexts (Fig. S1D).  31 

 32 
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33 

Fig. 1. Multiplexed CRISPR screen to assess chromatin context-dependencies of DNA repair proteins. 34 

(A) Overview of screen design. See main text for explanation. (B) Volcano-plot of global &log2MMEJ:NHEJ 35 

scores (mean value of 19 IPRs). Horizontal dotted line shows significance threshold (FDR = 0.001). Labels 36 

mark proteins highlighted in the text. (C) Heatmap of levels of 25 chromatin features at the 19 IPR sites. Four 37 

major chromatin states and their defining features are highlighted in distinct colors. 38 

 39 

 Repair proteins affecting pathway balance globally. We first assessed the impact of the 40 

tested proteins on the global MMEJ:NHEJ balance, i.e., irrespective of the local chromatin context, 41 

by evaluating the mean Dlog2MMEJ:NHEJ scores of the 19 IPRs. At an estimated false discovery 42 

rate (FDR) of 0.001, 149 proteins favored MMEJ (Fig. 1B), i.e., these proteins either are required 43 

for full MMEJ activity or they inhibit NHEJ when present. Among these are known key components 44 

of the MMEJ pathway, such as POL÷ (POLQ), proteins of the MRN complex and CtIP (RBBP8). 45 

We also found that several Fanconi anemia (FA) proteins (e.g., FANCA, FANCF, FANCM, 46 

FANCD2), which are central proteins of inter-strand crosslink (ICL) repair, favored MMEJ. 47 

Unexpectedly, proteins that either directly (SHLD1) (11)) or indirectly (RBX1 (12)) limit long-range 48 

resection, a key step for HR, favored MMEJ. This suggests that limitation of long-range resection 49 

favors MMEJ over NHEJ. Conversely, 16 proteins favored NHEJ globally, including known 50 

components of the NHEJ pathway, such as Ligase IV (LIG4) (13, 14), XLF (NHEJ1) (15, 16) and 51 

DNA polymerase lambda (POLL) (17). Thus, the screen confirmed several known key proteins in 52 

the repair of DSBs generated by Cas9 and other nucleases (17, 18). 53 
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 54 

55 

Fig. 2. CCDs of 89 DNA repair proteins. (A) Illustration of M- and N-synergy concepts. For chromatin 56 

feature 3 protein combinations with N-synergy (I in green) Dlog2MMEJ:NHEJ scores increase as the 57 

chromatin feature levels increase. For combinations with M-synergy (II in brown) Dlog2MMEJ:NHEJ scores 58 

decrease as the chromatin feature levels increase. For combinations with no synergy (III in black) 59 

Dlog2MMEJ:NHEJ scores do not correlate with the individual chromatin features. (B) M-synergy example: 60 

linear fit (brown line) of RAD50 Dlog2MMEJ:NHEJ scores with LMNB1 interaction levels. (C) No synergy 61 
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example: linear fit (black line) of MDC1 Dlog2MMEJ:NHEJ scores with H2AFZ levels. (D) Heatmap of synergy 62 

scores of all 89 proteins with significant CCDs. Proteins (columns) mentioned in the text are highlighted in 63 

bold. Chromatin features (rows) are colored and ordered as in Fig. 1C. (E) Comparison of CCD effect sizes 64 

to global effect sizes of the proteins in (D). Global effect sizes are absolute values of global &log2MMEJ:NHEJ 65 

scores as calculated in Fig. 1B. CCD effect sizes are the predicted genome-wide dynamic range of 66 

&log2MMEJ:NHEJ values for each protein KO, as a function of variation in chromatin context  (see Methods).  67 

 68 

Many repair proteins show significant chromatin context-dependency. Next, we asked 69 

which proteins exhibited chromatin context-dependency (CCD) of their &log2MMEJ:NHEJ scores 70 

across the 19 IPRs. As we and others previously demonstrated, integrated reporters generally 71 

adopt the local chromatin state (6, 19-21). We therefore used a set of high-quality epigenome maps 72 

from K562 cells (Table S5) to infer the levels of 25 chromatin features on each of the IPRs (Fig. 73 

1C, Table S6). We then applied a three-step linear modeling approach (see Methods, Fig. S2-3) 74 

to identify proteins for which the &log2MMEJ:NHEJ scores correlated significantly with one or more 75 

chromatin features. According to this analysis, 89 (17.1%) of all tested proteins showed a significant 76 

CCD at 5% FDR cutoff. Of 33 mock KO samples only one (3%) passed this cutoff, confirming the 77 

low rate of false positives. These results indicate that a surprisingly large proportion of DNA repair 78 

proteins modulate the MMEJ:NHEJ balance with a significant CCD (Table S7).  79 

 Distinct patterns of synergies. Next, for each of the identified proteins we asked which 80 

chromatin features explain the CCD. For this we considered the slope of linear fits that correlate 81 

Dlog2MMEJ:NHEJ scores with each individual chromatin feature (see Methods, Fig. S4). A synergy 82 

score (slope) is positive when the repair protein favors NHEJ with increasing levels of the chromatin 83 

feature (I in Fig. 2A). We will refer to this as "N-synergy". When the synergy score is negative, the 84 

protein favors MMEJ with increasing levels of the chromatin feature (II in Fig. 2A); this we will refer 85 

to as "M-synergy". For example, we found that RAD50 is M-synergistic with Lamin B1 (LMNB1) 86 

(Fig. 2B & Fig. S4D), indicating that RAD50 favors MMEJ preferentially in regions that interact with 87 

the nuclear lamina. A synergy score near zero points to a lack of detectable synergy of the tested 88 

pair (III in Fig 2A), as exemplified by the repair protein MDC1 and the chromatin feature H2AFZ 89 

(Fig. 2C). 90 

M- and N-synergies: distinct distributions across chromatin types. Hierarchical 91 

clustering of the synergy scores of all 89 proteins with significant CCDs revealed striking patterns 92 

(Fig. 2D). First, 16 proteins have N-synergies while 75 have M-synergies, with two proteins 93 

overlapping due to mixed synergies. Thus, proteins with M-synergies are much more prevalent 94 

than proteins with N-synergies. This may reflect a higher complexity of the MMEJ pathway 95 

compared to the NHEJ pathway (17, 18, 22). Second, N-synergies predominantly involve 96 

euchromatic features, such as marks of active promoters and enhancers (e.g., H3K4me3 and 97 

H3K27ac) and transcription activity (e.g., TT-seq, POL2 and H3K36me3) (Fig. 2D). Only a few 98 

proteins show N-synergy with heterochromatin, either alone or in combination with a subset of 99 

euchromatic marks. Third, M-synergies are divided over three main clusters, with prominent roles 100 

for distinct classes of heterochromatin. One cluster of 33 proteins has consistent M-synergy with 101 
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heterochromatin that is marked by a combination of H3K9me2/3, late replication and interactions 102 

with LMNB1. We will refer to this type of heterochromatin as "triple heterochromatin". A second 103 

cluster of 31 proteins is primarily M-synergistic with H3K27me3-marked heterochromatin, often 104 

combined with LMNB1; and a third cluster of 11 proteins shows M-synergy with various 105 

euchromatin marks, frequently combined with H3K27me3. Thus, the vast majority of M-synergies 106 

involve either triple or H3K27me3 heterochromatin, unlike most N-synergies. (Fig. 2D). The skewed 107 

distribution of M- and N-synergies between heterochromatin and euchromatin provides an 108 

explanation for the earlier observation that the MMEJ:NHEJ ratio tends to be higher in 109 

heterochromatin (6). Interestingly, two proteins (BOD1L1 and CEBPG) are both M- and N-110 

synergistic, indicating that they have opposite roles dependent on the chromatin context (Fig 2D). 111 

 CCD effects compared to global effects. Of the 89 proteins with significant CCDs, 46 112 

modulate MMEJ:NHEJ balance globally with preferential impact on specific chromatin contexts 113 

(e.g. RAD50, FANCM or ATM). In these cases, CCD and global effects tend to have similar effect 114 

sizes (Fig. 2E-F & Fig. S5, see Methods). Additionally, 43 proteins only modulate MMEJ:NHEJ 115 

balance in specific chromatin contexts (Fig. 2E-F). Thus, the magnitude of CCD effects is often 116 

similar or larger than the chromatin-independent contributions of individual proteins. 117 

Interpretation of M- and N- synergies. We note that M-synergy does not necessarily imply 118 

that the protein locally boosts MMEJ; it may also locally suppress NHEJ and thereby shift the 119 

balance. Similarly, N-synergy may be either due to local activation of NHEJ or local suppression of 120 

MMEJ. Furthermore, we emphasize that the synergies as defined here do not necessarily imply a 121 

direct molecular link between the repair protein and the chromatin feature; the feature may also be 122 

a proxy for an unknown chromatin feature that is closely linked. For this reason, most of our 123 

analyses below focus on the major known chromatin states that are represented by one or more 124 

features in our dataset. We also note that some hits in our screen can be explained by indirect 125 

effects. For example, FOXM1 and EGFR are known to be regulators of various genes that encode 126 

DNA repair proteins (23, 24), while there is no evidence that they directly mediate DNA repair. 127 

Below we highlight findings that are more likely to involve close interactions with chromatin. 128 
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129 

Fig. 3: Proteins that physically interact tend to have similar CCD patterns. (A) Distributions of pairwise 130 

similarity scores for CCD patterns across the 25 chromatin features, between interacting proteins (red; 118 131 

pairs) and between randomly picked protein pairs (mean ± s.d. of 1,000 draws of 118 random pairs). (B) 132 

Mean similarity score of 118 interacting protein pairs (red line) compared to the distribution of mean similarity 133 

scores of 1,000 random draws as in (A) (grey histogram), indicating that high similarities of CCD patterns of 134 

interacting protein pairs cannot be explained by random chance (p<0.001). (C) Uniform Manifold 135 

Approximation and Projection (UMAP) visualization of proteins with CCDs. Each dot represents a protein, 136 

with the shape indicating the type of synergy. Color clouds show the major chromatin state that explains each 137 

CCD. Three 8cliques9 of four interacting proteins are shown as colored quadrangles. Proteins shared between 138 

multiple cliques are marked by concentric circles with the color of each clique they are part of. (D-H) CCD 139 

similarity score matrix of proteins in ATM clique (D), FA clique (E), mixed clique (F), ATM signaling (G) and 140 

DNAPKcs KO and inhibition (H). I-M) M- and N-synergies discussed in the text. Column labels are names of 141 

proteins or the inhibitor used (8i9 suffix). Proteins or inhibitors with significant CCDs (FDRCCD < 0.05) are 142 

marked with an asterisk. Chromatin features are colored as in Fig. 1C. (I) ATM signaling. (J) Fanconi anemia 143 

complex. (K) SMC5/6 complex. (L) DNAPKcs KO and inhibition. (M) BRCA1-A complex. 144 

 145 
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 M-synergies of canonical MMEJ proteins. Among canonical components of the MMEJ 146 

pathway, several exhibit M-synergy. This includes RAD50 (Fig. 2B), CtIP/RBBP8 and FEN1, which 147 

show exclusive M-synergy with triple heterochromatin; and PARP1 which has selective M-synergy 148 

with euchromatin and H3K27me3 (Fig. 2D). 149 

 Proteins that interact tend to have similar CCD patterns. Some proteins that are part of 150 

the same complex, such as BLM and RMI2 (25), show highly similar M-synergy (Fig. 2D). We 151 

asked whether this is a general trend among pairs of proteins that are known to physically interact 152 

in vivo according to the BioGRID database (26). We identified n = 118 interacting pairs among 153 

proteins with significant CCDs (Table S8). Similarities in CCD patterns were significantly higher 154 

between physically interacting proteins than expected by random sampling (Fig. 3A-B, empirical 155 

test p < 0.001). Among the 118 interacting pairs, we even found three 'cliques' of at least four 156 

proteins that are connected by pairwise physical interactions (Fig. 3C). One of these cliques 157 

encompasses ATM and its phosphorylation targets MDC1, TOPBP1, and FANCD2. All these 158 

proteins show highly similar M-synergies with triple heterochromatin (Fig. 3D). TOPBP1 interacting 159 

proteins ATRIP and ATR also show M-synergies with triple heterochromatin. In line with this, ATM, 160 

TOPBP1, ATR and ATRIP have been previously linked to repair of heterochromatin DSBs (27, 28).  161 

 Role of ATM signaling in heterochromatin. To further investigate the CCD of ATM in 162 

heterochromatin, we treated cells with the ATM kinase activity inhibitor KU55933 (Fig. S6A-B). 163 

ATM inhibition exhibited significant M-synergies with H3K27me3 and interactions with LMNB1, but 164 

did not exhibit M-synergies with other triple heterochromatin features. This CCD pattern is more 165 

similar to CHEK2, ATM's main signal transducer (29), than ATM itself (Fig. 3G&I). This suggests 166 

that loss of ATM downstream signaling impacts CCDs differently than losing ATM itself, in line with 167 

earlier observations that loss and inhibition of ATM can have different effects (30, 31). These data 168 

underscore the importance of the ATM signaling axis in repair of DSB in heterochromatin. 169 

Heterochromatin M-synergy of the FANC complex. Additionally, we found a clique that 170 

consists of Fanconi anemia (FA) proteins (FANCF, FANCM, FANCG and FANCD2) (Fig. 3E) and 171 

a third clique with two FA proteins together with BLM and RMI2 (Fig. 3F). Although FA proteins are 172 

primarily known to be involved in repair of inter-strand cross-links (32), they have also been 173 

implicated in MMEJ (18). Six out of 12 tested FA proteins show selective M-synergies with either 174 

H3K27me3 or triple heterochromatin, or both. Moreover, four additional FA proteins (FANCA, 175 

FANCB, FANCC and FANCI) showed similar trends although they individually did not pass the 176 

significance threshold (Fig. 3J). These results indicate that the FA complex is an important 177 

regulator of MMEJ:NHEJ balance in heterochromatin.  178 

 M-synergy of the SMC5/6 complex. Another complex implicated in DSB repair in 179 

heterochromatin is the SMC5/6 complex (28, 33). SMC5, NSE1 (NSMCE1) and NSE3 (NSMCE3) 180 

exhibit M-synergies with H3K27me3 and LMNB1. SMC6 displays similar M-synergy although it did 181 

not pass the significance threshold (Fig. 3K). These data indicate that the SMC5/6 complex 182 

preferentially modulates MMEJ:NHEJ balance in H3K27me3 and lamina-associated 183 

heterochromatin. 184 
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 Highlights of N-synergies. Among canonical components of the NHEJ pathway, only 185 

POLL exhibits significant N-synergy. Our data indicate that the ability of POLL to promote NHEJ is 186 

facilitated by euchromatin, particularly in transcribed regions. DNA-PKcs (PRKDC), another crucial 187 

regulator of NHEJ, showed only a weak, non-significant N-synergy pattern (Fig. 3H). However, 188 

treatment of cells with the DNA-PKcs inhibitor M3814 yielded a pattern that was similar but much 189 

stronger (Fig. 3L, Fig. S6A-B). Treatment with a potent small-molecule inhibitor is expected to 190 

have a higher penetrance than the Cas9-mediated KOs in our screen, which have incomplete 191 

efficacy (Methods and Fig. S7). The consistent pattern indicates that DNA-PKcs is primarily N-192 

synergistic with transcribed parts of the genome, and to a lesser extent with triple heterochromatin.  193 

Another protein known to promote NHEJ is BD1L1 (34). Our data indicate that this 194 

regulatory role of BD1L1 is restricted to euchromatin (Fig. S4E), while it additionally shows M-195 

synergy in triple heterochromatin (Fig. S4F). Also noteworthy is CAF1A (CHAF1A), the only protein 196 

that exhibits exclusive N-synergy with triple heterochromatin. CAF1A is a component of the CAF1 197 

complex that is particularly important for nucleosome assembly in heterochromatic parts of the 198 

genome, and it has previously been found to interact with NHEJ gatekeepers KU80 and DNA-PKcs 199 

(35).  200 

 Other N-synergistic proteins have previously been linked to various other repair pathways, 201 

underscoring extensive cross-talk between pathways (36). An example is the BRCA1-A complex, 202 

which fine tunes BRCA1-mediated resection (37, 38). Its subunits BRCC36 (BRCC3), RAP80 203 

(UIMC1) and BRE (BABAM2) exhibit N-synergies with euchromatic features, and ABRAXAS1 204 

shows similar patterns but did not pass the significance threshold (Fig. 3M).  205 

Impact of CCD of BRCA2 on human cancer genomes. Furthermore, BRCA2 shows N-synergy 206 

with euchromatin (Fig. S4A). In this case the N-synergy may be due to local suppression of MMEJ, 207 

because suppression of MMEJ by BRCA2 has been reported (39, 40). To further validate these 208 

findings and to study the potential impact on genome-wide DSB repair in human cancer, we 209 

compared the genomic distribution of short deletions with either MMEJ or NHEJ signatures in 210 

BRCA2-/- and BRCA2+/+ genome-instable tumors (data from (41); Table S9-S10; see Methods). 211 

MMEJ and NHEJ deletions are more frequent in BRCA2-/- tumors compared to BRCA2+/+ tumors, 212 

unlike other indel signatures (Fig. S8A). Based on our screen results (Fig. S4A), we predicted that 213 

in BRCA2-/- tumors 3 compared to BRCA2+/+ tumors 3 the log2MMEJ:NHEJ ratio should increase 214 

relatively more in euchromatin compared to lamina-associated heterochromatin. Indeed, this is 215 

what we observed (Fig. 4A). Large deletions (> 1.4kb) with MH at their break sites (which we 216 

assume to be primarily repaired by MMEJ) also showed a striking shift towards euchromatin in 217 

BRCA2-/- tumors compared to BRCA2+/+ tumors (Fig. S8D), consistent with N-synergy of BRCA2 218 

with euchromatin (Fig. 4B). This result illustrates that CCD of a repair protein can directly impact 219 

the type of mutations that accumulate in different chromatin contexts in tumors. 220 

 221 
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 222 

Fig. 4. Impact on mutation distribution in cancer genomes. (A) Total MMEJ and NHEJ signature indel 223 

log2 ratio in euchromatin (Eu.) and constitutive lamina-associated heterochromatin (Het.) of BRCA2-positive 224 

(BRCA2+/+, n = 22) and BRCA2-deficient tumors (BRCA2-/-, n = 41). p-values are calculated by Fisher9s exact 225 

test applied to the total count of each deletion signature per tumor type (Fig. S8B-C). (B) Cartoon illustrating 226 

BRCA2 N-synergy. 227 

 228 

 Overall interpretation and implications of the study. Our data uncover a much more 229 

complex network of regulatory interplay between repair proteins and chromatin components than 230 

previously thought (42). Generally, the effect sizes of CCDs of individual proteins that we uncovered 231 

here are modest (typically do not exceed ~50%, see Methods, Fig. 2F). However, redundancies 232 

may obscure effects of individual KOs, and penetrance of the KOs in our screen is incomplete 233 

(~65%; see Methods, Fig. S7), causing underestimation of the effect sizes. Considering the large 234 

number of proteins exhibiting CCDs, their collective effect is likely to be substantial. Most likely, 235 

other DNA repair pathways that we did not probe are also subject to extensive CCDs. Multiplexed 236 

IPR screens as described here help to uncover these regulatory networks and provide a foundation 237 

for further exploration of the underlying molecular mechanisms.  238 
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MATERIALS AND METHODS 436 

A. EXPERIMENTAL PROCEDURES 437 

Cell line and culture conditions 438 

We used the clonal cell line K562#17 DSB-TRIP clone 5 (6), which is a genetically modified 439 

monoclonal human K562 cell line (ATCC). This cell line stably expresses Shield1-inducible DD-440 

Cas9 and additionally carries 19 uniquely barcoded integrated pathway reporters (IPRs) in 441 

precisely mapped genomic locations (Table S6). Cells were cultured in RPMI 1640 (GIBCO) 442 

supplemented with 10% fetal bovine serum (FBS, Capricorn Scientific) and 1% 443 

penicillin/streptomycin. Cells were regularly checked to be free of mycoplasma. 444 

 445 

Design of KO gRNA library 446 

We designed an arrayed CRISPR/Cas9 KO gRNA library (KO gRNA library, in short) which targeted 447 

a total of 519 genes encoding proteins previously linked to DNA repair. The list of proteins was 448 

based on the Gene Ontology term GO:0006302 (double strand break repair), supplemented with a 449 

manually curated list. The crRNA library was generated by Integrated DNA Technologies (IDT) and 450 

contained 4 gRNAs per gene (Table S1). The individual crRNAs were delivered in a lyophilized 451 

RNA form and were diluted in Duplex Buffer (DB, IDT cat. no. 11-01-03-01) to a stock concentration 452 

of 100 µM. Finally, we pooled crRNA targeting the same gene to a single well in a final concentration 453 

of 5 µM per crRNA. 454 

 455 

Screen procedure 456 

Overview 457 

We performed the screen in 96-well format. It consisted of the following key steps:  458 

• Day 1: Induction of Cas9 expression and transfection with gRNAs to disrupt 519 individual genes 459 

(scheme 1) 460 

• Day 5: Passaging of cells; quality checks of liquid handling and transfection efficiency (scheme 461 

2) 462 

• Day 6: Second transfection: induction of DSBs in the IPRs (scheme 3)  463 

• Day 9: Lysis of cells (scheme 4) 464 

• Downstream processing: PCR amplification and sequencing of the barcoded IPRs (scheme 5) 465 

 466 

Liquid handling 467 

Steps in the procedure were performed in a semi-automated fashion either with MicroLab STAR 468 

liquid handler (Hamilton Company, blue in scheme 1-5), Multidrop# Combi Reagent Dispenser 469 

(ThermoFisher, green in scheme 1-5) or manually (grey in scheme 1-5).  470 

 471 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted October 7, 2022. ; https://doi.org/10.1101/2022.10.07.511243doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.07.511243
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 

 

Day 1: Induction of Cas9 and transfection of KO gRNA library (scheme 1) 472 

Eight hours before the KO gRNA library transfection, we diluted clone 5 to a final concentration of 473 

85,000 cells/ml with medium containing 500 nM Shield-1 (Aobious cat. no. AOB1848) to stabilize 474 

DD-Cas9 protein. As first step in the KO gRNA library transfection, we diluted 20 µM tracrRNA (IDT 475 

cat. no. 1072534) stock concentration to 800 nM in Duplex Buffer (DB, IDT cat. no. 11-01-03-01) 476 

in a final volume of 24 µl. Next, we pipetted 1µl crRNA of KO gRNA library (stock at 20 µM in DB) 477 

or controls to its appropriate position in the gRNA plate (orange, scheme 1). Plates 1 to 5 in the 478 

screen included 88 KO gRNAs and 8 controls wells: four mock KO controls (crRNA was omitted), 479 

one POLQ KO gRNA control (used as a positive control, sequences in Table S2), one editing 480 

control (transfected with LBR2 gRNA (43)) and one pipetting control. In the pipetting control, 1 µl 481 

phenylarsine oxide (PAO Sigma-Aldrich, cat. no. P3075, stock concentration of 10 mM) was 482 

pipetted instead of 1 µl crRNA. 10 µM of PAO is enough to kill K562 cells, so we used visual 483 

inspection of cell death at day 5 to check if the KO gRNA library pipetting step was successful. 484 

Plate 6 included nine additional mock KO controls, making a total of 33 per replicate. In parallel, 485 

we diluted DharmaFect #4 (Horizon Discovery, cat. no. T-2004-03) lipofectamine to 2.66% (0.4 µl 486 

in 15 µl) with Optimem (Gibco, cat. no. 31985070). After 5 minutes incubation at room temperature, 487 

15 µl of diluted DharmaFect #4 was pipetted in the three empty 96-well V-bottom plates (Thermo 488 

Fisher, cat. no. 11816003) and 5 µl of the 800 nM coupled gRNA. This mix was incubated for 15 489 

minutes at room temperature and subsequently 15,000 clone 5 cells were dispensed per well (180 490 

µl of clone 5 cells in 500 nM Shield-1). This procedure was repeated six times, once for each 491 

different KO gRNA library plate. We note that every new batch of DharmaFect #4 lipofectamine 492 

was tested and the cell:lipofectamine ratio was adapted for optimal transfection efficiencies. The 493 

reagent quantities described above are representative of the concentrations used in the screen. 494 

 495 

 496 

Scheme 1: Day 1 procedure 3 KO gRNA library transfection (repeated 6 times). 24 µl of 800 nM 497 

tracrRNA (yellow) was pipetted to the final crRNA:tracrRNA plate (orange). Then, 1 µl of KO gRNA library or 498 

control plate added to screening plate position. Next, Diluted DharmaFect #4 was pipetted to lipofectamine 499 

plate (green). 15 µl of the lipofectamine was pipetted into three 96-well plates (three replicates) and 5 µl of 500 

the crRNA:tracrRNA mix added later. With the cell dispenser, 15,000 clone5 cells per well were dispensed 501 

(green). 502 
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 503 

Day 5: passaging of cells and quality checks (scheme 2)  504 

Four days after KO gRNA library transfection, we split transfected cells 1:10 with fresh medium 505 

supplemented with 500 nM Shield-1. At this step, we harvested editing control wells for TIDE 506 

analysis and we visually inspected cell death in the pipetting control wells. We used these two 507 

quality controls to assess if specific plates should be discarded or kept for the following steps. We 508 

repeated this process for every plate in the screening.  509 

 TIDE (44) was used to monitor the editing efficiency prior to high-throughput sequencing, 510 

as follows. Editing control wells were harvested and cells were lysed with 30 µl DirectPCR lysis 511 

buffer (Viagen cat. no. 301-C) supplemented with 1 mg/ml proteinase K (Bioline, cat. no. BIO-512 

37084) by incubating them at 55 °C for at least 2 hours up to overnight, followed by heat inactivation 513 

for 45 min at 85 °C. To monitor the CRISPR editing frequency, we used primers spanning the 514 

endogenous LBR2 target site as previously reported (43). PCR was performed using 10 µl MyTaq 515 

Red mix (Bioline, cat. no. BIO-25044), 1 µM of each TAC0017 and TAC0018 primers, 2 µl of cell 516 

lysate and up to 20 µl of water. PCR conditions for TIDE analysis are the following ones: 1 min at 517 

95 °C followed by 28 cycles of 15 s at 95 °C, 15 s at 58 °C and 30 s at 72 °C and a final extension 518 

of 1min at 72 °C. The excess of PCR primers was degraded by EXOSAP treatment as follows. For 519 

each 10 µl of PCR reaction, 0.125 µl of Shrimp Alkaline Phosphatase (1 U/ml; New England 520 

Biolabs, cat. no. M0371S), 0.0125 µl Exonuclease I (20 U/ml; New England Biolabs, cat. no. 521 

M0293S) and 2.36 µl of water were added. Samples were incubated at 37 °C for 30 min and heat 522 

inactivated for 10 min at 95 °C. Next, 5 µl of EXOSAP-treated PCR mix was Sanger sequenced 523 

with 5 µl of TAC0017 primer at 5 µM concentration by Macrogen (EZ-seq). The resulting Sanger 524 

sequence traces were analyzed using the TIDE algorithm (44) to determine the editing efficiency. 525 

 526 

 527 

Scheme 2: Day 5 procedure - Passaging of cells and harvesting of control samples (repeated 18 528 

times). Screening plates were split 1:10 with fresh medium. Editing control was harvested for TIDE analysis 529 

and the pipetting control was checked visually. 530 

 531 
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Day 6: induction of DSBs in IPRs by transfection with LBR2 gRNA (scheme 3)  532 

We manually mixed LBR2 crRNA (crRNA targeting DSB-TRIP reporters) with tracrRNA at a final 533 

concentration of 800 nM in DB and diluted DharmaFect in Optimem (2.66% concentration). Then, 534 

we pipetted 15 µl of diluted lipofectamine into six empty 96-well plates and added 5 µl of LBR2 535 

crRNA:tracrRNA. After incubating this mix for 15 min at room temperature, we added 180 µl KO 536 

cells in arrayed format. We repeated this procedure for each replicate independently with freshly 537 

prepared LBR2 gRNA and DharmaFect #4 mixes. 538 

  539 

540 

Scheme 3: Day 6 procedure - LBR2 gRNA transfection (repeated 3 times). DharmaFect #4 and LBR2 541 

crRNA:tracrRNA were manually diluted. Then, 15 µl DharmaFect #4 and 5 µl LBR2 crRNA:tracrRNA (B on 542 

A) was combined into each well of 6 empty 96-well plates. 15 minutes after mixing, 180 µl of cells, split on 543 

day 5, were transferred into the transfection mix plate. 544 

 545 

Day 9: cell lysis and quality controls (scheme 4) 546 

Three days after LBR2 gRNA transfection we harvested the screening plates. To do so, we 547 

centrifuged 96-well plates to pellet the cells (1500 rpm for 5 min). Then, we removed the 548 

supernatant and pipetted 30 µl of DirectPCR lysis buffer supplemented with 1 mg/ml proteinase K 549 

on the cell pellets. After a couple of pipetting cycles to mix cells with lysis buffer, we transferred the 550 

cell lysate to an empty 96-well PCR plate (ThermoFisher, cat. no. AB0900). Cells were lysed 551 

overnight at 55°C in a thermocycler, and proteinase K was subsequently inactivated for 45 minutes 552 

at 85°C.  553 

 To monitor CRISPR editing efficiency of the second transfection, we performed TIDE 554 

analysis with cell lysate from a random well from each plate, as described above (Day 5). 555 

 556 

 557 
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 558 

Scheme 4: Day 9 procedure - Screening plate harvesting (repeated 18 times). Harvesting was performed 559 

in three steps. After cells were pelleted by centrifugation, 170 µl supernatant was removed (grey, 1); lysis 560 

buffer was added (purple) and mixed with cell pellets (grey, 2); and the cell lysate was transferred to empty 561 

PCR plates (white, 3). Cells were lysed overnight at 55°C and proteinase K was subsequently heat 562 

inactivated for 45 min at 85 °C. 563 

 564 

Screening replicates  565 

The screening was performed twice, more than a month apart. Each time the screening was 566 

performed in three replicates with independent transfection mixes. Three out of six replicates were 567 

discarded because of technical reasons such as wrong liquid handling, unsuccessful transfection 568 

(at least ~50% editing in the editing efficiency control) or problems during sample processing. One 569 

replicate from the first screen and two replicates from the second screen passed the quality 570 

controls. We refer to these replicates as replicate 1 (R1), replicate 2 (R2) and replicate 3 (R3). 571 

 572 

Downstream processing: sample preparation for IPR sequencing (scheme 5)  573 

For the sequencing of the IPRs (to identify indels and their linked IPR barcodes) in all screen 574 

samples, we employed a two-step PCR indexing and pooling strategy as previously described (6), 575 

with some adaptations. We performed the first PCR reaction (indelPCR1) with TAC0007 (indexed) 576 

and TAC0012 (non-indexed) primers with a unique TAC0007 indexed primer for each 96-well plate, 577 

and the second PCR reaction (indelPCR2) with TAC009 (non-indexed) and TAC0159 (indexed) 578 

primers with 96 different TAC0159 primers (one for each well in a 96-well plate). Pipetting was 579 

performed using the MicroLab STAR liquid handler (Hamilton Company). 580 

IndelPCR1 and indelPCR2 were performed under similar PCR conditions with the only 581 

difference being the number of cycles. In both reactions, a denaturing step was performed for 1 582 

min at 95 °C, low annealing temperature amplification cycles (cold cycles) for 15 s at 95 °C, 15 s 583 

at 55 °C and 15 s at 72 °C, high annealing temperature amplification cycles (hot cycles) for 15 s at 584 

95 °C, 15 s at 70 °C and 15 s at 72 °C and a final extension of 2 min at 72 °C. 585 

 586 
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 587 

Scheme 5: Screening sample preparation for sequencing. PCR amplification of indel and barcode of 588 

each IPR in all screening samples was performed in two steps: indelPCR1 and indelPCR2. Pipetting was 589 

performed with the liquid handler (blue) and PCRs with a ThermoCycler (grey). IndelPCR1 was pipetted from 590 

three source plates: Diluted HotStart MyTaq Red Mix (5 parts of mix with 1 part of H2O), screening cell 591 

lysates (white) and indelPCR1 primer mix (purple). A different indexed primer was used per plate. IndelPCR2 592 

was also pipetted from three source plates: MyTaq Red mix, indelPCR1 PCR plate (light purple) and 593 

indelPCR2 primer mix (gold). A different indexed primer was used for each well. 594 

 595 

We performed indelPCR1 with 10 µl of cell lysate from the screening plates, 30 µl of 86.6% 596 

(5:1) diluted MyTaq HotStart Red Mix in water (Bioline, cat. no. BIO-25048) and 10 µl of 1 µM of 597 

each primer (TAC0007 and TAC0012 final concentration of 200 nM) for 4 cold cycles and 9 hot 598 

cycles. Then, we performed indelPCR2 with 5 µl of indelPCR1 product, 15 µl of MyTaq Red mix 599 

(Bioline, cat. no. BIO-25044) and 10 µl of 500 nM of each primer (TAC0009 and TAC0159, final 600 

concentration of 166 nM) for 3 cold cycles and 8 hot cycles. 601 

Next, we pooled indelPCR2 products per plate in equal volumes and DNA was purified with 602 

cleanPCR (CleanNA cat. no. CPCR-0050) beads at a 0.8:1 beads:sample ratio. Ten µl of each pool 603 

was run on a 2% agarose gel for visual inspection, and DNA concentration was quantified by Qubit 604 

DNA dsHS Assay Kit (Invitrogen, cat. no. Q32851). Equimolar concentrations of DNA per plate 605 

were pooled and the resulting product run on a 2% agarose gel. The PCR amplicon band was cut 606 

from the gel and isolated by PCR Isolate II PCR and Gel Kit (Bioline, cat. no. BIO-52060) and lastly 607 

bead-purified. Resulting preparations were sequenced on a NextSeq MID with single-ended 150 608 

bp reads with ~25 % of PhiX spike-in. 609 

 610 

Chromatin context effects assessed with inhibitors 611 

For DNAPK and ATM we also determined CCDs by using specific small-molecule inhibitors. The 612 

experimental design was similar to the KO screen setup, with the following modifications: 613 
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Plasmid transfection.  614 

To induce DSBs, we introduced LBR2 gRNA into the cells by plasmid nucleofection instead of RNA 615 

transfection. For this purpose, we resuspended one million K562 clone 5 cells in 100 µl transfection 616 

buffer (100 mM KH2PO4, 15 mM NaHCO3, 12 mM MgCl2, 8 mM ATP, 2 mM glucose (pH 7.4)) 617 

(45). Then, we added 12 µg of either gRNA-containing LBR2 plasmid or GFP-expressing control 618 

plasmid. Cells were electroporated in an Amaxa 2D Nucleofector (T-016 program). 24 hours post-619 

nucleofection, we assessed transfection efficiency by visual observation of GFP-positive cells. This 620 

GFP sample was later used as non-targeted control. 621 

 622 

Inhibitor treatment.  623 

Eight hours after nucleofection, we added 500 nM Shield-1 (Aobious) to stabilize DD-Cas9 protein. 624 

Together with Shield-1, we added inhibitors of either DNAPK (M3814, final concentration 1 µM from 625 

a 1 mM stock in DMSO, MCE cat. no. HY-101570), ATM (KU5593, final concentration 10 µM from 626 

a 10 mM stock in DMSO, Calbiochem cat. no. #118500), and DMSO-only vehicle controls (1:1000, 627 

Sigma cat no. D4540). 628 

 629 

Indel library preparation.  630 

72 hours after DD-Cas9 stabilization, we harvested the cells, performed genomic DNA (gDNA) 631 

extraction with the ISOLATE II genomic DNA kit (Bioline, BIO-52067) and diluted DNA to 50 ng/µl. 632 

Indel sequencing libraries were prepared as described for the screen but with minor changes as 633 

follows. We performed indelPCR1 with 200 ng of gDNA as input (4 µl of 50 ng/µl concentrated 634 

sample) and 200 nM of each primer for 4 cold cycles and 8 hot cycles. Then, we performed 635 

indelPCR2 with 5 µl indelPCR1 product and 166.6 nM of each primer for 1 cold cycle and 13 hot 636 

cycles. We pipetted both PCR reactions manually. We pooled samples in equimolar ratios and 637 

prepared them for sequencing as described for the screen. Samples were sequenced in a MiSeq 638 

Nano (Illumina) with 10 % of PhiX spike-in. We performed this experiment in three independent 639 

biological replicates. 640 

 641 

Data analysis.  642 

We analyzed the CCDs of inhibitors as performed for the screen data (see data processing section 643 

below), with slight modifications. We tested the significance of the perturbation by means of a 644 

Student's t-test instead of a z-test. We used this test because here each replicate includes only a 645 

single control sample. Everything else was performed as described for the screen data.  646 

  647 
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B. DATA PROCESSING AND COMPUTATIONAL ANALYSES 648 

Processing and statistical analysis of screen data. 649 

 650 

 651 

 652 

Scheme 6: Key steps in the data processing and computational analysis workflow.  653 

  654 
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1. Demultiplexing and general quality control of sequencing reads.  655 

Demultiplexing of the sequencing reads was done based on indices added in the IndelPCR1 (plate 656 

index) and IndelPCR2 steps (well index) and each file contains the reads from a single well in the 657 

screen. We refer to these as sample throughout this section. Demultiplexed sequencing data is 658 

available in the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra; BioProject no. 659 

PRJNA882344).  An overview of obtained read numbers is provided in Table S3.  660 

 661 

2. Scoring of indels in IPRs.  662 

Scoring of indels and linking to their IPR barcodes in the sequence reads was done using a 663 

previously reported computational pipeline (46). In short, for each sequence the barcode was 664 

extracted and the indel state was classified. As documented previously (6, 43), a single-nucleotide 665 

insertion was assumed to be created by NHEJ repair (NHEJins), a seven-nucleotide deletion was 666 

assumed to be created by MMEJ repair (MMEJdel), and the absence of indel was assumed to be 667 

intact DNA (uncut or perfectly repaired). In the downstream analysis, we use the number of NHEJins 668 

reads, MMEJdel reads and intact reads. The median and 95% CI number of reads per replicate are 669 

summarised in Table 5. 670 

 671 

 Median 95% CI 

 R1 R2 R3 R1 R2 R3 

Total (sample) 60408 53966 65220 [19366,96424] [8611,194257] [17047,171887] 

Processed (sample) 49494 39226 46809 [15945,79317] [6066,139428] [12418,125270] 

Processed (IPR) 2586 1920 2405 [850,4379] [320,7700] [560,7136] 

Intact (IPR) 1436 728 969 [428,2697] [103,3352] [191,3251] 

NHEJins (IPR) 516 563 725 [65,1278] [48,2524] [127,2468] 

MMEJdel (IPR) 242 223 279 [39,2697] [21,959] [48,889] 

Table S3: Overview of sequencing read numbers per sample in the screen 672 

 673 

3. Calculation of changes in MMEJ:NHEJ balance 674 

After indel scoring, we calculated the editing efficiency (Formula 1) and log2 MMEJ:NHEJ balance 675 

(Formula 2) for each individual IPR in every sample. Next, we filtered out data based on two 676 

parameters: low read numbers and low editing frequency. First, we discarded IPRs which had less 677 

than  30 reads with either NHEJins or MMEJdel per sample. Second, we discarded samples with an 678 

average editing efficiency lower than 25% per sample. After these filtering steps, 531 samples from 679 

R1, 541 samples from R2 and 555 samples from R3 were retained, with an average of 2.92 680 

replicates and 18.98 IPRs per well. 681 
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 682 

Then, we divided samples into three categories depending on the gRNA they received in 683 

the first transfection (Day 1): mock KO controls, POLQ KO controls and KO gRNA library samples. 684 

We checked the reproducibility of the log2MMEJ:NHEJ balance between replicates (Fig. S1A-C). 685 

Next, we computed for each IPR the log2 fold change in MMEJ:NHEJ balance (&log2MMEJ:NHEJ) 686 

as a consequence of each KO (Formula 3) and averaged three replicates.  687 

A negative &log2MMEJ:NHEJ score implies either reduced MMEJ or increased NHEJ 688 

activity (at the tested IPR) due to the KO of the tested protein. Our assay cannot discriminate 689 

between these two possibilities, as we cannot measure the individual pathway activities 3 only the 690 

balance (6, 43). Likewise, a positive &log2MMEJ:NHEJ score implies either increased MMEJ or 691 

decreased NHEJ activity (at the tested IPR). For simplicity, we refer to a negative &log2MMEJ:NHEJ 692 

score as: the tested protein (when present) favors MMEJ; and we refer to a positive 693 

&log2MMEJ:NHEJ score as: the tested protein (when present) favors NHEJ.  694 

The POLQ KO samples provide an indication of the dynamic range of &log2MMEJ:NHEJ 695 

scores that may be expected (Fig. S1D), because POLQ is essential for MMEJ (47, 48). On 696 

average, POLQ KO samples showed a &log2MMEJ:NHEJ score of -1.58 log2 units across all IPRs, 697 

i.e., a ~3.0-fold reduction in MMEJ:NHEJ balance. As most proteins are not absolutely essential for 698 

either MMEJ or NHEJ, the dynamic range of the &log2MMEJ:NHEJ scores may be expected to be 699 

less than the score observed for POLQ. Indeed, this is the case (Fig. S1D). 700 
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701 

 702 

We used the &log2MMEJ:NHEJ scores throughout this work as a metric of the contribution 703 

of each protein to the MMEJ:NHEJ balance. For global MMEJ:NHEJ contribution of proteins, we 704 

computed the average &log2MMEJ:NHEJ over all 19 pathway reporters (Section 4 in data 705 

analysis workflow). When calculating chromatin context dependencies (CCDs), the 706 

&log2MMEJ:NHEJ of each IPR-KO combination was used (Section 5 in data analysis workflow).  707 

 708 

4. Identification of proteins with global effects on MMEJ:NHEJ balance. 709 

To assess the global effect of proteins on MMEJ:NHEJ balance (Fig. 1B & Fig. 2), we computed 710 

for each KO the mean &log2MMEJ:NHEJ over all 19 IPRs. Next, to identify proteins that significantly 711 

favor MMEJ or favor NHEJ independently of the chromatin state, we tested whether the mean 712 

&log2MMEJ:NHEJ was different than zero by a Student's t-test followed by Benjamini-Hochberg 713 

multiple-testing correction of p-values. We called proteins to globally favor MMEJ (mean 714 

&log2MMEJ:NHEJ < 0) or globally favor NHEJ (mean &log2MMEJ:NHEJ > 0) with an estimated 715 

false-discovery rate (FDR) < 0.001. 716 

 717 

5. Identification of proteins with CCD: three-step linear modelling 718 

a. Initial selection of proteins with any effect on MMEJ:NHEJ balance.  719 

To filter for proteins with any effect on MMEJ:NHEJ balance, we calculated the z-score 720 

log2MMEJ:NHEJ for each 19 IPR in 519 KO gRNA samples (total of 9861) using the 33 mock KO 721 

gRNA samples (total of 627) to empirically estimate null-distributions. First, we fitted a normal 722 

distribution through the mock KO log2MMEJ:NHEJ scores (n = 33) for each IPR and replicate 723 

separately (example IPR in Fig. S2A). Next, we standardized log2MMEJ:NHEJ scores of each 724 

sample using the mean and standard deviation of the fitted distributions (Formula 4) (example IPR 725 

in Fig. S2B). Finally, we combined the z-scores of the three independent replicates by Stouffer's 726 

method (Formula 5) (Fig. S2C). After this transformation, 24.5% KO - IPR combinations (n = 2420) 727 

had an absolute z-score >1.96, compared to only a 4.3% of mock KO - IPR combinations (n = 27). 728 
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We retained a KO if the absolute z-score was >1.96 in at least 2 out of 19 IPRs. A total of 352 KOs 729 

passed this filter. Of the 33 mock KO samples four passed the same criteria, suggesting an 730 

empirical FDR of 12%. Note that further filters are applied below for additional stringency. From the 731 

352 proteins that passed this filter, 296 favor MMEJ, 47 favor NHEJ and 9 had mixed effects, i.e 732 

they favor MMEJ in some IPRs and favor NHEJ in others. 733 

 734 

 735 

b. Principal component regression.  736 

Next, among the remaining 352 proteins, we identified proteins with significant chromatin context 737 

dependencies (CCDs) across the entire set of 25 chromatin features. Because of the strong 738 

covariation among most chromatin features, we did this by principal component (PC) regression. 739 

This consists of dimension reduction using standard principal component analysis, followed by 740 

linear regression on the main PCs (Figure S3A). This approach provides substantial robustness 741 

and avoids identification of fortuitous correlations with single chromatin features. 742 

 The sources of all chromatin feature tracks are summarized in Table S2. Each of these 25 743 

tracks was z-normalized. Z-scores were calculated as the log2 fold-difference of the signal over 744 

control (matching controls as provided by the respective studies) in 2kb bins centered around each 745 

IPR insertion site. These values were subsequently converted into z-scores using the mean and 746 

standard deviation of the chromatin feature signal in the TRIP pools, as previously done (6).  747 

 We then first assessed the number of PCs needed to explain most of the variance in the 748 

chromatin data of the 19 IPRs. For this we used pls package (version 2.8-1) in R. We selected the 749 

first three PCs, which together account for 76% of the variance. Adding a fourth PC to the model 750 

would only increase the explained variance by 6% (Fig. S3B). Closer inspection of the first three 751 

PCs revealed that each PC explained biologically relevant differences in chromatin contexts: PC1 752 

mainly explained the difference between euchromatin and heterochromatin, PC2 mainly explained 753 

differences between heterochromatin types (Triple heterochromatin vs. H3K27me3) and PC3 754 

mainly explained differences between euchromatin types (Enhancer/promoters vs. transcription) 755 

together with replication timing (Fig. S3C). Then, for each of the 354 KO and 4 mock samples, we 756 

constructed a linear model based on three PCs to predict the &log2MMEJ:NHEJ scores. To assess 757 
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the accuracy of this fit, we computed the p-value of the correlation between predicted 758 

&log2MMEJ:NHEJ scores and measured &log2MMEJ:NHEJ scores for each of the samples. After 759 

Benjamini-Hochberg correction of these p-values for multiple testing, 89 protein KOs and 1 mock 760 

KO passed the significance threshold at FDR cutoff 0.05.  761 

c. Linear modeling to identify individual protein 3 chromatin feature links.  762 

Finally, to identify the individual chromatin features that contribute to the CCDs, we fitted linear 763 

correlations between &log2MMEJ:NHEJ of 89 proteins with significant CCDs and each of the 25 764 

individual chromatin features (total of 2225). Based on this calculation, we identified individual 765 

protein 3 chromatin feature pairs with N-synergies, M-synergies or no synergies as follows:  766 

A protein 3 chromatin feature pair is defined to have N-synergy when the protein favors 767 

NHEJ according to section 5a in the data analysis workflow, and the linear fit has a positive slope 768 

(Fig. S4A). This positive slope implies that the ability of the protein to shift the balance towards 769 

NHEJ increases with increasing levels of the chromatin feature. It is also possible that a protein 770 

that favors NHEJ according to step 5a shows a negative slope (Fig. S4B). However, such a 771 

negative correlation is likely to reflect an indirect effect. For example, IPRs with high H3K4me3 772 

signals often exhibit low H3K9me3 signals and vice versa. Because the vast majority of molecular 773 

interactions in chromatin have so far been explained by the presence of a chromatin feature (e.g., 774 

a certain histone modification) rather than the absence of a chromatin feature, we focus on positive 775 

slopes for N-synergy and reject negative slopes as likely reflecting indirect correlations.  776 

Conversely, we define a protein 3 chromatin feature pair as having M-synergy when the 777 

protein favors MMEJ (according to step 5a) and the linear fit has a negative slope (Fig. S4C). Here, 778 

the negative slope implies that the ability of the protein to shift the balance towards MMEJ increases 779 

with increasing levels of the chromatin feature. Again, weaker effects with increasing levels of the 780 

chromatin feature (in this case a positive slope; Fig. S4D) are most likely due to indirect 781 

correlations, and thus not considered to be M-synergy.  782 

By these criteria, a few proteins showed both M- and N-synergy, with different chromatin 783 

features (Fig. S4E-F). We used the slope of the linear fits of M- or N- synergistic pairs as a measure 784 

of the synergy (synergy score). This score is set to 0 for protein 3 feature pairs without synergistic 785 

interactions as defined above. Of the 89 proteins with significant CCDs, 73 have M-synergies, 14 786 

have N-synergies and 2 have mixed synergies.  787 

Additionally, we fitted similar linear models for protein 3 chromatin feature combinations for 788 

the remaining 263 proteins that modulate the MMEJ:NHEJ balance (step 5a) but did not pass the 789 

CCD significance threshold (step 5b). We highlight some of these proteins in the main text, but 790 

always in connection with proteins with significant CCDs (Fig. 4B-D).  791 

 792 

6. Estimation of chromatin context dependent MMEJ:NHEJ balance changes. 793 

As stated above, the synergy score is the slope of the linear fit between &log2MMEJ:NHEJ and a 794 

chromatin feature. The predicted effect size of a chromatin feature on the MMEJ:NHEJ balance 795 

(i.e., the dynamic range of &log2MMEJ:NHEJ values across the entire genome, from the lowest to 796 

the highest level of the chromatin feature) not only depends on this slope, but also on the dynamic 797 
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range of levels of this chromatin feature. To estimate this effect size, we first approximated this 798 

genome-wide dynamic range of each chromatin feature from the chromatin scores of 2,150 799 

previously characterized randomly integrated IPRs (6) (grey distributions in Fig. S5A) as the 800 

difference between the bottom 0.5% and top 0.5% (Fig. S5A). We then multiplied this difference 801 

with the synergy score, resulting in a rough estimate of the genome-wide CCD &log2MMEJ:NHEJ. 802 

For global and CCD &log2MMEJ:NHEJ comparisons of each proteins (Fig. 2F), we selected the 803 

maximum estimated CCD &log2MMEJ:NHEJ of each protein. For this figure we classified proteins 804 

with CCDs into proteins with only CCDs effects (FDRCCD < 0.05 & FDRglobal g 0.001) and proteins 805 

with both CCDs and global effects (FDRCCD < 0.05 & FDRglobal < 0.001). 806 

 807 

7. Estimation of screen KO penetrance  808 

The effect sizes calculated above are likely to be underestimates, because the KO efficiencies after 809 

transfection of the gRNAs (Day 1) are expected to be less than 100%. Because we could not 810 

measure these efficiencies for all KOs directly (which would require gene-specific PCR for each 811 

KO), we obtained an approximate estimate as follows. We assumed that Day 1 transfections were 812 

equally efficient as the Day 6 transfections. From the latter, we calculated the mean editing 813 

efficiency (Formula 1) of IPRs in transcriptionally active chromatin (n = 8). We focused on IPRs in 814 

transcriptionally active chromatin because they are more representative of the chromatin type that 815 

most gRNAs in the KO library target. We considered that a reporter is embedded in transcriptionally 816 

active chromatin when at least one of the transcription-related features TTseq, H3K36me3, 817 

POL2AS2 or POL2 had a chromatin z-score higher than 0.5 (8 pathway reporters marked by black 818 

bar in Fig. S7A). Then, we calculated the average editing frequency of the mock transfected 819 

samples (n = 33) for each IPR and replicate (Fig. S7B). The results suggest that the editing 820 

efficiency was in the range of 40-80%. This estimate is consistent with the efficiency of editing of 821 

the LBR gene with gRNA LBR2 after the first transfection, as measured on Day 5 (see above), 822 

which was in the range 47.5%-70% for the three screen replicates. However, we note that this 823 

estimation does not take into account the percentage of in-frame indels created by CRISPR/Cas9 824 

or other gene editing products that do not lead to a protein KO. 825 

 826 

8. Data visualization 827 

We visualized CCDs of proteins as a heatmap (Fig. 2D) and as a Uniform Manifold Approximation 828 

and Projection (UMAP) plot (Fig. 3C). In the heatmap, we hierarchically clustered the synergy 829 

scores of every protein 3 chromatin feature pair using the <ward.D= algorithm in the pheatmap 830 

package in R (version 1.0.12). The hierarchically clustered dendrogram (Fig. 2D) was divided into 831 

four groups to highlight the main clusters observed in the heatmap. The UMAP was calculated with 832 

the umap package (version 0.2.8.0) and two UMAP dimensions plotted as a scatterplot. 833 

 834 

Comparison to protein-protein interaction data  835 

To assess if physically interacting proteins tend to have similar CCDs, we computed cosine 836 

similarities of synergy scores (Formula 6) between physically interacting protein pairs and 837 
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compared them to the synergy scores expected by random chance. First, we computed the cosine 838 

similarity matrix for all proteins with significant CCDs with the lsa package (version 0.73.3). For this 839 

we compared the 25 synergy scores for each protein. We decided to use the cosine distance as a 840 

similarity score over other metrics, because it deals best with data containing zero values. Second, 841 

we selected protein pairs that physically interact in living cells according to the BioGrid database 842 

(release version 4.4.209) (26). A total of 118 physical interactions were reported between proteins 843 

in our dataset. These interactions were detected with one of the following methods as reported by 844 

BioGrid database: Affinity Capture-MS, Affinity Capture-Western, Co-localization, Co-crystal 845 

structure, Co-purification, Co-fractionation, FRET, PCA, proximity label-MS and Two-hybrid. To 846 

determine whether the average cosine distance of the 118 interacting protein pairs was significantly 847 

different from that of random pairs of proteins, we compared it to the distribution of mean cosine 848 

distances obtained from 1000 randomly selected sets of 118 protein pairs. 849 

 850 

 851 

 We also explored if proteins forming interaction cliques tend to have similar CCDs. To do 852 

so, we built an interaction network of physical interactions using the igraph package (version 1.3.4) 853 

and identified highest order cliques. We found three cliques with four elements each and displayed 854 

them on the UMAP plot (Fig. 3C). 855 

 856 

Chromatin context dependent pathway activity in tumors  857 

The hypothesis that we aimed to test, based on the observed CCD pattern of BRCA2 (Fig. 2D), is 858 

that loss of BRCA2 in human tumors should cause a shift of the MMEJ:NHEJ balance towards 859 

MMEJ specifically in a broad diversity of euchromatic regions and not in triple heterochromatin. For 860 

this we chose a recent whole-genome sequencing dataset derived from BRCA2-negative tumors 861 

from diverse tissue origins (n = 41) and HPV negative head and neck squamous cell carcinoma 862 

(HNSCC) samples (n = 22) (41). In the genomes of both tumor types we called small insertions and 863 

deletions (indels) and structural variants (SVs). We chose HPV-negative HNSCC as controls 864 

because they have a sufficiently high rate of indels and SVs to provide the required statistical 865 

power. 866 

Indels were obtained from the final pan-cancer analysis of whole genomes (PCAWG) 867 

consortium somatic mutation list for the PCAWG-HNSCC (BRCA2+/+) and PCAWG-BRCA2mut  868 

(BRCA2-/-) cohorts. The methods and post-calling filtering strategies were previously described in 869 

detail (49). Indels were subsequently classified using indelsClassification 870 

(https://github.com/ferrannadeu/indelsClassification) to identify deletions generated by error-prone 871 

NHEJ (>5 bp deletions without micro-homology), MMEJ repair (>5 bp deletions with g2 bp micro-872 
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homology sequence), polymerase slippage (1 bp deletions in g3 bp homopolymers) and indels in 873 

repeats (>1 bp deletions at g3 bp repeats) (Table S9). 874 

Additionally, we called structural variants (SVs) with BRASS (50) and annotated by 875 

AnnotateBRASS (https://github.com/MathijsSanders/AnnotateBRASS). We determined the 876 

following statistics per SV: the number of supporting read-pairs, the alignment position variance of 877 

supporting read-pairs, the frequency of read clipping, the frequency of reads with an excess of 878 

variants (g 2) absent from dbSNP, the proportion of read-pairs correctly oriented based on the SV 879 

detection and the number of SV-supporting read-pairs proximal to the SV breakpoints with 880 

alternative alignments (high genome homology). The post-annotation filtering strategy was 881 

previously described in detail (https://github.com/cancerit/BRASS). We analyzed the PCAWG-882 

HNSCC (BRCA2+/+) and PCAWG-BRCA2mut (BRCA2-/-) utilizing the same methodology (Table 883 

S10). 884 

Next, we counted the total number of NHEJ or MMEJ small deletions in cLADs and ciLADs 885 

and calculated the log2(cLAD/ciLAD) ratio in each cohort. This ratio is a metric for the chromatin 886 

bias in the accumulation of NHEJ or MMEJ mutations in the different cohorts. We tested if the total 887 

number of NHEJ and MMEJ deletions were equally distributed between cLADs and ciLADs in each 888 

cohort with a two-sided Fisher9s exact test.  889 

Additionally, we counted the total number of long MH deletions (size range 1.4 kb - 272.9 890 

kb, 95% interval) contained within either a cLAD or ciLAD. We tested if the number of MH deletions 891 

were differently distributed between cLADs and ciLADs between cohorts by a two-sided Fisher9s 892 

exact test.893 
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SUPPLEMENTARY TABLES 894 

 

Table S1: KO gRNA library gRNA sequence list. 895 

Separate Excel file (AGM20191020_Table_1_DDR_library_IDT_SO#3121893.xlsx) 

 

Table S2: gRNA and primer sequences used in this manuscript. 896 

 

Type Name Sequence 

gRNA LBR2 GCCGATGGTGAAGTGGTAAG 

gRNA POLQ_1 CGGACCCGGAGAGGAACTGG 

gRNA POLQ_2 TGCGTCGGAGTGGGAAACGG 

gRNA POLQ_3 AAGCTACTATTGGCAAACTG 

gRNA POLQ_4 TCTTTTTTACACCAAAACTG 

DNA Primer TAC0017 GTAGCCTTTCTGGCCCTAAAAT 

DNA Primer TAC0018 AAATGGCTGTCTTTCCCAGTAA 

DNA Primer TAC0007.1-24 ACACTCTTTCCCTACACGACGCTCTTCCGATCT(N)10GTCACAAGGGCCGGCCACA 

DNA Primer TAC0012 GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

DNA Primer TAC0009 AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCGATCT 

DNA Primer TAC0159.1-96 CAAGCAGAAGACGGCATACGAGAT(N)6GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT 

 

Table S3: Overview of sequencing read numbers per sample in the screen 897 

 

 Median 95% CI 

 R1 R2 R3 R1 R2 R3 

Total (sample) 60408 53966 65220 [19366,96424] [8611,194257] [17047,171887] 

Processed (sample) 49494 39226 46809 [15945,79317] [6066,139428] [12418,125270] 

Processed (IPR) 2586 1920 2405 [850,4379] [320,7700] [560,7136] 

Intact (IPR) 1436 728 969 [428,2697] [103,3352] [191,3251] 

NHEJins (IPR) 516 563 725 [65,1278] [48,2524] [127,2468] 

MMEJdel (IPR) 242 223 279 [39,2697] [21,959] [48,889] 

 

Table S4: &log2MMEJ:NHEJ scores for 519 proteins and 19 IPRs. 898 

Separate excel file (xv20220819_Table_S4_delta_log2_MMEJ_NHEJ.xlsx) 

 

Table S5: Epigenome maps 899 

Data table adapted from (6). These are the epigenome Chromatin Immunoprecipitation (ChIP) 

datasets used in this study.  
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Label description chip_id sra_chip sra_input reference 

H2AFZ Histone H2A.Z GSM733786 SRR227661, 

SRR227662 

SRR227650, 

SRR5331211, 

SRR5331212, 

SRR5331213 

(51) 

EZH2 EZH2 (H3K27 

methyltransferase) 

GSM1003576 SRR568431, 

SRR568432 

SRR227650, 

SRR5331211, 

SRR5331212, 

SRR5331213 

(51) 

H3K79me2 Histone 

modification, mostly 

on active chromatin 

GSM733653 SRR227378, 

SRR227379 

SRR227650, 

SRR5331211, 

SRR5331212, 

SRR5331213 

(51) 

H4K5acK8ac Histone 

modification, mostly 

on active chromatin 

GSE113635 SRR7070730, 

SRR7070731 

SRR7070732 (52) 

H3K9me2 Histone 

modification, 

specific type of 

heterochromatin 

GSM1846169, 

GSM2152591 

SRR2148301, 

SRR3503783 

SRR2148307 (53) 

H3K9me3 Histone 

modification 

specific type of 

heterochromatin 

GSM733776 

 

 

SRR227643, 

SRR227644 

SRR227650, 

SRR5331211, 

SRR5331212, 

SRR5331213 

(51) 

CTCF Insulator and 

looping factor 

GSM1782717, 

GSM1782718 

 

SRR2085871, 

SRR2085872 

SRR2085882, 

SRR2085883, 

SRR2085884, 

SRR2085885, 

SRR2085886 

(54) 

H3K27ac Histone 

modification, mostly 

on active chromatin 

GSM1782721, 

GSM1782722 

SRR2085875, 

SRR2085876 

SRR2085882, 

SRR2085883, 

SRR2085884, 

SRR2085885, 

SRR2085886 

(54) 

H3K27me3 Histone 

modification, 

specific type of 

heterochromatin 

GSM1782749, 

GSM1782750 

SRR2085903, 

SRR2085904 

SRR2085882, 

SRR2085883, 

SRR2085884, 

SRR2085885, 

SRR2085886 

(54) 

H3K36me3 Histone 

modification, mostly 

on active 

transcription units 

GSM1782723,  

GSM1782724 

SRR2085877, 

SRR2085878 

SRR2085882, 

SRR2085883, 

SRR2085884, 

SRR2085885, 

SRR2085886 

(54) 

H3K4me1 Histone 

modification, mostly 

on active chromatin 

GSM2773392, 

GSM2773394, 

GSM2773396 

SRR6010166, 

SRR6010168, 

SRR6010170 

SRR6010181 (55)  
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Table containing chromatin feature datasets other than ChIP 

 

 

Table S6: Genomic coordinates, chromatin feature scores and barcodes of 19 IPRs in K562 900 

clone 5 901 

Separate excel file (xv20220819_Table_S6_clone_5_chromatin_features.xlsx) 

 

Table S7: Chromatin context dependent effects of proteins in the screen. 902 

Separate excel file (xv20220929_Table_S7_global_CCD_MMEJ_NHEJ_results.xlsx) 903 

H3K4me2 Histone 

modification, mostly 

on active chromatin 

GSM2773399, 

GSM2773400 

SRR6010173, 

SRR6010174 

SRR6010181 (55) 

H3K4me3 Histone 

modification, mostly 

on active chromatin 

GSM2773401, 

GSM2773403, 

GSM2773404, 

GSM2773406 

SRR6010175, 

SRR6010177,  

SRR6010178, 

SRR6010180 

SRR6010181 (55) 

POL2AS2 RNA Polymerase II, 

phosphorylated at 

serine 2 of heptad 

repeat. Marks 

transcribed regions. 

GSM935402 SRR502194, 

SRR502195 

SRR502641 (51) 

SMC3 Subunit of cohesin GSM935310 SRR502001, 

SRR502002 

SRR502641 (51) 

POL2 RNA Polymerase II. 

Marks transcribed 

regions. 

GSE91721 SRR5111542, 

SRR5111543 

SRR5111209, 

SRR5111210 

(51) 

HDAC1 Histone deacetylase  GSE105837 SRR6213961, 

SRR6213962 

SRR5111209, 

SRR5111210 

(51) 

HDAC2 Histone deacetylase GSE91451 SRR5111049, 

SRR5111050 

SRR5111209, 

SRR5111210 

(51) 

HDAC3 Histone deacetylase GSE127356 SRR8659957, 

SRR8659958 

SRR5111896, 

SRR5111897 

(51) 

Label description Source ID Reference 

DNAse DNase I accessibility ENCFF413AHU, 

ENCFF936BDN 

(51) 

Dam  Dam methylase accessibility 4DNESTAJJM3X (21) 

LMNB1 DamID of Lamin B1; nuclear 

lamina interactions 

4DNESTAJJM3X (21) 

Late 

repli. 

Late replicating DNA regions 4DNFIBIZK6EY, 

4DNFIRKOXCUW, 

4DNFI5TMO13R, 

4DNFIUCL6QG2 

(56) 

TTseq TT-seq; transcribed regions Bigwig tracks provided by 

authors 

(57) 

5mC 5-methyl-cytosine  ENCFF872YSC, 

ENCFF669KCI 

(51) 
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Table S8: CCD similarity scores of proteins with physical interactions (curated by BioGrid) 904 

Separate excel file (xv20220913_Table_S8_BioGRID_interaction_CCD.xlsx) 905 

 

Table S9: Mapped indels in BRCA2+/+ and BRCA2-/- tumors. 906 

Separate excel file (xv20220922_Table_S9_indel_mutations_tumors_COSMIC.xlsx) 

 

Table S10: Mapped structural variants in BRCA2+/+ and BRCA2-/- tumors. 907 

Separate excel file (xv20220922_Table_S10_SV_mutations_tumors_BRASS.xlsx) 
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SUPPLEMENTARY FIGURES 908 

Fig. S1: Screen replicate reproducibility and distribution of Dlog2MMEJ:NHEJ values. 909 

 910 

 911 

Fig. S1: Screen replicate reproducibility and distribution of Dlog2MMEJ:NHEJ values. A-C) Pairwise 912 

correlations of log2MMEJ:NHEJ values of individual IPRs between replicate experiments R1, R2 and R3, 913 

after application of quality filters as described in step 3 of the data processing. R denotes Pearson correlation 914 

coefficient. D) Dynamic range of &log2MMEJ:NHEJ balances after averaging of replicates.  915 
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Fig. S2: z-transformation and combining of replicate measurements of log2MMEJ:NHEJ 916 

values. 917 

 918 

Fig. S2: z-transformation and combining of replicate measurements of log2MMEJ:NHEJ values. A) 919 

Histogram of log2MMEJ:NHEJ balance of mock KO transfected samples of a single IPR (IPR_barcode: 920 

CATTTCTGATCAATAA). The fitted normal distribution is depicted in black. Mean (black) and mean ± one 921 

standard deviation (grey) highlighted with vertical dotted lines. In red, log2MMEJ:NHEJ balance of RAD50 922 

KO is plotted as an example to illustrate the z-score transformation for a single protein. A red arrow is 923 

displayed connecting RAD50 KO data point in replicate #1 panel A and B. Each panel represents a different 924 

replicate and a similar arrow could be drawn for the other replicates as well. B) Beeswarm plot of the z-score 925 

transformed log2MMEJ:NHEJ balance of KO samples for a single reporter (CATTTCTGATCAATAA) 926 

(Formula 4). C) z-score transformed log2MMEJ:NHEJ balance perturbations after combining three replicates 927 

for every MMEJ:NHEJ pathway reporters by the Stouffer9s method (Formula 5). A value outside the [-928 

1.96,1.96] range is considered to be significant with a significance level of >95%. Positive values represent 929 
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proteins that favor NHEJ (green dots and arrow) and negative values proteins that favor MMEJ (brown dots 930 

and arrow).  931 
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Fig. S3: Principal component regression analysis. 932 

 933 

 Fig. S3: Principal component regression analysis. A) Principal Component Regression workflow. First, 934 

a principal component analysis (PCA) was run with 25 chromatin feature values for each IPR. Second, 935 

exploration of the PCA revealed that the first three PCs recapitulate most of the chromatin feature variance. 936 

Third, a linear model with three principal components was ran for each protein and the performance was 937 

assessed by predicted vs. measured comparison. B) Percentage of variance explained by the first five PCs. 938 

C) Bar graph showing the weight of each chromatin feature for PC1, PC2 and PC3. Bars are coloured 939 

according to the chromatin context they represent: Triple heterochromatin (purple), H3K27me3 940 

heterochromatin (pink), transcription (light orange) and enhancers/promoters (orange).  941 
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Fig. S4: Examples of linear fit correlation with individual chromatin features. 942 

 943 

 Fig. S4: Examples of linear fit correlation with individual chromatin features. Examples of three 944 

proteins with significant CCDs on individual chromatin features. All correlation plots show data of the 19 IPRs, 945 

the linear regression fit, and regression analysis parameters that are relevant for the synergy score. (R = 946 

Pearson correlation coefficient, p.value = p value of the correlation coefficient, slope = slope of the linear fit, 947 

synergy score = final value of CCD interaction between protein and chromatin feature after corrections). Color 948 

scheme of the figure shows if the protein - chromatin feature has an M-synergy (brown), N-synergy (green) 949 

or no synergy (black). A) N-synergy between BRCA2 and H3K4me1. B) No synergy between BRCA2 and 950 

H3K9me2. This interaction is explained by the absence of the chromatin feature and therefore is discarded 951 

(favor NHEJ and slope < 0). C) No synergy between RAD50 and H3K4me3. Same as for B applies here 952 

(favor MMEJ and slope > 0). D) M-synergy between RAD50 and interactions with the nuclear lamina 953 

(LMNB1). E) N-synergy between BOD1L and H3K4me1. F) M-synergy between BOD1L and late replicating 954 

chromatin.   955 
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Fig. S5: Estimation of genome-wide dynamic ranges of chromatin features. 956 

957 

Fig. S5: Estimation of genome-wide dynamic ranges of chromatin features. In grey, distribution of 958 

genome-wide chromatin scores, with the 99% confidence interval (99CI) marked by the horizontal black lines 959 

(top 0.5% and bottom 0.5%). In red, chromatin scores of all 19 IPRs in clone 5 for which MMEJ:NHEJ balance 960 

was measured in the screen.  961 
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Fig. S6: ATM and DNAPK inhibitor effects.  962 

 963 

Fig. S6: ATM and DNAPK inhibitor effects. A) &log2MMEJ:NHEJ of ATM and DNAPKcs inhibitor of each 964 

IPR. B) Adjusted p-values of Student9s t-test comparing &log2MMEJ:NHEJ scores in ATM and DNAPKcs 965 

inhibited compared to the vehicle control (n = 3) for each reporter. This test was used to confirm significance 966 

of the changes in the log2MMEJ:NHEJ. 967 

 968 

 969 

  970 
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Fig. S7: Editing efficiency estimation.  971 

 972 

Fig. S7: Editing efficiency estimation. A) Transcribed (n = 8) and non-transcribed (n = 11) IPRs in clone 973 

5. We classified IPRs based on the transcription-related feature signals (light orange). B) Editing efficiencies 974 

in transcribed IPRs for each replicate in mock transfected samples (n = 33). Error bars show mean ± sd. 975 

 976 

  977 
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Fig. S8: BRCA2+/+ and BRCA2-/- mutation analysis.  978 

 979 

Fig. S8: BRCA2+/+ and BRCA2-/- mutation analysis. (A) log2 fold change of average frequencies of the five 980 

short indel signatures (see Methods) called per tumor in BRCA2-/- compared to BRCA2+/+. (B-C) Distribution 981 

of NHEJ and MMEJ counts over euchromatin (Eu.) and constitutive lamina-associated heterochromatin (Het.) 982 

in BRCA2+/+ tumors (B) and BRCA2-/- tumors (C). For each tumor type a Fisher's exact test was applied to 983 

test for differential distribution of NHEJ and MMEJ counts between Het and Eu.(D) Similar analysis as in B-984 

C bottom rows, showing total number of large deletions with MH at break sites in euchromatin (Eu.) and 985 

constitutive lamina-associated heterochromatin (Het.) in BRCA2+/+ and BRCA2-/- tumors. 986 
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