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SUMMARY
DNAdouble-strand break (DSB) repair ismediated bymultiple pathways. It is thought that the local chromatin
context affects the pathway choice, but the underlying principles are poorly understood. Using amultiplexed
reporter assay in combination with Cas9 cutting, we systematically measure the relative activities of three
DSB repair pathways as a function of chromatin context in >1,000 genomic locations. This reveals that
non-homologous end-joining (NHEJ) is broadly biased toward euchromatin, while the contribution of micro-
homology-mediated end-joining (MMEJ) is higher in specific heterochromatin contexts. In H3K27me3-
marked heterochromatin, inhibition of the H3K27 methyltransferase EZH2 reverts the balance toward
NHEJ. Single-stranded template repair (SSTR), often used for precise CRISPR editing, competes with
MMEJ and is moderately linked to chromatin context. These results provide insight into the impact of chro-
matin on DSB repair pathway balance and guidance for the design of Cas9-mediated genome editing exper-
iments.
INTRODUCTION

The repair of DNA double-strand breaks (DSBs) is crucial for ge-

netic stability. In addition, it is a key step in CRISPR-Cas9-medi-

ated genome editing (Jasin and Haber, 2016; Yeh et al., 2019).

Several pathways can repair DSBs, including classical non-ho-

mologous end-joining (NHEJ), homologous recombination

(HR), and microhomology-mediated end-joining (MMEJ) (Chang

et al., 2017; Iliakis et al., 2015;McVey and Lee, 2008; Scully et al.,

2019; Yeh et al., 2019). NHEJ directly re-joins blunt-endedDSBs,

while HR typically uses the intact sister chromatid in G2 phase as

a template to mend the break. In contrast, MMEJ recombines

short homologous sequences that are close to either end of

the DSB and consequently results in a small deletion. An addi-

tional variant is single-stranded template repair (SSTR), a type

of homology-directed repair that requires a single-stranded

oligodeoxynucleotide (ssODN) donor sequence (Lin et al.,

2014; Richardson et al., 2016). SSTR is highly relevant because

it is leveraged in CRISPR-Cas9-mediated genome editing to

generate precisely designed small mutations, such as point mu-

tations or small insertions or deletions (indels) (DeWitt et al.,

2016; Okamoto et al., 2019; Riesenberg et al., 2019).
2216 Molecular Cell 81, 2216–2230, May 20, 2021 ª 2021 The Autho
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Which pathway repairs a particular DSBdepends in part on the

local DNA sequence (Allen et al., 2018; Chakrabarti et al., 2019;

Chen et al., 2019; Shen et al., 2018) and on the stage of the cell

cycle (reviewed in Chapman et al., 2012; Hustedt and Durocher,

2016; Mladenov et al., 2016). In addition, local chromatin pack-

aging can affect the choice of repair pathway (Clouaire and Le-

gube, 2015; Jeggo and Downs, 2014; Kalousi and Soutoglou,

2016; Scully et al., 2019). Most studies of chromatin effects so

far have focused on the balance between HR and NHEJ. For

example, the histone modification H3K36me3, which is present

along active transcription units, is thought to promote HR (Ay-

mard et al., 2014; Carvalho et al., 2014; Clouaire et al., 2018;

Daugaard et al., 2012; Pfister et al., 2014). Paradoxically, H3K9

di- or trimethylated (H3K9me2/3) heterochromatin, which pack-

ages transcriptionally inactive regions of the genome, has also

been implicated in promoting HR (Alagoz et al., 2015; Baldeyron

et al., 2011; Lee et al., 2013; Soria and Almouzni, 2013; Sun et al.,

2009), although some single-locus studies in mouse and fruit fly

found no major change in the balance between NHEJ and HR

when a sequence was shifted between heterochromatin and

euchromatin states (Janssen et al., 2016; Kallimasioti-Pazi

et al., 2018). Furthermore, reduced binding of HR proteins was
rs. Published by Elsevier Inc.
creativecommons.org/licenses/by-nc-nd/4.0/).
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observed at a locus that was artificially tethered to the nuclear

lamina (Lemaı̂tre et al., 2014), suggesting that spatial positioning

of the DSB inside the nucleus may also play a role.

Much less is known about the impact of chromatin on MMEJ

and SSTR. Like HR, these pathways require resection of the

DNA ends to produce single-stranded DNA overhangs, but

downstream of this step, the mechanisms and responsible pro-

teins diverge (Chang et al., 2017; Scully et al., 2019; Yeh et al.,

2019). It is thus possible that the local chromatin environment

also modulates MMEJ and SSTR in unique ways, but this has re-

mained largely unexplored (Clouaire and Legube, 2019; Mitrentsi

et al., 2020).

One strategy to investigate the impact of local chromatin

context on repair pathway balance is to generate DSBs at

various genomic locations with known chromatin states and

compare pathway use across these locations (Chakrabarti

et al., 2019; Clouaire et al., 2018; van Overbeek et al., 2016).

However, with such an approach it is difficult to separate the ef-

fects of chromatin context from the effects of sequence context

because both vary simultaneously along the genome. Ideally,

different chromatin contexts are compared while the sequence

context is kept fixed.

Here, we report a strategy that effectively tackles these chal-

lenges in human cells. The strategy consists of two parts. First,

we used a reporter that, when cut with Cas9, produces distinct

‘‘scars’’ when repaired by either NHEJ, MMEJ, or SSTR; high-

throughput sequencing of these scars provides highly accurate

measurements of the relative contributions of the three path-

ways. Second, we used a modification of our TRIP (thousands

of reporters integrated in parallel) method (Akhtar et al., 2013)

to insert this reporter into >1,000 random genomic locations,

tracking each individual reporter in parallel by molecular barcod-

ing. We thus systematically measured the relative contributions

of NHEJ, MMEJ, and SSTR as a function of chromatin context

in >1,000 genomic locations. This yielded datasets that (1)

comprehensively sample the broad diversity of chromatin ‘‘fla-

vors’’ across the entire genome, (2) bypass the confounding ef-

fects of varying sequence context, and (3) probe the three path-

ways with high accuracy and sensitivity. The results provide a

detailed view of the impact of chromatin context on the relative

activities of the three repair pathways.

RESULTS

Multiplexed DSB repair pathway assay: Principle
We developed a strategy to measure the relative contribution of

several DSB repair pathways in more than 1,000 genomic loca-

tions that include all known common chromatin states. The strat-

egy involves a pathway-specific reporter construct that contains

a short DNA sequence (derived from the human LBR gene) that

predominantly produces a +1 insertion or a�7 deletion when cut

at a specific base pair position by Cas9 (Figure 1A). We previ-

ously found that these two indels are primarily the result of

NHEJ (+1) and MMEJ (�7), respectively (Brinkman et al.,

2018), and we provide additional support below. The relative

abundance of these signature indels can therefore be interpreted

as a measure of the relative contribution of these two pathways.

Furthermore, this readout can be extended to include SSTR and
translocations (see below). We note that HR cannot be detected

with this assay, because HR generally repairs DSBs perfectly,

and perfectly repaired DNA cannot be distinguished from uncut

DNA. However, we previously estimated that perfect repair of

this reporter sequence is rare and by inference that the contribu-

tion of HR is likely to be very minor (Brinkman et al., 2018).

Further evidence supporting this inference is presented below.

With this reporter, we implemented a variant of the TRIP tech-

nology (Akhtar et al., 2013) to systematically probe the effects of

many chromatin environments on the repair pathway use. We in-

serted the reporter sequence into a PiggyBac transposon vector,

together with a 16 bp random barcode sequence that was

located 56 bp from the DSB site (Figure 1B). We then randomly

integrated this construct into the genomes of pools of K562 cells

(Figure 1C). We chose K562 cells because the chromatin land-

scape has been extensively characterized. From one of these

pools, we also generated several clones for smaller scale exper-

iments. Each copy of the integrated reporter carried a different

barcode. We mapped the genomic locations of these integrated

pathway reporters (IPRs) together with their barcode sequences

by inverse PCR (Akhtar et al., 2013). Next, after Cas9-mediated

DSB induction and the ensuing repair, we determined the accu-

mulated spectrum of indels of each individual IPR in a multi-

plexed fashion, by PCR amplification (see primer locations in

Figure 1C) followed by high-throughput sequencing. Because

each barcode is linked to its genomic location, the sequence in-

formation enabled us to infer the relative DSB repair pathway use

at each location. Comparison of the resulting data with the local

chromatin state of the IPRs then provides insight into the impact

of chromatin context on DSB repair pathway use.

Implementation and validation of the multiplexed
reporter assay
For these experiments we used a human K562 cell line that ex-

presses Cas9 protein in an inducible manner (Brinkman et al.,

2018). We generated two cell pools with 979 and 1,099 (total

2,078) uniquely mapped IPRs (Figures 2A and S1A). In addition,

we established 14 clonal cell lines, for which the barcodes and

locations were also mapped by inverse PCR and tagmentation

(Stern, 2017). On average these clones carried 6.8 integrations,

which we take as an estimate of the numbers of integrations

per cell in the cell pools. For some additional analyses described

below, we used one clone (clone 5) with 19mapped IPRs that are

located across most major chromatin types (Figures S1A

and S1B).

Next, we induced Cas9 in the cell pools by ligand-dependent

stabilization (Banaszynski et al., 2006) and transfection with the

single guide RNA (sgRNA) (named sgRNA-LBR2). We collected

genomic DNA after 64 h and determined the indel spectra of all

IPRs. At this time point, indel accumulation in the LBR gene

has reached near saturation (Brinkman et al., 2018). After

applying stringent quality criteria (see STAR Methods), we ob-

tained robust indel spectra of 1,229 IPRs (Figure S1A); the other

IPRs were mostly discarded because they were insufficiently

represented in the cell pools. Overall, the IPRs of both pools

showed a similar pattern of indels as the endogenous LBR

sequence in the same cells, dominated by +1 and�7 indels (Fig-

ures 2B, 2C, S1C, and S1D). This supports previous findings that
Molecular Cell 81, 2216–2230, May 20, 2021 2217
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Figure 1. Principle of multiplexed DSB

repair pathway reporter assay

(A) Left panel: sequences of the most common

insertions and deletions produced after break and

repair induced with sgRNA LBR2. Inserted nucle-

otide in red, microhomologies are underlined.

Right panel: indel frequency distribution after

cutting the LBR gene. Negative indel sizes refer to

deletions, positive sizes refer to insertions. The +1

and �7 indels are marked in red and blue,

respectively.

(B) Schematic of the TRIP construct. ITR, inverted

terminal repeat of PiggyBac transposable

element; the LBR gene-derived sequence is

shown in light green, with the sgRNA target

sequence in dark green. PCR primers are indi-

cated by the arrows (F and R).

(C) Schematic of the TRIP experimental setup. See

main text.

ll
OPEN ACCESS Article
the sequence determines the overall indel pattern (Allen et al.,

2018; Chakrabarti et al., 2019; Chen et al., 2019; Shen et al.,

2018; van Overbeek et al., 2016), but we also observe clear var-

iations in indel frequencies.

As noted before (Brinkman et al., 2018), the�7 deletions come

in two variants that both involve 3 nt microhomologies (Fig-

ure 1A), consistent with MMEJ. To further verify that the +1

and �7 indels indeed represent NHEJ and MMEJ, respectively,

we depleted or inhibited several pathway-specific proteins

(Chang et al., 2017; Scully et al., 2019) in either the pools or clone

5 (Figure S2). The +1 insertion was strongly reduced, and the�7

deletion was increased by inhibition of DNA-PKcs by the com-

pounds NU7441 (Figures S2A and S2B) or M3814 (Figure S2C).

DNA-PKcs is a key component of NHEJ (Gottlieb and Jackson,

1993). In contrast, the �7 deletions but not the +1 insertion

were selectively reduced upon depletion of DNA polymerase

theta (POLQ) and CTIP (also known as RBBP8), which are pro-
2218 Molecular Cell 81, 2216–2230, May 20, 2021
teins of the MMEJ pathway (Chan et al.,

2010; Mateos-Gomez et al., 2015; Sartori

et al., 2007) (Figures S2D–S2F). Knock-

down of HR factors BRCA1 and BRCA2

did not affect the �7 deletion, and

BRCA1 knockdown caused a slight

decrease of the wild-type sequence and

an increase of the +1 insertion (Figures

S2G–S2I). The latter observation could

point to a small role of HR in repairing

DSBs in an error-free manner. Depletion

of Rad51 resulted in a reduction of the

�7 deletion (Figures S2D–S2H); however,

even without DSB induction, this caused

a reduction in cell viability to 78% (95%

confidence interval [CI] = 65.3%–91.1%,

p = 1.98e-05, one-sample t test, n = 6),

making it difficult to interpret these re-

sults. Aside from this latter experiment,

all evidence indicates that the +1 and

�7 indels are primarily the result of
NHEJ and MMEJ, respectively, and that the contribution of HR

is minor at Cas9-induced DSBs.

Detection of large genomic rearrangements
The sequencing of the repair ‘‘scars’’ indicated that large indels

are very rare (Figure S1C). However, because of the length of the

sequence reads, we could not capture any deletions >119 bp,

nor translocations and other rearrangements that might occur.

We therefore modified a tagmentation-based approach (Gian-

noukos et al., 2018; Stern, 2017) to identify distal genomic se-

quences that became ligated to the IPRs after Cas9 activation

(Figure S2J). We applied this assay to clone 5. The results indi-

cate that large indels, inversions, and translocations occur with

a relative frequency of approximately 4% (Figure S2K). As may

be expected (Frock et al., 2015), these rearrangements preferen-

tially occur in cis, with a bias for shorter distances (Figures S2L

and S2M). The LBR gene, which is also cut by sgRNA-LBR2, is
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Figure 2. Multiplexed detection of DSB repair pathway use

(A) Genomic integration coordinates of 1,229 uniquely mapped IPRs (both cell

pools combined) that passed filtering as described in STAR Methods and are

used in this work.

(B) Indel frequency distributions of six randomly selected IPRs, 64 h after Cas9

induction. Data are average of six independent replicates. Error bars are ±SD.

Gray, wild-type sequence; red, +1 insertion, diagnostic of NHEJ; blue, �7

deletion, diagnostic of MMEJ; black, other indels.
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involved in about 22.2% and 16.4% of the long-range rearrange-

ments with IPRs in cis and trans respectively (Figures S2L and

S2M). This is particularly frequent for an IPR located ~0.5 Mb

away on the same chromosome. Unfortunately, because of a

technical limitation (see STAR Methods) we were unable to reli-

ably detect junctions between two IPRs. However, considering

that there are four alleles of the LBR gene in K562 cells (Brinkman

et al., 2018) and an estimated 6.8 IPRs/cell in our cell pools, it

seems unlikely that IPR-IPR junctions occur with a total fre-

quency of more than 1% (see STAR Methods). Although the

detection of rearrangements by this approach may not be fully

quantitative because of possible technical biases, we conclude

that IPRs are involved in inversions, large deletions, and translo-

cations. Yet the frequency of these rearrangements is generally

too low to substantially skew our estimates of MMEJ and NHEJ.

Effects of chromatin context on overall indel
frequencies
Using the indel spectra from the two cell pools, we first investi-

gated the impact of chromatin context on total indel frequencies

(TIFs; i.e., the proportion of reporter sequences carrying any type

of indel). Across the IPRs these frequencies varied from ~25% to

~100% (Figures 3A and 3B). This variationmost likely reflects dif-

ferences in either the cutting efficiency by Cas9 or the DSB repair

rate, or both. The fact that in some IPRs the TIFs approached

100% indicates that virtually all cells received the sgRNA in our

transfection protocol. We repeated these experiments with three

different sgRNAs targeting different sequences in the same re-

porter (Figures 3A, 3B, and S3A). This yielded overall indel fre-

quencies that strongly correlated with sgRNA-LBR2 and with

each other, although with sgRNA-LBR2 we may have approxi-

mated saturation of indels more than with the other sgRNAs (Fig-

ures 3B, 3C, and S3B).

Because the sequences of the IPRs are identical (except for

the short barcodes located 56 bp from the cut site), the differ-

ences in indel frequencies across integration sites are presum-

ably due to variation in the local chromatin environment. To

investigate this, we correlated the indel data for each sgRNA

with a curated set of 24 genome-wide maps of chromatin fea-

tures that represent most of the known main chromatin types,

including a multitude of markers of transcription and active reg-

ulatory elements; chromatin accessibility; DNA methylation; and

heterochromatic features such as the histone modifications

H3K27me3, H3K9me2, late replication, and nuclear lamina inter-

actions (Tables S1 and S2) (Chen et al., 2018; Dekker et al., 2017;

ENCODE Project Consortium, 2012; Leemans et al., 2019; Ott

et al., 2018; Salzberg et al., 2017; Schmidl et al., 2015; Schwalb

et al., 2016; Shah et al., 2018). The IPRs lack gene regulatory el-

ements and are only 640 bp long and may thus be expected to

adopt the local chromatin state. Chromatin immunoprecipitation

(ChIP) experiments for three histone modifications generally

confirmed this (Figure S3C). This is consistent with previous

studies showing that integrated reporters adopt and strongly
(C) Indel frequencies of all IPRs shown in (A), 64 h after Cas9 induction. Data

are average of two to six independent replicates.

See also Figures S1 and S2.
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Figure 3. IPR total indel frequency varies as

a function of chromatin context

(A) Schematic of the IPR with four different gRNA

target sites indicated by arrowheads, oriented

toward the PAM.

(B) Total indel frequency distributions of IPRs after

cutting with each sgRNA, shown as density plots,

which can be interpreted as smoothed histo-

grams. For each sgRNA, IPRs were included only

if they yielded reliable data in at least two inde-

pendent experiments (LBR2: 1,010 IPRs [n = 2–8];

LBR1: 956 IPRs [n = 2]; LBR12: 942 IPRs [n = 2];

LBR15: 932 IPRs [n = 2]). Indel frequencies were

not corrected for transfection efficiency, which we

infer to be close to 100% because some IPRs

have indel frequencies near 100%.

(C) Scatterplots of total indel frequencies obtained

with LBR2 versus the three other sgRNAs. r is

Spearman’s rank correlation coefficient.

(D) Spearman’s correlations between total indel

frequencies in IPRs and the local intensities of 24

chromatin features at the IPR integration sites, for

each sgRNA. p < 0.01 for all correlations. Chro-

matin features are ordered by the LBR2 correla-

tion coefficients.

(E) Total indel frequency at each IPR obtained with

LBR2 sgRNA, split into different combinations of

heterochromatin features present, as indicated by

black dots in the scheme below the graph. Red

lines show median values. Boxed numbers indi-

cate the number of IPRs in each group; only

groups with >20 IPRs are shown. Asterisks mark p

values according toWilcoxon test, compared with

euchromatin IPRs (leftmost column): *p < 0.05,

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

(F) Same as (E) but for the other three sgRNAs.

See also Figure S3.
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respond to the local chromatin state (Akhtar et al., 2013; Corrales

et al., 2017; Leemans et al., 2019). We therefore assume that the

chromatin state of the integration positions is a reasonable

approximation of the chromatin state of the IPRs themselves.

Indel frequencies at the IPRs generally correlated positively

with variousmarkers of euchromatin and negatively withmarkers

of heterochromatin. These correlations were highly consistent

between the four sgRNAs that we tested (Figure 3D); minor dif-

ferences may reflect differences in statistical power or subtle

modulating effects of the DNA sequence at the broken ends.

On average, IPRs integrated in heterochromatin regions showed

lower indel frequencies than in euchromatic regions. However,

within heterochromatin, the magnitude of this effect varied de-

pending on the specific combination of features (Figures 3E

and 3F). The most pronounced effect was observed in regions

marked by the combination of H3K9me2, lamina-associated do-

mains (LADs), and late replication (further referred to as triple

heterochromatin). In these regions the distribution of indel fre-

quencies is bimodal. This is similar to TRIP reporters of promoter

activity, which also tend to show a bimodal distribution of activ-

ities across LADs, correlating with local chromatin features (Lee-

mans et al., 2019). Differences in lamina interactions and replica-

tion time could explain part of the bimodal distribution of indel

frequencies (Figure S3D). Remarkably, when H3K27me3 is

additionally present, the reduction of indel frequencies is less
2220 Molecular Cell 81, 2216–2230, May 20, 2021
pronounced, and regions marked by H3K27me3 alone only

slightly affect indel frequencies compared with euchromatin.

Thus, H3K27me3 only mildly impedes Cas9 editing and may

even counteract the effects of other heterochromatin features.

Regions marked by H3K9me2 together with either late replica-

tion or lamina interactions (but not both) show only marginally

reduced indel frequencies, compared with the triple-marked re-

gions (Figures 3E and 3F). For euchromatic regions, we did not

survey combinatorial effects, because there are too many

possible combinations and hence statistical power is

insufficient.

Together, these results indicate that the overall indel fre-

quency depends on the local chromatin context and that hetero-

chromatin features are correlated with the efficiency of indel

accumulation in a combinatorial manner. These effects may be

through modulation of Cas9 cutting efficiency, modulation of in-

del-forming repair rates, or both.

Impact of chromatin context on MMEJ:NHEJ balance
Next, we analyzed the variation in the balance between MMEJ

and NHEJ, throughout this paper referred to as ‘‘MMEJ:NHEJ

balance’’ and defined for each IPR as the number of �7 reads

over the sum of �7 and +1 reads. Importantly, this metric intrin-

sically corrects for any differences in cutting efficiencies,

because it scores only sequences that were broken and
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Figure 4. Chromatin context effects on MMEJ:NHEJ balance and protein binding

(A) Variation in indel composition across IPRs. Red, +1 (NHEJ); blue, �7 (MMEJ); black, other indels (unknown pathway). IPRs are ordered by +1 insertion

frequency (1,171 IPRs, two to eight independent experiments).

(B) MMEJ:NHEJ balance distribution across all IPRs.

(C) Spearman’s correlation coefficients of MMEJ:NHEJ balance versus the local intensities of 24 chromatin features. p < 0.001 for all correlations.

(D)MMEJ:NHEJ balance per IPR, split into different combinations of heterochromatin features similar to Figure 3E; see Figure S4D for all groups. Asterisksmark p

values according to the Wilcoxon test, compared with euchromatin IPRs (leftmost column): *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

(E) MMEJ:NHEJ balance of IPRs in triple heterochromatin, colored by levels of H3K9me2, LMNB1, or replication timing.

(F) Correlation between total indel frequency and MMEJ:NHEJ balance across all IPRs.

(G) Barcode counts (normalized log2 values) of IPRs in clone 5 after ChIP of indicated proteins, 16 h after Cas9 induction with (cut) or without (uncut) sgRNA LBR2.

(legend continued on next page)
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repaired. TheMMEJ:NHEJ balance varies profoundly depending

on the integration site (Figures 4A, 4B, and S4A). Globally, it cor-

relates negatively with markers of euchromatin and positively

with markers of heterochromatin (Figures 4C and S4B). The

strongest negative correlations were observed for H3K4me1,

H3K4me2, and H3K27ac, which are histone modifications that

primarily mark enhancers and to a lesser extent promoters (Gas-

perini et al., 2020), and TT-seq, which measures transcription

activity (Schwalb et al., 2016). Positive correlations occur with

multiple markers of heterochromatin such as H3K27me3,

H3K9me2, and LADs. Thus, in heterochromatin theMMEJ:NHEJ

balance is generally higher than in euchromatin.

Cutting of the IPRs by Cas9 in combination with each of the

other three sgRNAs yields rather complex indel spectra (Fig-

ure S3A). When we provisionally assigned each of these indels

to either MMEJ or NHEJ (on the basis of their sensitivity to

M3814 treatment; see STAR Methods), we observed consis-

tently that the MMEJ:NHEJ balance is higher in heterochromatin

than in euchromatin (Figure S4C). Thus, the results are consis-

tent among all sgRNAs tested, although sgRNA LBR2 is more

suited to measure the two pathways.

Within heterochromatin, we further explored whether certain

combinations of chromatin features are more predictive than

others. The strongest effect on the balance was observed in

IPRs located in regions marked by triple heterochromatin (Fig-

ures 4D and S4D). As for the TIF, the bimodal distribution of

the triple heterochromatin group can be partly explained by local

differences in levels of lamina interactions and replication timing

(Figure 4E). Regions marked by two of these three features

showed less pronounced but significant increases in MMEJ:N-

HEJ balance compared with euchromatin regions, as did regions

marked by H3K27me3. Altogether, these data show that the bal-

ance between MMEJ and NHEJ is broadly linked to the global

heterochromatin/euchromatin dichotomy, and within hetero-

chromatin depends on the local combination of heterochromatin

features.

Overall, the patterns of MMEJ:NHEJ balance (Figure 4C) and

indel frequencies (Figure 3D) appeared to mirror each other.

Indeed, across all IPRs the two variables correlate, although

imperfectly (Spearman’s correlation coefficient = �0.57) (Fig-

ure 4F). This correlation does not necessarily imply a causal rela-

tionship. But it seems improbable that the cutting rate itself

determines the pathway balance.

Repair protein binding is linked to pathway balance and
chromatin context
To testwhether the variation in pathwaybalances across the IPRs

may be explained by differences in presence of pathway-specific

repair proteins, we conductedChIP experiments on clone 5 cells.

We probed the occupancy of several proteins at the IPR barco-

des (i.e., close to the break sites) within the resolution of ChIP.

We focused on time point 16 h after Cas9 induction, at which
(H) Same ChIP data as (G) under cut conditions, but now corrected for estimated c

p values refer to the Pearson’s correlation withMMEJ:NHEJ balance; top p values

(Wilcoxon test); blue line and gray shading show linear regression fit with 95% con

association, and late replication; euchromatin is here defined as the absence of

See also Figure S4.
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wepreviously found the largest amount of brokenDNA (Brinkman

et al., 2018). The results show that MRE11 (involved in early DSB

detection and processing), LIG4 (specific to NHEJ), POLQ (spe-

cific to MMEJ), and RAD51 (specific to HR) can all be detected

at each IPR when Cas9 cutting is induced (Figure 4G). Thus,

the binding of these proteins appears to be universal across

different chromatin contexts. However, correction of the ChIP

signals for the approximate cutting frequency (see STAR

Methods) revealed quantitative trends. As expected, the levels

of LIG4 and POLQat the IPRs are negatively and positively corre-

latedwith theMMEJ:NHEJ balance, respectively, although these

trends are of borderline statistical significance (Figure 4H). Sur-

prisingly, binding of MRE11 shows a strong negative correlation

with the MMEJ:NHEJ balance and a significant preference for

euchromatin compared with triple heterochromatin. Finally,

binding of RAD51 shows no significant correlation with the

MMEJ:NHEJ balance, although is shows an overall preference

for euchromatin over triple heterochromatin. We conclude that

proteins of all major pathways are present at each DSB, with

quantitative differences that may in part explain the observed

pathway preferences.

Different kinetics of MMEJ engagement between
chromatin types
To explore how the difference in pathway balance between het-

erochromatin and euchromatin develops over time after DSB

induction, we conducted time-series experiments.We used a ro-

botics setup to collect DNA samples every 3 h over a period of

3 days following Cas9 activation. For these experiments we

focused on clone 5; because all 19 IPRs in this clone are in the

same cell, their repair kinetics can be directly compared.

As expected, Cas9 activation resulted in a gradual accumula-

tion of +1 and �7 indels in all IPRs, concomitant with a loss of

wild-type sequence (Figures 5A and S5). These kinetics were

generally slower in regions in triple heterochromatin (e.g., IPRs

7, 14, and 16; Figure S5). Remarkably, the MMEJ:NHEJ balance

was not constant over time but was strongly skewed toward

NHEJ at the early time points and gradually shifted toward

MMEJ for all IPRs, culminating in a plateau approximately 50 h

after Cas9 activation (Figure 5B). This points to a delayed use

of the MMEJ pathway, as we had observed previously for a sin-

gle locus (Brinkman et al., 2018). This buildup of MMEJ use may

occur eventually at most DSBs. However, over time the pathway

balance diverged between IPRs in different chromatin environ-

ments, with nearly all heterochromatic IPRs developing a higher

MMEJ:NHEJ balance than the euchromatin IPRs (Figure 5B).

Overall robustness of pathway balance in
heterochromatin
We then investigated the role of several heterochromatin fea-

tures in pathway balance by perturbation experiments. To distin-

guish direct from indirect effects, we compared theMMEJ:NHEJ
utting efficiencies at t = 72 h and plotted against MMEJ:NHEJ balance. Bottom

refer to the difference between IPRs in euchromatin and triple heterochromatin

fidence interval. Triple heterochromatin is the combination of H3K9me2, lamina

any heterochromatin features.
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Figure 5. Accumulation of indels over time

(A) Time curves of the +1 insertion (red) and �7 deletion (blue) in single IPRs located in three different types of chromatin. See Figure S5 for plots of all 19 IPRs in

clone 5. Dots are measured values; lines are fitted sigmoid curves.

(B) Shifting MMEJ:NHEJ balance over time in 19 IPRs of clone 5, colored by chromatin type.

Data in (A) and (B) are averages of two independent experiments. See also Figure S5.
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balance of IPRs in regions with the to-be-perturbed feature to

that of IPRs in regions already lacking the feature prior to treat-

ment. Direct effects should primarily alter the MMEJ:NHEJ bal-

ance in regions originally marked by the feature.

We first reduced the levels of H3K9me2 by treatment with the

G9a inhibitor BIX01294 (Figures S6A–S6C). This did not alter the

MMEJ:NHEJ balance in H3K9me2 domains, except when in

combination with LADs and late replication, where the balance

increased slightly (p = 0.02; Figure S6A).

We then tested the effect of GSK126, a compound that inhibits

theH3K27me3methyltransferase EZH2 and causes a global loss

of H3K27me3 (Figures S6D and S6E). This inhibitor caused a sig-

nificant reduction of the MMEJ:NHEJ balance in H3K27me3-

only domains compared with euchromatin regions (p = 2e-11),

as well as in virtually all domain combinations that include

H3K27me3 (Figure 6A). Because the IPRs in the H3K27me3 do-

mains are in the same cell pools and receive exactly the same

drug treatment as the euchromatic IPRs, the effect of GSK126

must be local in the genome; as GSK126 reduces H3K27me3

levels, we conclude that its effect in the H3K27me3 domains is

direct. Unexpectedly, GSK126 treatment also reduced levels of

H3K9me2 (Figures S6B and S6C) and also slightly lowered the

MMEJ:NHEJ balance in the triple heterochromatin domains

(p = 5.6e-05), but not in the single H3K9me2 domains. The

most prominent shift in balance was, however, in H3K27me3 do-

mains, pointing to a local effect of this histone modification on

MMEJ:NHEJ balance.

Finally, because IPRs in LADs often show a high MMEJ:NHEJ

balance, we used CRISPR-Cas9 editing to derive cell lines from

clone 5 that lacked Lamin A/C (LMNA) or Lamin B receptor (LBR)

(Figures S6F–S6I). These two lamina proteins are important for

the peripheral positioning of heterochromatin (Clowney et al.,

2012; Solovei et al., 2013), and LMNA has been implicated in

the control of NHEJ by sequestering 53BP1 (Redwood et al.,

2011). Using the pA-DamID method, we mapped genome-

wide changes in lamina interactions in four knockout (KO) clones

each of LMNA and LBR. LMNA-KO cells showed very few

changes in lamina interactions, while the LBR-KO clones

showed many regions with either gains or losses in lamina inter-
actions. A detailed analysis of these changes will be reported

elsewhere. Here, we investigated whether changes in lamina in-

teractions of the IPRs coincide with changes MMEJ:NHEJ

balance.

The majority of the IPRs did not undergo substantial changes

in lamina interactions in either the LMNA- or LBR-KO clones

compared with the parental clone 5, and they also did not

show significant changes in MMEJ:NHEJ balance (Figure S6J).

An exceptionwas IPR 2, in which the lamina interactions became

stronger in all four LBR-KO clones (Figures 6B and 6C). However,

the MMEJ:NHEJ balance in IPR 2 was not detectably altered in

these clones (Figures 6C and S6K). This suggests that lamina

contacts do not modulate this balance, but we cannot rule out

that effects on this balance emerge only when lamina contacts

are stronger than those of IPR 2 in the LBR-KO clones (note

that the lamina interaction Z score in these clones is about 0,

which corresponds to a moderate level of lamina interactions).

Interestingly, IPR 17 showed a marked increase in the MMEJ:N-

HEJ balance in two of the four LBR-KO clones (Figures 6D, 6E,

and S6J). However, for this IPR the lamina interactions did not

change (Figure S6L), and we do not understand why only two

of the four clones show this behavior. Nevertheless, this result

underscores that it is possible to shift the MMEJ:NHEJ balance

in an IPR markedly without any change in its sequence. Presum-

ably, an unknown change in the local chromatin state in the two

clones is responsible for this.

Together, these data indicate that the MMEJ:NHEJ balance in

specific heterochromatin types is not easily shifted by targeting

individual key markers of the respective heterochromatin types.

Pathway balance may be redundantly controlled by multiple fac-

tors in each heterochromatin type. Nevertheless, depletion of

H3K27me3 did cause a detectable reduction inMMEJ:NHEJ bal-

ance in heterochromatin domains that normally carry this mark.

Impact of chromatin context on SSTR
Finally, we investigated a third repair pathway, SSTR, which is

commonly used to create specific mutations by CRISPR-Cas9

editing. We hypothesized that this pathway may also be modu-

lated by the local chromatin environment. To test this, we
Molecular Cell 81, 2216–2230, May 20, 2021 2223
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Figure 6. Effects of heterochromatin perturbations on pathway balance

(A) Log2 fold change of MMEJ:NHEJ balance in GSK126 treated cells compared with control cells, for 917 IPRs divided by heterochromatin type. Data are

average of two independent biological replicates. Wilcoxon test compared with euchromatin IPRs (leftmost column): *p < 0.05, **p < 0.01, ***p < 0.001, and

****p < 0.0001.

(B and D) Nuclear lamina interaction tracks around IPR2 (B) and IPR17 (D). The tracks for the KO clones are the average of four separate clones (individual tracks

are shown in Figures S7K and S7L). All data are average of two independent biological replicates.

(C and E) Comparison of MMEJ:NHEJ balance (n = 3) and average lamina interaction score in a 20 kb window centered on the IPR (n = 2), for IPR2 (C) and

IPR17 (E).

See also Figure S6.
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triggered DSB formation in our reporter sequence in the pres-

ence of a template ssODN containing a specific +2 insertion

(ssODN insertion) (Figure S7A). We designed this insertion within

the PAM site, so that a successful editing event destroyed the

PAM site and prevented further cutting by Cas9. We then trans-

fected the IPR cell pools with this ssODN (together with the

sgRNA) to probe the impact of chromatin context on the relative

contribution of SSTR, NHEJ, and MMEJ in parallel. In these ex-

periments, we found that a median 6% of the indels consisted

of the SSTR insertion (Figure S7B). Accumulation of this insertion

was mostly at the expense of the �7 deletion but not the +1

insertion (Figures 7A, S7C, and S7D), suggesting competition

between SSTR and MMEJ. Indeed, depletion of POLQ (a key

protein of MMEJ) caused an increase in ssODN insertions (Fig-

ures S2D and S2E). Consistent with an earlier study (Richardson

et al., 2018), we find that knockdown of RBBP8, a factor that pro-

motes end-resection (Sartori et al., 2007), strongly reduces

SSTR and MMEJ usage (Figures S2D and S2E). This suggests

that DSB end-resection is an early step in SSTR. In agreement

with previous work (Richardson et al., 2018), we conclude that

SSTR is distinct from NHEJ and MMEJ.

We then investigated the balance of the three simultaneously

probed pathways as a function of chromatin type. In the pres-

ence of ssODN, the proportion of indels created by SSTR is

inversely correlated with the overall indel frequency (Figures 7B

and 7C) and is higher in various types of heterochromatin

compared with euchromatin (Figure 7D). Under this condition,
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the proportions of indels produced by MMEJ (Figure 7E) and

NHEJ (Figure 7F) show similar effects of various types of hetero-

chromatin as we observed in the absence of ssODN (cf. Fig-

ure 4D). We conclude that the proportion of SSTR is higher in

several types of heterochromatin compared with euchromatin.

DISCUSSION

Genome-wide survey of DSB repair
Here, we present a powerful reporter system to query effects of

chromatin on DSB pathway use. It consists of (1) a simple short

DNA sequence that, when cut with Cas9, produces a signature

indel for three repair pathways and (2) an adaptation of the

TRIP multiplexed reporter assay (Akhtar et al., 2013). In combi-

nation, these tools offer precise measurements of the relative

contribution of NHEJ, MMEJ, and SSTR, combined with the

throughput that is needed to query the impact of a wide diversity

of chromatin contexts. The sequencing-based ‘‘scar-counting’’

readout renders the assay highly quantitative. Furthermore,

because the same reporter sequence is integrated throughout

the genome, differences in cutting and repair must be due to

the local chromatin context of the integration sites.

The PiggyBac transposable element is not known to use host

DNA repair factors (Mitra et al., 2008) that could bias its integra-

tion across the genome, but it shows a ~3-fold preference for

transcriptionally active regions (Akhtar et al., 2013). Otherwise,

integration of this element is thought to be largely random, and



BA

D

C

E

F

Figure 7. Balance between NHEJ, MMEJ, and SSTR in euchromatin and heterochromatin

(A) Average pathway contribution across all IPRs in the cell pools, in the absence or presence of an ssODN donor, and with or without NU7441 treatment (DMSO:

1,219 IPRs [n = 2–8, same data as in Figures 3 and 4]; DMSO+ ssODN: 1,032 IPRs [n = 2 or 3]; NU7441: 1,186 IPRs [n = 2–4, same data as in Figures S2A and S2B];

NU7441 + ssODN: 1,047 IPRs [n = 2 or 3]). Red, +1 insertion (NHEJ); blue, �7 deletion (MMEJ); green, +2 insertion due to SSTR; black, other indels.

(B) Pathway contributions in all individual IPRs in the presence of ssODN donor but without NU7441 (bottom panel), sorted by overall indel frequency (top panel).

(C) Correlation between total indel frequency and SSTR proportion across all IPRs. Blue line and gray shading show linear regression fit with 95% confidence

interval. r is Pearson’s rank correlation coefficient.

(D–F) Proportions of total indels generated by SSTR (D), MMEJ (E), and NHEJ (F) in the presence of the ssODN donor, split according to heterochromatin features

as indicated in the bottom panel, similar to Figure 3E. Asterisksmark p values according to theWilcoxon test, comparedwith euchromatin IPRs (most left column):

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

See also Figure S7.
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the large number of IPRs provides enough statistical power to

compare all major chromatin types.

A key aspect of our analysis is the comparison of the relative

pathway activities across chromatin types. For this we used

pathway balance metrics that are intrinsically corrected for cut-

ting efficiencies. Because these metrics are based on specific,

well-characterized indels (�7, +1, and +2) and disregard the

(relatively low abundant) other indels with uncertain pathway

origin, these metrics should not be interpreted as definitive mea-

sures of relative pathway activities; however, they can be used to

compare pathway balances between different chromatin con-

texts in the same cell pools.

Effects of chromatin context on DNA repair pathway
preference
We found that the balance between MMEJ and NHEJ varies >5-

fold across chromatin contexts. Generally, in heterochromatin
we observe a higher MMEJ:NHEJ balance than in euchromatin,

but this shift depends on the precise heterochromatin features

that are present. A previous study of smaller scale (Kallima-

sioti-Pazi et al., 2018) found that the indel spectrum after a

Cas9-induced cut was not affected by imprinted heterochromat-

in, a type of heterochromatin that we did not probe. This under-

scores the notion that different types of heterochromatin may

have distinct effects on repair pathway balance.

Two classes of models may explain the chromatin effects that

we observed. Thesemodels are not mutually exclusive. First, it is

possible that euchromatin carries one or more features that acti-

vate or bind the NHEJmachinery, or conversely, that certain het-

erochromatin features promote MMEJ. If the latter is true, then it

should be considered that multiple heterochromatin features can

play such a role, as H3K27me3 modulates the MMEJ:NHEJ bal-

ance in H3K27me3-marked heterochromatin, but this does not

explain the high MMEJ:NHEJ balance in triple heterochromatin.
Molecular Cell 81, 2216–2230, May 20, 2021 2225
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By ChIP we found that MRE11 is enriched at euchromatic DSBs

relative to heterochromatic DSBs.MRE11 has been implicated in

both MMEJ and NHEJ (reviewed in Reginato and Cejka, 2020),

but perhaps its role is quantitatively more important for NHEJ

than for MMEJ, which would cause a reduced MMEJ:NHEJ bal-

ance at euchromatic sites where it is more abundant.

A second class of models involves the differential accessibility

of heterochromatin and euchromatin. By default (particularly in

G1 phase), NHEJ may be globally more active than MMEJ.

Hence, at a DSB in ‘‘open’’ euchromatin, NHEJ may mostly

outcompete MMEJ. In contrast, in heterochromatin a DSB may

be inaccessible to either pathway until the heterochromatin is

de-compacted. This remodeling of heterochromatin may be a

slow process, which would allow time for MMEJ to be activated

and give both MMEJ and NHEJ a more similar chance to repair

the DSB. Indeed, DSB-induced unfolding of heterochromatin

has been reported (Chiolo et al., 2011; Goodarzi et al., 2008; Ja-

kob et al., 2011; Janssen et al., 2016; Ryu et al., 2015; Tsouroula

et al., 2016). However, as seen by microscopy, this remodeling

process occurs within ~20min, while we found that theMMEJ in-

dels accumulate only after several hours. It is possible that addi-

tional biochemical or structural changes in heterochromatin are

involved that take place over a timescale of hours. We also

considered that one early cutting event in euchromatin may

trigger slow upregulation of MMEJ activity globally throughout

the nucleus, which would then increase the probability of

MMEJ repairing a DSB that is formed later in heterochromatin

(whichmaybecutmore slowly).However, this explanation seems

unlikely, becauseearly breaks causedby ionizing radiation donot

boost MMEJ repair at a Cas9 cut ~16 h later (Brinkman et al.,

2018). This result suggests that the slow MMEJ activation does

not occur globally throughout the nucleus but rather locally at

the DSB. Further studies are needed to understand the different

kinetics of MMEJ and NHEJ.

DSB repair pathways are known to vary in activity depending

on the cell cycle stage (Chapman et al., 2012; Hustedt and Dur-

ocher, 2016; Mladenov et al., 2016). Our cell cultures were un-

synchronized, and we assumed that all IPRs in the pools were

subject to the same cell cycle stage distribution; thus, cell cycle

effects should be averaged out, and the differences in indel

spectra must be due to effects of chromatin context. In the future

it will be interesting to explore whether any cross-talk exists be-

tween cell cycle and chromatin effects on pathway balance.

Comparison with previous studies
As summarized in the Introduction, previous studies have ad-

dressed the impact of specific chromatin contexts or proteins

on NHEJ and HR but generally did not monitor MMEJ and

SSTR. Although the latter two pathways share components

with HR, they are mechanistically distinct from HR, and thus

the effects of chromatin context may differ. For example, several

previous studies have indicated that H3K36me3, which is gener-

ally present along active transcription units, promotes HR (Ay-

mard et al., 2014; Carvalho et al., 2014; Clouaire and Legube,

2015; Pfister et al., 2014). We find H3K36me3 to correlate nega-

tively with MMEJ. Possibly, HR and MMEJ respond differently to

H3K36me3, or the repair of Cas9-induced breaks differs from

breaks induced by other means.
2226 Molecular Cell 81, 2216–2230, May 20, 2021
The activities of MMEJ and SSTR that we detect indicate that

end-resection is generally not impeded by various types of

heterochromatin. Previous work has pointed to a role of HP1a

and HP1b in tethering proteins involved in end-resection (Soria

and Almouzni, 2013), but not all types of heterochromatin are

marked by these proteins. Our data indicate that multiple hetero-

chromatin types can create an environment that is more prone to

be repaired byMMEJ. This includes LADs, which is in agreement

with a previous study that implicated various MMEJ-specific

proteins in the repair of DSBs near the nuclear lamina (Lemaı̂tre

et al., 2014).

Practical implications for genome editing
The results obtained in this study have practical implications

for genome editing by means of Cas9. First, the efficiency of

Cas9 editing is generally lower in most types of heterochro-

matin compared with euchromatin. This has been noted before

but on the basis of data that covered only a small number of

loci that did not compare all heterochromatin types (Chen

et al., 2016; Daer et al., 2017; Jensen et al., 2017; Kallima-

sioti-Pazi et al., 2018). Our data indicate that Cas9 editing is

primarily suppressed in triple heterochromatin. Most likely

the relatively low accessibility of the DNA in these loci is pre-

venting efficient cutting by Cas9. Regions that carry only one

of these marks, or H3K27me3, show only a modestly reduced

editing efficiency.

From a genome editing perspective, the skew toward the

MMEJ and SSTR pathways in heterochromatin is a convenient

partial compensation for the lower overall editing efficiency,

because MMEJ and SSTR are generally more useful than

NHEJ to generate specific types of mutations. MMEJ is better

suited to generate frameshifts and deletions that can result in

functional KO of genes, while SSTR is particularly useful to

generate specifically designed mutations. Maps of heterochro-

matin features are thus useful resources to choose the optimal

target loci for CRISPR-Cas9 editing, particularly when combined

with algorithms that predict editing outcomes on the basis of

sequence (Allen et al., 2018; Chakrabarti et al., 2019; Chen

et al., 2019; Shen et al., 2018; van Overbeek et al., 2016).

Multiplexed DSB repair reporters: outlook
This work complements a recent study that used a multiplexed

reporter for DNA mismatch repair, which did not reveal signifi-

cant effects of chromatin context on the repair outcome (Poku-

saeva et al., 2019). Anothermultiplexed integrated reporter study

also found evidence that genomic location can affect Cas9 edit-

ing efficiency (Gisler et al., 2019), but these results were more

difficult to interpret because the reporter sequence itself was

not transcriptionally inert. Importantly, neither of these studies

addressed the impact of chromatin context on the balance be-

tween specific DSB repair pathways. Multiplexed reporter as-

says provide new opportunities to systematically investigate

the role of local chromatin context in DSB repair bymultiple path-

ways. Moreover, our time-series experiments demonstrate that

the assay can be performed in 96-well format, making it scalable

for applications such as drug screens and CRISPR screens. In

the future, the assay may also be modified to include the detec-

tion of DSB resection or other intermediates, computational
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modeling of time series to infer perfect repair (Brinkman et al.,

2018), and perhaps measurements of HR activity.

Limitations of study
By using the repair scar as a readout, themethod is limited to de-

tecting mutagenic repair. Perfect repair (e.g., by HR or NHEJ) is

therefore untraceable. HR might never be measurable with the

current setup. However, perfect repair by NHEJ might be if the

time-series approach quantifiable by mathematical modeling of

time-series data (Figure 5; Brinkman et al., 2018) is improved.

Related to this, our degron control of Cas9 activity had a slow

response. Given the repeated cutting and repair, it is very difficult

to know what the actual rates are in our TRIP setting. Emerging

Cas9 inhibitors (Kundert et al., 2019; Maji et al., 2019) and photo-

cleavable (Carlson-Stevermer et al., 2020; Zou et al., 2021) and

photoactivatable (Liu et al., 2020) guide RNAs (gRNAs) might

provide help overcome this limitation by having a tighter control

of Cas9 activity.

Although our data contain much more information in the

various other indels, we limited our analysis to the main muta-

tions produced by our gRNA for clarity. Amore thorough analysis

is feasible to better dissect the smaller nuances in DNA repair.

We have also only looked at spacing for the indel size and

ignored more complex mutations. The Tn5 approach (Figures

S2J–S2M) can be optimized and used for better understanding

of the balance between more complex mutations and their local

chromatin environment. Finally, it is possible that the repair of

Cas9-induced DSBs is different from the repair of DSBs gener-

ated by other agents. It will therefore be interesting to apply

our approach to other sequence-specific endonucleases.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-H3K4me1 (ChIP) Abcam Cat# ab8895; RRID: AB_306847

Anti-H3K27me3 (ChIP) Active Motif Cat# 39155; RRID: AB_2561020

Anti-H3K27ac (ChIP) Active Motif Cat# 39133; RRID: AB_2561016

Anti-POLQ (ChIP) Sigma-Aldrich Cat# SAB1402530.; RRID: AB_10639636

Anti-LIG4 (ChIP) GeneTex Cat# GTX55592; RRID: AB_2887931

Anti-RAD51 (ChIP) Santa Cruz Biotechnology Cat# sc-8349; RRID: AB_2253533

Anti-MRE11 (ChIP) Novus Cat# NB100-142; RRID: AB_10077796

Anti-LMNB2 (pA-DamID) Abcam Cat# ab8983; RRID: AB_306912

Anti-Mouse (pA-DamID) Abcam Cat# ab6709; RRID: AB_956006

Anti-H3K27me3 (Western Blot) Cell Signaling Cat# C36B11; RRID: AB_11220433

Anti-H3K9me2 (Western Blot) Millipore Cat# 07-441; RRID: AB_11212297

Anti-LBR (Western Blot) Abcam Cat# ab122919; RRID: AB_10902156

Anti-LMNA (Western Blot) Santa Cruz Biotechnology Cat# sc-376248; RRID: AB_10991536

Bacterial and virus strains

CloneCatcher DH5a

electrocompetent E. coli

Genlantis Cat# C810111

JM109 Competent Cells Promega Cat# L2001

Chemicals, peptides, and recombinant proteins

RPMI 1640 GIBCO Cat#: 21875034

Fetal Bovine Serum Sigma Cat#: F7524

Penicillin-Streptomycin (##10,000 U/mL) GIBCO Cat#: 15070063

Lipofectamine 2000 Invitrogen Cat#: 11668019

Tn5 enzyme Luca Braccioli & this study N/A

PEG 8000x Sigma Cat#: P1458

TAPS-NAOH Sigma Cat#: T5130

dimethylformamide Sigma Cat#: D4551

Shield-1 Aeobius Cat#: AOB1848

Phusion� Hot Start Flex DNA Polymerase New England BioLabs Cat#: M0535L

Phusion� HF DNA Polymerase New England BioLabs Cat#: M0530L

MyTac Red Mix 2x Bioline Cat#: BIO-25044

CleanPCR CleanNA Cat#: CPCR-0500

Shrimp Alkaline Phosphatase (1U/ml) New England Biolabs Cat#: M0371S

Exonuclease I New England Biolabs Cat#: M0293S

RNase-Free DNase Set QIAGEN Cat#: 79254

SensiFast no-ROX Bioline Cat#: BIO-86050

ATP Solution (100 mM) Thermo Scientific Cat#: R0441

DMSO Sigma Cat#: D4540

NU7441 Cayman Cat#: 14881

M3814 MCE Cat#: HY-101570

GSK126 Cayman Cat#: 15415

BIX01294 Sigma Cat#: B9311

Lipofectamine RNAiMAX Transfection

Reagent

Invitrogen Cat#: 13778150

Opti-MEM GIBCO Cat#: 31985047

(Continued on next page)
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DirectPCR� Lysis Viagen Cat#: 302-C

Proteinase K Bioline Cat#: BIO-37084

MyTaq HS Red mix Bioline Cat#: BIO-25048

CellTiter-Blue� Cell Viability Assay Promega Cat#: G8080

spermidine Sigma Cat#: S0266

digitonin Millipore Cat#: 300410

cOmplete Protease Inhibitor Cocktail Roche Cat#: 11873580001

SAM New England BioLabs Cat#: B9003S

Dam New England BioLabs Cat#: #M0222L

Critical commercial assays

ISOLATE II Genomic DNA kit Bioline Cat#: BIO-52067

PCR Isolate II PCR and Gel Kit Bioline Cat#: BIO-52060

Tetro Reverse Transcriptase Bioline Cat#: BIO-65050

PureLink HiPure Plasmid Midiprep Kit Invritrogen Cat#: K210004

Qubit dsDNA HS Assay Kit Invitrogen Cat#: Q32854

RNeasy Mini Kit QIAGEN Cat#: 74104

Deposited data

Raw data This study SRA: PRJNA686952

Processed data This study https://osf.io/cywxd/

Code This study GitHub: https://github.com/

vansteensellab/DSB_repair_TRIP

Unprocessed images This study https://osf.io/cywxd/

Human reference genome NCBI build 38,

GRCh38

Genome Reference Consortium https://www.ncbi.nlm.nih.gov/grc/human

Experimental models: cell lines

K562#17 ddCas9 Brinkman et al., 2018 N/A

Oligonucleotides

Tables S3 and S4 This study N/A

Rad51 siRNA ON-TARGETplus Smart Pool Dharmacon/Horizon Cat#: L-003530-00-0005

PolQ siRNA ON-TARGETplus Smart Pool Dharmacon/Horizon Cat#: L-015180-01-0005

BRCA1 siRNA ON-TARGETplus Smart Pool Dharmacon/Horizon Cat#: L-003461-00-0005

BRCA2 siRNA ON-TARGETplus Smart Pool Dharmacon/Horizon Cat#: L-003462-00-0005

Lig4 siRNA ON-TARGETplus Smart Pool Dharmacon/Horizon Cat#: L-004254-00-0005

RBBP8 siRNA ON-TARGETplus Smart Pool Dharmacon/Horizon Cat#: L-011376-00-0005

Oligo(dT)20 Invitrogen Cat#: 18418020

Recombinant DNA

pPTK-Gal4-tet-Off-Puro-IRES-eGFP-

sNRP-pA-trim1

Akhtar et al., 2014 GenBank: KC710229

pPTK-P.CMV.584-eGFP-trim1-PI04 Alexey Pindyurin and Waseem Akhtar N/A

pBlue-sgRNA Brinkman et al., 2018 N/A

pPTK-BC-IPR This study GenBank: MW408732

mPB-L3-ERT2-mCherry Akhtar et al., 2014 N/A

Software and algorithms

Bowtie2 v2.3.4 Langmead and Salzberg, 2012 http://bowtie-bio.sourceforge.net/bowtie2/

index.shtml

Samtools v1.5 Li et al., 2009 RRID:SCR_002105;

https://www.htslib.org/

Cutadapt v1.9.1 Martin, 2011 RRID:SCR_011841;

https://cutadapt.readthedocs.io/en/stable/

(Continued on next page)
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Starcode v1.1 Zorita et al., 2015 https://github.com/gui11aume/starcode

TagMeppr This paper https://github.com/robinweide/tagmeppr

Sambamba v0.6.6 Tarasov et al., 2015 https://lomereiter.github.io/sambamba/

deeptools v3.3.1 Ramı́rez et al., 2016 RRID:SCR_016366;

https://deeptools.readthedocs.io/en/

develop/

HMMt Guillaume Filion https://github.com/gui11aume/HMMt

BBTools v38.86 Bushnell et al., 2017 RRID:SCR_016968;

https://sourceforge.net/projects/bbmap/

FASTX-Toolkit v0.0.14 Hannon Lab RRID:SCR_005534;

http://hannonlab.cshl.edu/fastx_toolkit/

Bedtools v2.26.0 Quinlan and Hall, 2010 RRID:SCR_006646;

https://github.com/arq5x/bedtools2

BWA MEM Heng Li

arXiv:1303.3997v2 [q-bio.GN]

https://github.com/lh3/bwa

GreyListChIP Brown, 2020 https://doi.org/doi:10.18129/

B9.bioc.GreyListChIP

chipseq-greylist Rory Kirchner https://github.com/roryk/chipseq-greylist

Custom code for this study This paper https://github.com/vansteensellab/

DSB_repair_TRIP

R code for this study This paper https://github.com/vansteensellab/

DSB_repair_TRIP

RStudio Server Version 1.3.1073 RStudio Team, 2020 https://rstudio.com/

R version 3.6.3 (2020-02-29) R Core Team, 2020 https://www.r-project.org/

ggplot2 Wickham, 2016 https://ggplot2.tidyverse.org

CHOPCHOP Labun et al., 2019 https://chopchop.cbu.uib.no/

inDelphi Shen et al., 2018 https://indelphi.giffordlab.mit.edu/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact Bas van

Steensel (b.v.steensel@nki.nl).

Material availability
Plasmids and cell lines generated in this study are available without restriction upon request from the Lead Contact.

Data and code availability
Processed data, script outputs, and original images are available at https://osf.io/cywxd/. Raw sequencing data are available at

the Sequence Read Archive: PRJNA686952. Code: https://github.com/vansteensellab/DSB_repair_TRIP; https://github.com/

robinweide/tagmeppr

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture
We used clonal cell line K562#17, which is a female human K562 cell line (ATCC) stably expressing DD-Cas9 (Brinkman et al., 2018).

K562#17 cells were cultured in RPMI 1640 (GIBCO) supplemented with 10% fetal bovine serum (FBS, Sigma), 1% penicillin/strep-

tomycin. Cells were free of mycoplasma according to tests performed every 1-2 months.

METHOD DETAILS

Constructs
The pPTK-BC-IPR (PiggyBac) construct was derived from the pPTK-Gal4-tet-Off-Puro-IRES-eGFP-sNRP-pA-trim1 plasmid (Gen-

Bank: KC710229). The enhanced green fluorescent protein (eGFP) expression transcription unit including promoter, the puromycin
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resistance cassette (PuroR) and the internal ribosome entry site (IRES) were replaced with the sgRNA-LBR2 target sequence and its

flanking region. This plasmid did contain a point mutation which was removed by restriction cloning using a derivative of plasmid with

a shortened 30ITR of 67 bp (pPTK-P.CMV.584-eGFP-trim1-PI04 – kindly provided by Alexey Pindyurin and Waseem Akhtar). The

target sequence was obtained by annealing ODS001 and ODS002 (400 pM each) (for primer sequences see Table S4) in 50 ml MyTaq

Red mix followed by 5 cycles of PCR. This PCR product was then further amplified with TAC0001 and TAC0002 (50 pM each). This

sequence was then inserted in the PB backbone by restriction cloning with NheI and KpnI. This construct (IPR-PB) was then used to

make the barcoded plasmid libraries, the 30-ITR of PiggyBacwas amplifiedwith primers TAC0003 (containing a 16 nucleotide random

barcode) and TAC0004. The PCR product was digested with KpnI and BssHII, ligated into the KpnI and MluI sites of the IPR-PB

plasmid and transformed into CloneCatcher DH5a electrocompetent E. coli (Genlantis). A pool of ~500,000 transformed bacterial

cells were grown, and plasmids were purified, resulting in the pPTK-BC-IPR (GenBank: MW408732) plasmid library. The PB trans-

posase expression vector (mPB-L3-ERT2-mCherry) is described in (Akhtar et al., 2014). The sgRNAs were designed using CHOP-

CHOP (Labun et al., 2019; Montague et al., 2014) and cloned into expression vector pBlue-sgRNA (Brinkman et al., 2018) (see Table

S3). All the plasmids were extracted and purified using the PureLink HiPure Plasmid Midiprep Kit (Invitrogen). The vectors for the

sgRNA sequences are listed in Table S3.

Generation of IPR cell pools
Cell pools carrying IPRs were produced as described (Akhtar et al., 2014). Briefly, K562#17 cells were transfected with 32 mg of bar-

coded pPTK-BC-IPR plasmid library and 6 mg of PB transposase plasmid using Lipofectamine 2000 (ThermoFisher). Mock-trans-

fected (without PB transposase) and GFP plasmid controls were included. After 24 h, the cells were sorted by fluorescence-activated

cell sorting (FACS) based on mCherry signals. We discarded cells without any detectable mCherry signal because they most likely

failed to take up any plasmid. 0.5 mMof 4-hydroxytamoxifen (4-OHT) was added to the samples to activate the transposase. Sixteen

hours later the cells were washed to remove 4-OHT. After sorting, the population was grown for 8 days to clear the cells from free

plasmid. Then, the mCherry negative cells were FACS sorted in aliquots of ~2000 cells, which were expanded to establish two

cell pools, each with a different collection of IPRs. We also isolated single cells to make clonal TRIP lines originating from pool B,

including clone 5.

Cloning, expression and purification of Tn5
The gene encoding Tn5 was cloned into the pETNKI-his-SUMO3-LIC vector, containing a N-terminal 6xHis-SUMO3-tag, using Liga-

tion Independent Cloning (LIC) (Luna-Vargas et al., 2011). The recombinant Tn5 protein was expressed in Rosetta2(DE3) cells in 3 l of

LB medium, supplemented with 30 mg/ml kanamycin and 40 mg/ml chloramphenicol. Cells were grown at 37�C to OD600 = 0.6-0.8.

Cells were cooled to 18�C before 0.4 mM IPTG was added and protein was expressed overnight. Cells were harvested by centrifu-

gation (3,000 g, 15 min, 20�C) and pellet was stored at �20�C until further use.

For protein purification, the pellet was resuspended in lysis buffer (20 mMHEPES pH 7.5, 800 mMNaCl, 1 mM EDTA, 5% glycerol,

1 mM TCEP) containing 0.2% Triton X-100. Cells were lysed by sonication and the lysate was clarified by centrifugation (50,000 g,

30 min, 4�C). Polyethylenimine (0.1% w/v) was added dropwise to the supernatant, incubated for 30 min and the precipitate was

removed by centrifugation (50,000 g, 30min, 4�C). The soluble fractionwas used for affinity purification (1mL nickel Sepharose Excel,

GE healthcare). Beads were washed with lysis buffer, containing 20 mM imidazole, and protein was eluted by 200 mM imidazole in

lysis buffer. Fractions were analyzed by SDS-PAGE. To remove the 6xHis-SUMO3-tag, pooled elution fractions were incubated with

his-Senp2 protease, followed by overnight dialysis at 4�C against 20 mM HEPES pH 7.5, 800 mM NaCl, 1 mM EDTA, 5% glycerol,

1 mM TCEP. After reverse affinity purification using 1 mL nickel Sepharose excel, the 6xHis-SUMO3-tag was found to be efficiently

cleaved off from Tn5. The flow-through and wash fractions were pooled and concentrated to 1ml. The protein was further purified by

size exclusion chromatography on a SEC 650 10/300 column (Bio-Rad), equilibrated with 20mMHEPES pH 7.5, 800mMNaCl, 1mM

EDTA, 5% glycerol, 1 mM TCEP. Fractions containing dimeric Tn5 were pooled, concentrated and flash frozen in liquid nitrogen

before storing at �80�C.

Tagmentation-based mapping of IPRs in the clones
Not all the IPRs were mapped in the clones by iPCR. They were additionally mapped using a Tn5 transposon based IPR mapping

technique based on Stern (2017). In brief, PCR-products covering both the up- and downstream junctions between the genome

and the inverted terminal inverted repeats (ITRs) were obtained by designing divergent internal primers. The library preparation is

carried out as follows. 45 ml of 100 mM of TAC0101 & TAC0102 each were mixed with 10 ml 10x TE and annealed using the following

PCR reaction; 10 min at 95�C, 1 min at 90�C, followed by a slow ramp down (0.1�C/sec) until 4�C. The transposome is obtained by

combining the adapters (1 ml of 1:2 diluted adapters) and the Tn5 transposon (1.5 ml of 2.7 mg/mL stock) in 18.7 ml Tn5 dilution buffer

(20 mM HEPES, 500 mM NaCl, 25% Glycerol) and incubating the mix for 1 hour at 37�C. The DNA tagmentation was performed by

mixing 100 ng of gDNA with 1 ml of transposome, 4 ml 5x TAPS-PEG buffer (50mM TAPS-NAOH, 25mMMgCl2, 8% vol/vol PEG8000)

in a final volume of 20 ml. This was incubated at 55�C for 10 minutes and quenched afterward with 4ul of 0.2% SDS. Library prepa-

ration was as follows. Both sides of the PiggyBac transposon were processed for the best mapping results by generating 30 ITR and

50ITR libraries. First, we enriched our target region with a linear enrichment PCR amplification using TAC0006 (30 ITR) and TAC0099 (50

ITR). The PCR mix was 3 ml of tagmented DNA, 1 ml of 1 mM primer, 2 ml dNTPs (10mM), 4 ml 5x Phusion� HF Buffer (Promega), 0.25
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Phusion�HS Flex polymerase (2 U/ml - Promega), in a final volume of 20 ml and amplified as follows; 30 s at 98�C, 45 cycles of 10 s at

98�C, 20 s at 62�C and 30 s at 72�C. PCR1 of the library preparation was done with TAC0161 (30ITR) and TAC0110 (50 ITR) in com-

bination with N5xx (Nextera Index Kit – Illumina). The PCRmix was 5 ml of enrichment PCR, 1 ml of 10 mMprimers, 2 ml dNTPs (10mM),

4 ml 5x Phusion�HF Buffer and 0.25 Phusion�HS Flex polymerase, in a final volume of 25 ml and amplified as follows; 30 s at 98�C, 3
cycles of 10 s at 98�C, 20 s at 62�C and 30 s at 72�C, 8 cycles of 10 s at 98�C, 50 s at 72�C. PCR2 of the library preparation was done

with TAC0103 (both ITRs) and N7xx (Nextera Index Kit – Illumina). The PCR mix was 2 ml of PCR1, 1 ml of 10 mM primers, 2 ml dNTPs

(10mM), 4 ml 5x Phusion�HFBuffer and 0.25 Phusion� polymerase (Promega), in a final volume of 22 ml and amplified as follows; 30 s

at 98�C, 10 cycles of 10 s at 98�C, 20 s at 63�C and 30 s at 72�C. The library was then checked and purified with bead purification as

for the indel libraries, quantitated with Qubit and sequenced on a Miseq (150 bp, paired-end).

Tagmentation-based indel and rearrangement detection
To assess potential rearrangements and very large deletions in our setup, we have adapted the protocol to map IPRs (above) to read

out the IPR barcode andmutations. As input, we used three control replicates (clone 5) from the LBR & LMNA knock out experiments

(Figure 6B) that were transfected either with the LBR2 sgRNA or an empty vector. The protocol follows the same steps as the IPR

mapping except that we used an improved tagmentation buffer and the PCR primers are different. Instead of 5x TAPS-PEG buffer

we used 10 ul of 2x TD buffer (20mMTris, 10mMMgCl2, adjusted to pH 7.6with 100%acetic acid before the addition of 20% (vol/vol)

dimethylformamide). For the library PCR we first enriched the IPR with TAC0078. PCR1 was carried out with TAC0238 (primer F on

Figure S2J) & Nextera N5xx. PCR2 was unchanged.

Transfection of sgRNA plasmids and ssODN
For transient transfection of the sgRNAs, 1 to 6 x106 cells (lower limit for clonal experiments, higher limit for pooled experiments) were

resuspended in transfection buffer (100 mM KH2PO4, 15 mM NaHCO3, 12 mM MgCl2, 8 mM ATP, 2 mM glucose (pH 7.4)) (Hendel

et al., 2014). After addition of 3.0-9.0 mg plasmid, the cells were electroporated in an Amaxa 2D Nucleofector using program T-016.

DD-Cas9was induced directly for ~16 hours after transfection with a final concentration of 500 nMShield-1 (Aobious). For uncut con-

trols we transfected either a GFP containing plasmid or pBlue-sgRNA vector without a sgRNA sequence. To probe SSTR, 3-9 mg

sgRNA was co-transfected with 1.5-4.5 mg ssODN (50 TAGAATGCTAGCGTGACTGGAGTTCAGACGTGTGCTCTTCCGATC-

TAATTTCTACTTCATAATAAAGTGAACTCCCAGGCCATCGACATCTCTTACCACTTCACCATCGGCAAATTTCCTACTTGGCATT 30,
Ultramer grade, IDT). The specific mutation that disrupts the PAM is underlined.

LMNA & LBR knock out generation
The guides for LBR and LMNA knock outs were selected using a combination of inDelphi (Shen et al., 2018) and CHOPCHOP (Labun

et al., 2019; Montague et al., 2014) of optimal frameshift chances and efficiency. One million clone 5 cells were transfected with 3 mg

of plasmid expressing the following sgRNAs per clone: LMNA_KO1 & LMNA_KO2 (each 1.5 mg) for LMNAKO 1 and 2; LMNA_KO4 for

LMNA KO 3 and 4; LBR_KO1 for LBR KO 1-4 (Table S3), and cultured in complete RPMI medium with 500 nM Shield-1 (to activate

Cas9) for 3 days. To obtain individual clones, cells were plated in two 96-well plates by limiting dilution (2 cells per ml; 100 ml per well).

Each clone was then tested by TIDE (Brinkman et al., 2014) for frameshifts in all alleles (primers in Table S4). For each sgRNA we

selected two clones with complete frameshifts for further experiments.

TIDE method
Prior to high throughput sequencing, all the samples were checked for general transfection and cutting efficiency by TIDE. For this we

used the primers TAC0017 and TAC0018, that cover the endogenous LBR locus and the TIDEmethodwas performed as described in

Brinkman et al. (2014). Briefly, PCR reactions were carried out with ~100 ng genomic DNA in MyTaq Red mix (Bioline) and purified

using the PCR Isolate II PCR and Gel Kit (Bioline) or by ExoSAP (for primers see Table S4). ExoSAP was done by adding 0.125 ml

Shrimp Alkaline Phosphatase (1U/ml; New England Biolabs), 0.0125 ml Exonuclease I (20 U/ml; New England Biolabs) and

2.3625 ml H2O per 10 ml PCR reaction. Samples were incubated 30 minutes at 37�C and inactivated for 10 minutes at 95�C. About
2 ml (50-100 ng) of purified PCR product was then subjected to Sanger Sequencing by Eurofins Genomics. The sequence traces

were analyzed using the TIDE analysis tool (https://tide.nki.nl).

siRNA lipofection
All siRNAs were obtained from Dharmacon as ON-TARGETplus Smartpool and transfected on 1 million cells with the RNAiMAX

Transfection kit (Invitrogen) at a final concentration of 25 nM, 24h prior to sgRNA electroporation according to the manufacturer’s

protocol for 6 well plates. Samples were partially collected 24h after electroporation for subsequent RNA isolation, reverse transcrip-

tion and qPCR analysis. The rest was left to grow for 48 more hours CRISPR/Cas9 editing analysis.

RT-qPCR
Cells were collected in RLT buffer with 1% 2-mercaptoethanol and stored at �80C until processed. Total RNA was extracted using

RNeasy mini kit (QIAGEN) with on-column DNase treatment (QIAGEN) according to the manufacturer’s instructions. The RNA was

eluted in 30 ul RNase-free H2O and quantitated by Nanodrop. RNA was reverse-transcribed using Tetro Reverse Transcriptase
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(Bioline) with random hexamers and Oligo(dT)20 primers (Invitrogen) according to the manufacturer’s instructions. The RT reaction

was diluted 10x and 4ul RT was used for the qPCR reaction. qPCR was performed using SensiFast no-ROX mix (Bioline) in a 10 mL

reaction. Melt curves after each PCR and all samples yielded a single peak. Gene-specific primers were obtained from PrimerBank

(Wang et al., 2012), see Table S4. Data were normalized to the levels of TBP.

Western blots
Whole-cell extracts of ~0.5x106 cells were prepared by washing cultures in PBS and lysing with 50 mL lysis buffer (Tris pH 7.6, 10%

SDS, Roche cOmplete Protease Inhibitor Cocktail). Western blotting was performed according to standard procedures using the

following antibodies and dilutions: H3K27me3 (1:1000 Cell Signaling C36B11, rabbit), H3K9me2 (1:1000 Millipore 07-441, rabbit),

LMNA (1:800 Santa Cruz Biotechnology sc-376248, mouse), LBR (1:1000, Abcam, ab122919, rabbit).

Cell viability
Cells transfected with Rad51 siRNAwere tested for cell viability using the Cell Titer Blue 48 hours after lipofection. After mixing, 100 ul

cells were plated in a 96-well opaque-walled tissue culture plates plus 20ml/well of CellTiter-Blue� Reagent (Promega), in 3 technical

replicates per sample. The cells were briefly shaken and incubated for 3 hours in at cell culturing conditions. The fluorescence was

measured by a Perkin Elmer EnVision plate reader. The three technical replicates were averaged, then the biological replicates were

averaged, and the result was normalized of the non-targeting siRNA control. One sample t test was used for the statistics.

Inhibitor treatments
DNA-PKcs inhibitor NU7441 (Cayman; diluted 1:1000 from 1 mM stock in dimethylsulfoxide [DMSO]), M3814 (MedChemExpress;

diluted 1:1000 from 1 mM stock in DMSO), GSK126 (Selleckchem; diluted 1:2000 from 1 mM stock in DMSO), BIX01294 (Sigma;

diluted 1:1000 from 1 mM stock in H2O), or respective solvent-only controls at equal volumes, was added to the cells at the same

time when the cells were supplemented with Shield-1 to induce DD-Cas9 or 24 hours prior to nucleofection for GSK126 and

BIX01294. DMSO was also present in the experiments in Figures 3, 4, 5, 6A, 7, S2A–S2F, S3A, S3B, S4, S5, and S7.

pA-DamID
pA-DamID maps were generated and processed as described (van Schaik et al., 2020). Briefly, 1 million cells were collected by

centrifugation (3 minutes, 500 g) and washed in ice-cold PBS and subsequently in ice-cold digitonin wash buffer (DigWash)

(20 mM HEPES-KOH pH 7.5, 150 mM NaCl, 0.5 mM spermidine, 0.02% digitonin, cOmplete Protease Inhibitor Cocktail). Cells

were resuspended in 200 mL DigWashwith 1:100mouse Lamin B2 antibody (Abcam, ab8983) and rotated for 2 hours at 4�C, followed

by a wash step with 0.5 mL DigWash buffer. This was repeated with a 1:100 mouse anti-rabbit antibody (Abcam, ab6709) and 1 hour

of rotation, and afterward with 1:100 pA-Dam (~60 NEB units). After two washes with DigWash, cells were resuspended in 100 mL

DigWash supplemented with 80 mMSAM to activate Dam and incubated for 30 minutes at 37�C. Genomic DNA was extracted using

the ISOLATE II Genomic DNA kit (Bioline cat. no. BIO-52067) and DNA was processed for high-throughput sequencing similar to

conventual DamID (Leemans et al., 2019; Vogel et al., 2007), except that the DpnII digestion was omitted. To control for DNA acces-

sibility and amplification bias, 1 million permeabilized cells (without any antibodies bound) were incubated with 4 units of Dam

enzyme (NEB, M0222L) during the activation step. This sample functions as ‘‘dam-control’’ over which a log2-ratio is determined.

Log2-ratios were converted to z-scores to account for small differences in dynamic range between experiments.

Generation of indel sequencing libraries
After 64 or 72 (for clone 5) hours incubation, the cells were collected, and genomic DNAwas extracted using the ISOLATE II Genomic

DNA kit (Bioline cat. no. BIO-52067). PCR was performed in two steps and pooled experiments were performed in triplicates for a

higher coverage. IndelPCR1 was performed with 200 ng genomic DNA each using primers TAC0007 (indexed) and TAC0012 that

amplify 1 bp upstream of the barcode 46 bp downstream of the cut-site (see Figure 1A; Table S4). indelPCR2 used 2 ml of each in-

delPCR1 product with TAC0009 and either TAC0011 (non-indexed) or TAC0159 (indexed). Each sample was generated with a unique

combination of one or two indexes. Both PCR reactions were carried out with 25 ml MyTaq Red mix (Bioline cat. no. BIO-25044),

0.5 mM of each primer and 50 ml final volume. PCR conditions for both steps were 1 min at 95�C, followed by 15 s at 95�C, 15 s

at 58�C and 1 min at 72�C (5x), followed by 15 s at 95�C, 15 s at 65�C and 1 min at 72�C (10x). The indelPCR2 was pooled per exper-

iment after quantification on a 1% agarose gel and cleaned up using CleanPCR (CleanNA) beads at 0.8:1 beads:sample ratio. 5 ml

PCR product was run on a 1% agarose gel to check for remaining primer dimers and if required reloaded on a 1% agarose gel

and cut out to remove remaining primer dimers and cleaned with PCR Isolate II PCR and Gel Kit (Bioline). The libraries were quan-

titated using the Qubit DNA dsHS Assay Kit. The purified libraries were sequenced on an Illumina HiSeq2500 or MiSeq (150bp, singe-

end) depending on the expected complexity of the library.

Time series
Sample collection in the time series experiments was done automatically using a HamiltonMicrolab�STAR equippedwith a Cytomat

2 C450 incubator. One million cells were transfected as described above with the sgLBR2. After 16 hours, 40,000 cells in 100 ml me-

dium were seeded per well in 96-well plates. The automated system then added 100 ml RPMI medium (with 1 mM Shield-1) to each
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well, for a final 500 nM Shield-1 concentration. The first time point was directly collected and required a brief centrifugation step (10 s

at 500 g) to precipitate the cells, before returning the cell culture plate to the robot. Then for each time point 170 ml medium was

removed from the well and discarded, the left-over was mixed and transferred to a new 96-well PCR plate at 8�C. Each newly

collected well was then filled with 50 ml of DirectPCR� Lysis (Viagen) buffer with 1 mg/ml Proteinase K (Bioline) to pre-lyse the cells.

The cell culture plate was returned to the incubator and every 3 hours a new time point was collected as described above. One 96-

well plate included 4 timeseries of each 24 time points. After 69 hours the collection of samples was finished, and the cell lysates were

sealed and incubated for 3 hours at 55�C and heat-inactivated for 10 minutes at 95�C.
Library preparation for the timeseries was very similar to the pool experiments except for indelPCR1. 20 ml of crude lysate was used

in a total PCR volume of 80 ml, with 40 ml MyTaq HS Red mix (Bioline) and 0.5 mM of each primer. PCR cycles were as

described above.

Chromatin immunoprecipitation analysis of IPRs
Chromatin immunoprecipitation was performed as described (Schmidt et al., 2009). Main steps and modifications are described

here. 50 mL protein A Dynabeads were precleared with 0.5% BSA, 5 mL of specific antibody (H3K4me1[Abcam]; H3K27me3 [Active

Motif]; H3K27ac [Active Motif], MRE11 [Novus]; DNA ligase IV [Genetex]; Rad51 [Santa Cruz Biotechnology];DNA polymerase theta

[Sigma]) and beads incubated at 4�C overnight. 10 million clone 5 cells (uncalibrated experiments) and 3 million cells (calibrated ex-

periments) were fixed at a final concentration of 1% formaldehyde for 10 minutes. Fixation was quenched with 125nM glycine for

5min and a PBS wash. Equal amounts of clone 9 cells were fixed and quenched for calibrated experiments. Spike-in cells (clone

9) were mixed in a 1:1 ratio with clone 5 cells after fixation. After nuclear extraction, chromatin was sonicated (~10 cycles 30 s

on/ 30 s off in BioRuptor Pico), Triton X-100 added to a final concentration of 1% and centrifuged to remove cell debris. Antibody

coupled beads were washed with 0.5% BSA in PBS, chromatin was added (5% was kept as input) and rotated overnight at 4�C.
Beads were washed 10 times with RIPA buffer and once with TBS. After last wash, 200 mL of elution buffer was added and samples

eluted and de-crosslinked at 65�C for 6 hours or overnight. 200 mL of TE buffer and 0.9 mL of 10mg/ml RNase A was added the sam-

ples and were incubated at 37�C for 1 hour and with 4 mL of 20mg/ml Proteinase K at 55�C for 2 hours. DNA was extracted by phe-

nol:chloroform extraction and resuspended in 50 mL of 10mMTris-HCl. IPR barcodes were collectively amplified using two step PCR.

For indelPCR1, 100ng DNAwas taken from input samples and same input volume added from pull-downs. PCR1 was performed in a

final volume of 50 mL with 25 mL of MyTaq HS Red mix and 0.5 mM of each primer (indelPCR: TAC00012 and TAC0007 or bcPCR:

TAC0162 and TAC0007). 5 mL of PCR1 was taken for PCR2 with 25 mL of MyTaq Red Mix and 0.5 mM of each primer (TAC0009

and TAC0159) for 12 PCRcycles (3 cycleswith 58�Cannealing followed by 9 cycleswith 65�Cannealing). PCR productswere pooled,

purified and quantitated as described above, and sequenced on an Illumina MiSeq.

For calibrated ChIP, clone 5 IPR barcode counts were normalized by clone 9 IPRs (spike-in clone). Each sample was normalized for

library size (total clone 9 barcode counts) and input counts. Then, clone 9 read counts were used to normalize every sample to a

reference sample. Normalized barcode counts were used for further plotting and analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

The data generated by the indel scoring was further processed and analyzed in R (R Core Team, 2020) with Rstudio (RStudio Team,

2020), the figures were generated using ggplot2 (Wickham, 2016). The main packages and software are listed in the key resource

table and an extensive bibliography is available in all the scripts (github & OSF for markdowns). Statistical details for individual ex-

periments have been provided in the main text, figure legends, and Method Details, as well as in the available markdown documents

on OSF.

Mapping of IPR integration sites by inverse PCR
Mapping of IPR integration sites was performed in two replicates by inverse PCR (iPCR) followed by 2 3 150 bp paired end

sequencing on an Illumina HiSeq2500 as previously described (Akhtar et al., 2014). Linking of IPR barcodes to the integration sites

was adapted from Akhtar et al. (2013). Reads of both replicates were pooled. The first read in each read pair was used to extract

the barcode. This was done using the ‘GTCACAAGGGCCGGCCACAAC’ constant sequence followed by a regular expression

‘TCGAG[ACGT]{16}TGATC’. From the sequence matching this regular expression, the 16 bp barcode was extracted. To identify

barcodes arising from mutations during PCR and sequencing, starcode v1.1 (Zorita et al., 2015) was used with the sphere clus-

tering setting and a maximum Levenshtein distance of 2. The second read of each pair was used to locate the site of integration

after removing the ‘GTACGTCACAATATGATTATCTTTCTAGGGTTAA’ sequence matching the transposon arm. The flanking

sequence was aligned to GRCh38 using bowtie2 (Langmead and Salzberg, 2012) using the very-sensitive-local option (20 seed

extension attempts, up to 3 re-seed attempts for repetitive seeds, 0 mismatches per seed, with a seed-length of 20 and using

a multi-seed function: fðxÞ = 1+ 0:5
ffiffiffi

x
p

. Locations of integration sites were required to be supported by at least 5 reads with

an average mapping quality larger than 10 at the primary location, having at least 95% of the reads located at this locus, with

not more than 2.5% of the reads at a secondary location.
Molecular Cell 81, 2216–2230.e1–e10, May 20, 2021 e7



ll
OPEN ACCESS Article
TagMeppR
To infer the integration sites, we created a software package (TagMeppR) specially designed to map, identify and visualize tagmen-

tation mapping reads. This R-package is available at https://github.com/robinweide/tagmeppr. TagMeppR enables the creation of a

hybrid reference genomemade up of a full genome with additional two pseudo-chromosomes, consisting of the two PiggyBac ITRs.

Next, the align-tool enables the mapping of read-pairs from both indexes separately with BWAMEM (arXiv:1303.3997v2 [q-bio.GN] -

https://github.com/lh3/bwa). After mapping, suspected PCR-duplicate reads are removed with SAMtools rmdup (Li et al., 2009). For

each putative IPR, TagMeppR will check if (1) reads from both indexes are enriched and (2) whether the read-densities are on oppo-

site sides of the IPR. To assess the latter, we perform a binomial test on reads up- and downstream of the IPR. Next, we filter out IPRs

in which both sets are biased on the same side of the IPR. We compute an IPR-specific p value with the conservative Edgington’s

sum-p method and compute the family-wise error rate. TagMeppR also enables the visualization of single insertions and genome-

wide insertion maps.

The two IPRs that were mapped only with Tagmeppr were confirmed by PCR (with TAC0065 & TAC0128 for IPR5

[chr20:18569153]; TAC0065 & TAC0126 (Table S4) for IPR8 [chr7:13259711] followed by Sanger sequencing (see TIDE method)

to identify the barcodes associated to them.

Indel scoring
Indel reads after induction and repair of DSBs consist of single-end reads of 150 bp that span both the DSB site and the barcode.

Indel scoring was adapted from Brinkman et al. (2018). Barcodes were extracted from the reads with an in-house script using func-

tions of cutadapt 1.11 (Martin, 2011). The 16 bp barcode was located using the 20 bp constant ‘GTCACAAGGGCCGGCCACAA’

sequence preceding the barcode and ‘TGATCGGT’ expected immediately after the barcode. For the 20 bp constant sequence, 2

mismatches were allowed.

To determine the indel size in each read, we used the distance (number of nucleotides) between two fixed sequences at the start

and at the end of the read. The indel size was calculated as the difference between themeasured distance and the expected distance

based on the wild-type sequence. We used the following anchor sequences: before the break site, ‘TGATCGGT’ and after the break

site, ‘TGGCCTT’, ‘GGAGTT’, ‘CACTTT’, ‘ATTATG’, ‘GAAGTA’, ‘ATTAGA’ and ‘GGAAGA’. The most proximal match found with the

selection of these sequences found after the break site of the specific guide was used to calculate the indel size by subtracting the

expected location from the observed location. Insertions and deletions have indel sizes > 0 and < 0, respectively.Wild-type sequence

is defined as indel size 0. Point mutations were not analyzed. Per replicate experiment we observed a mean 17.3% (95%CI: 16.7%–

17.8%) sequence reads in which we could not find a match with the constant parts; we discarded these reads in subsequent ana-

lyses. Potentially these represent large deletions, complex mutations, sequencing errors or a combination thereof.

Per barcode, the reads of all technical replicates were pooled if applicable. Mutated barcodes were included or discarded as

described above for the mapping of IPR integrations. Because in the cell pools not all IPRs are equally represented (the cell pools

consist of a mix of clones that each carry different IPRs, and some cell clones grow faster than others), we then discarded IPRs

that were too underrepresented to provide reliable data. Specifically, we required that each IPR is represented by at least 50 cells

among the ~100,000 cells that were used in each experiment. We assumed an average of 6 IPRs per cell. Accordingly, the number

of total reads per IPRwas divided by the library size andmultiplied by 6 * 100,000 to obtain the estimated number of cells for each IPR.

IPRs for which this score was > 50 were used for subsequent analyses. Then each replicate was normalized over library size and

biological replicates were averaged. The frequency of each indel type as proportion of total reads was calculated on that average.

Pathway frequency per IPR was calculated as a proportion of the specific mutation over all indels (excluding wild-type sequences).

For LBR2, 7bp deletions were classified asMMEJ, and 1bp insertions were classified as NHEJ. For the other guides, a slightly more

complicated approach was used. For these guides all specific deletions with a microhomology at the site of deletion of 2 or more

nucleotides were classified as MMEJ. Indels with an indel ratio of at least 0.01 in the DMSO setting and a significant decrease

(adjusted p value < 0.05) in the M3814 inhibitor setting (one-sided Wilcoxon test) were classified as NHEJ.

Tagmentation to identify rearrangements
Similar methods were used to identify the barcode of the IPR for each read pair, similar to the iPCR mapping. After the barcode

was identified, the sequence before the targeted break-site was removed using fastx_trimmer (http://hannonlab.cshl.edu/

fastx_toolkit/). Only read pairs containing a barcode found in the pool were kept. The mate pair starting from the Tn5 part was

scanned for the sequence of the Tn5 constant part and this sequence was removed whenever there was a match. The mate

pair starting at the barcode was also scanned for the reverse complement of the Tn5 constant part, reads containing that fragment

were discarded. The mate pairs were then tidied up using BBTools (Bushnell et al., 2017). The parts of both mates that were left

were aligned to an in silico engineered genome in which transposon sequence was added at the previously identified sites of inte-

gration. The resulting bam file was converted to a bed file with the start and end of the complete fragment using bedtools (Quinlan

and Hall, 2010) and awk (Aho et al., 1992). This bed file was used to identify overlap with each in silico engineered transposon site.

The fragments with overlap of the transposon were used to quantify the small indels using the same method as for the general

indel scoring, except with additional anchor sequences after the break site (TCTGA, CTAGC, GTTGA, TCTAT, AAGTT, AGAAC,

TCGTA, AAGTC, TGACT, AGTGA, ACGCC, AGCTC, TGCAC, GAAAG, TGCAT, ACGCA, GGGTT). Fragments without any overlap

with any of the transposon sites were used to identify putative transposition and big deletion events (> 480bp) (Figure S2J, 3ii). For
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the unique event counts of these fragments, PCR duplicates were removed by grouping all fragments with the exact same start

(break site) and end (tagmentation adaptor) position, or 1 nucleotide difference on each side. The most abundant barcode found at

these duplicates was assigned and the start of the mate pair beginning from the IPR was used as the putative side of transloca-

tion/big deletion event. To identify putative rearrangements/big deletions with the native LBR locus, we looked at the overlap of the

putative rearrangement side and the gene annotation of the LBR gene. We were not able to identify rearrangements between IPRs

for two reasons. First, only a fraction of the fragments was long enough to span outside of the IPR (517 bp from TAC0238 (Table

S4) to the end of the transposon, see Figure S2J). Second, we detected a lot of PCR template switching between IPRs most likely

due to the repetitive nature of the transposon ITR. This means that read pair 1 would pick up a specific barcode (starting from

TAC0238) and read pair 2 from the Tn5 adaptor end would pick up genomic sites that is linked with another IPR. These events

were detected in similar quantities in both cut and uncut setting, indicating that this is most likely a PCR artifact, and not a bio-

logical rearrangement after a DSB.

We estimated the chance of having rearrangements between IPRs to be < 1%by looking at the rearrangements with the cut-site in

the native LBR locus. Simulations showed us that the chance of IPRs landing within 1Mb from each other are very small. In this simu-

lation we assumed equal probability of landing in every 1Mb region of a fully triploid human genome. This resulted in an average 1.2

barcodes, meaning between 0 or one pair of barcodes landing within 1Mb of each other in our pools of 2000 cells. Considering this

contribution to be minor we assumed rearrangements in trans between IPRs and the 4 LBR alleles could be used to calculate an es-

timate of rearrangements between IPRs. The ratio calculated for all rearrangements outside of the IPRs was multiplied by the ratio of

LBR trans rearrangements. This was divided by the number of endogenous LBR alleles in K562 (4) and multiplied by the average of

6.8 IPRs per cell. This resulted in an estimate of 0.39% rearrangements between IPRs in trans. We therefore concluded that, together

with very rare occurrence of IPRs being located in cis and within 1Mb of each other, the total percentage of rearrangements between

IPRs is probably below 1%.

Preprocessing of previously published chromatin data
Published ChIP-seq data from various sources (Table S1) were re-processed for consistency. Raw sequencing data were obtained

from the Sequence Read Archive (https://www.ncbi.nlm.nih.gov/sra/). Reads were aligned to the human genome GRCh38 using

bowtie2 with default options. Replicate datasets were processed separately, while the sequences from the input were combined.

After alignment, reads were filtered on aminimummapping quality of 30 (Tarasov et al., 2015). Duplicate reads were removed except

for the reads coming from experiments using tagmentation, in which duplicates were kept. After this, genomic regions were masked

based on blacklist regions identified by the ENCODE project (ENCFF419RSJ) (ENCODE Project Consortium, 2012) and putative arti-

fact regions were identified based on the input reads using chipseq-greylist (https://github.com/roryk/chipseq-greylist) (Brown,

2020), a python implementation of GreyListChIPs. We considered ChIP-seq datasets to be of sufficient quality for our analyses if

there was well annotated input and sample data available and consistent read lengths were used. Mean ChIP-seq signals for IPR

integration sites were calculated by taking the sum of the reads in a region of 2 kb around the IPR using deeptools2 (Ramı́rez

et al., 2016), scaling input and sample counts by the smallest library size, adding a pseudo count of 1 and subsequently dividing sam-

ple over input normalized counts. After this, replicate experiments were averaged. For domain calling, ChIP-seq signals were calcu-

lated in similar fashion for bins of 5kb. HMMt (https://github.com/gui11aume/HMMt), an R package implementing a Hidden Markov

model with t emission, was used to subsequently call domains.

DamID data of Lamin B1 are from Leemans et al. (2019). The DamID score was calculated by scaling counts to the smallest library

size, adding a pseudocount of 1 and dividing over Dam-only. The normalized dam-only score was log2-transformed before averaging

between replicates to calculate the dam accessibility score. Replication timing data was obtained from the 4DN data portal in the

form of read coverage for late and early fraction separately. Counts were processed in the same way as for the ChIP data. For TTseq

coverage from forward and reverse tracks were summed and the lowest coverage score above zero was used as pseudo count

before log2-transforming and averaging between replicates. For DNase hypersensitivity data of both paired-end and single-end

sequencing reactions were used from encode. Coverage tracks were used and for the single ended reaction a small pseudo count

of half the minimum value above 0 was used before log2 transforming. Paired-end and single-end coverage was log2 transformed

before averaging. Whole genome bisulfite sequencing tracks from encode were used and coverage was calculated and log2 trans-

formed without the need for a pseudo count. Replicates were subsequently averaged. Data sources are available in Table S2.

Z-scores of above chromatin information for the clonal line was calculated by using the mean and standard deviation of the signals

in the TRIP pool. For pA-DamID on the knock-out clones and clone 5, the scores were calculated in a window 10kb up and down-

stream of the IPR. Except for the different window size, pA-DamID scores were calculated similar to the overall DamID scores. Z-

scores for pA-DamID were calculated using the mean and standard deviation of the pA-DamID score for 20kb binned tracks over

the whole genome using the same formula as for the individual IPR’s.

Correction of ChIP signals at IPRs for differences in cutting frequencies
Across IPRs, differences in ChIP signals of repair proteins may be confounded by differences in DSB frequencies. We assume that in

a population of cells, an IPR that is cut twice as often as another IPR also yields a ChIP signal that is twice as strong. On top of this

simple relationship there may be quantitative effects of chromatin context on the binding of these proteins. Because we are primarily

interested in the latter chromatin effects, we computationally corrected the ChIP signals for differences in cutting frequency as
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follows. 1. As an approximation of the cutting rates, we used the total indel frequency of each IPR after 72 hours, i.e., after essentially

all breaks were repaired. 2. Because sgRNA-LBR exhibits a mild saturation of indel frequencies, we corrected for this. For this we

correction we used the indel frequencies of sgRNAs LBR1, 12 and 15 (which do not show this saturation), using the loess fits of

the pairwise scatterplots as shown in Figure 3C; we averaged the results of these three independent corrections, yielding a value

TIFcor for each IPR. 3. We then fitted for each protein amodel log2(ChIP) ~1*log2(TIFcor) + b using the nls() function of R. This fit forces

a slope of 1, modeling the above assumption. 4. The residuals of this fit were taken as the variation in ChIP signals due to chromatin

context effects (now corrected for cutting efficiency) and are shown in Figure 4G.

Time series analyses
Indels in clone 5 were identified and counted as described above. Indel frequencies andMMEJ:NHEJ balance was calculated before

averaging across replicates. Only IPRs mapped to a single genomic location were used (19 total). Sigmoid curves were fitted to time

series data using the following formula:

y = ae�be�ct

Where t is time and a, b and c are parameters that determine the shape and plateau of the curve. For the decay of wild-type sequence

over time, the ratio was fitted as 1-y. Fitting was done using the nls package in R. Starting values 20, 10 and 0.1 were used for fitting of

the parameters a, b and c, respectively.
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