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SUMMARY
We set out to exhaustively characterize the impact of the cis-chromatin environment on prime editing, a pre-
cise genome engineering tool. Using a highly sensitive method for mapping the genomic locations of
randomly integrated reporters, we discover massive position effects, exemplified by editing efficiencies
ranging from �0% to 94% for an identical target site and edit. Position effects on prime editing efficiency
are well predicted by chromatin marks, e.g., positively by H3K79me2 and negatively by H3K9me3. Next,
we developed a multiplex perturbational framework to assess the interaction of trans-acting factors with
the cis-chromatin environment on editing outcomes. Applying this framework to DNA repair factors, we iden-
tify HLTF as a context-dependent repressor of prime editing. Finally, several lines of evidence suggest that
active transcriptional elongation enhances prime editing. Consistent with this, we show we can robustly
decrease or increase the efficiency of prime editing by preceding it with CRISPR-mediated silencing or acti-
vation, respectively.
INTRODUCTION

Prime editing facilitates the precise installation of diverse genetic

variants with minimal off-target effects.1–5 The prime editor con-

sists of a fusion of a Cas9 nickase and reverse transcriptase

(RTase), while the prime editing guide RNA (pegRNA) specifies

both the target site and desired edit. The high programmability

and specificity of prime editing, together with its avoidance of

double-stranded breaks (DSBs), offer considerable advantages

over alternatives in the context of therapeutic genome editing,6,7

molecular recording,8–10 and the functional characterization of

genetic variants.11

Acounterpoint to this promise is that primeediting’s efficiency is

highly variable and often low.1,12–14 Relevant factors likely include

(1) properties of the prime editing ribonucleoprotein (RNP) com-

plex; (2) the target sequence and edit type; (3) trans-acting factors,

e.g., endogenous DNA repair proteins; and (4) the cis-chromatin

environment of the target site. The first three factors have been

explored to great effect, resulting in optimized and/or specialized

prime editors,1,13,15,16 sequence-based machine learning models
Cell 187, 1–17,
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that facilitate pegRNA design,12,17–20 and mismatch repair

(MMR)-targeting strategies that enhance prime editing effi-

ciency,1,13,14 respectively. However, how the cis-chromatin envi-

ronment impacts prime editing remains largely unexplored.

It iswell established that conventional Cas9-mediated genome

editing is strongly influenced by chromatin, both through the ste-

ric effects of nucleosomes21,22 and epigenetic effects on the bal-

ance of endogenous DNA repair pathways used to repair Cas9-

mediated DSBs.23–26 However, as prime editing leverages a

different set of endogenous DNA repair pathways than conven-

tional Cas9-mediated genome editing, we hypothesized that

prime editing’s outcome would also be strongly influenced by

the chromatin.

RESULTS

Design and efficient mapping of prime editing reporters
To measure cis-chromatin effects, we developed a strategy for

efficiently mapping the precise genomic locations of randomly

integrated reporters (Figure 1A). The method relies on linear
May 9, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Efficient genome-wide mapping of integration sites of synHEK3 reporters

(A) Measuring cis-chromatin effects on prime editing efficiency. A library of synHEK3 reporters is randomly inserted throughout the genome. Genomic locations of

individual reporters are determined with a T7-assisted reporter mapping method. The cis-chromatin contexts of mapped reporters are used to model prime

editing outcomes as measured from each reporter.

(B) Genome browser view of a read pileup pinpointing the precise coordinates of a synHEK3 reporter integration. Barcode sequence, orientation, and coordinates

of the reporter are annotated.

(C) Motif enrichment analysis of 20-bp windows surrounding synHEK3 integration sites.

(D) Coverage plot of unique synHEK3 reporters identified in the bottlenecked pool (n = 4,273). Vertical bar lengths correspond to read counts.

(E) UpSet plot of genomic annotations of synHEK3 integration sites.

See also Figure S1.
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amplification of insertion junctions by in vitro transcription (IVT)

on genomic DNA (gDNA) from a bacteriophage T7 promoter

embedded within the reporter. In vitro transcribed RNAs are

then reverse transcribed (RT), amplified by semi-specific PCR,

and sequenced to associate reporter-specific barcodes (BCs)

with neighboring genomic sequences. Sequencing reads span

insertion junctions, such that integration sites are mapped at

base-pair (bp) resolution (Figure S1A). T7-assisted reporter

mapping offers two key advantages over conventional reporter

mapping approaches.27–30 First, it eliminates digestion and

ligation steps that are characterized by bias and/or suboptimal

efficiency. Second, T7 polymerase linearly amplifies molecules

carrying positional information before RT-PCR, which further

increases sensitivity.

We developed a compact piggyBac (PB)-based prime editing

reporter bearing the T7 promoter, the target sequence for a
2 Cell 187, 1–17, May 9, 2024
highly efficient pegRNA (HEK3), and a 16-bp degenerate BC.

The final construct was 358 bp and lacked any known regulatory

elements that could potentially interfere with the local chromatin

environment (Figure S1A). We randomly integrated a complex li-

brary of these ‘‘synHEK3’’ reporters into a K562 cell line consti-

tutively expressing the PE2 prime editor2 (Figure S1B). After PB

transposase was diluted out and all synHEK3 integrations were

stable, we estimated 15.5 reporter copies (mean) per cell by

qPCR (Figure S1C). We bottlenecked these cells to�500 clones,

each presumably containing a unique set of integrated reporters.

Downstream work was performed on this bottlenecked popula-

tion (Figure S1B).

To map the genomic locations of synHEK3 integrations, we

performed T7-assisted reporter mapping. Subsets of aligned

reads defined sharp boundaries when visualized on a genome

browser, each corresponding to the precise insertion point of a
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Figure 2. Chromatin context has a major impact on prime editing efficiency

(A) Left: workflowof the experiment. Right: density plot of CTT insertion frequency in all uniquely barcoded synHEK3 reporters (n = 4,273). Red line indicates prime

editing efficiency (17%) at the endogenous HEK3 locus in K562 cells.

(B) Heatmap of fractions of highly editable (>25%) sites in synHEK3 sites stratified by chromatin feature scores. SynHEK3 reporters are binned into 10 equally

sized bins with increasing chromatin feature scores. The chromatin features are ordered left-to-right by their correlation coefficient (Spearman’s r) with prime

editing efficiency.

(C) Scatter plot of observed vs. predicted prime editing efficiencies using reporters in a holdout test set. Points colored by the number of neighboring points. p

values determined by the Spearman correlation test or by the Pearson correlation test.

(D) Scatter plot of Spearman’s r between chromatin feature scores and prime editing efficiencies, calculated separately for intragenic and intergenic reporters.

(legend continued on next page)
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synHEK3 reporter (Figure 1B). After BC error correction, we iden-

tified 10,095 insertion sites (Figure S1D). Saturation analysis indi-

cated that the mapping was near complete (Figure S1E). Motif

analysis of insertion junctions revealed the expected TTAA motif

for PB transposition31 (Figure 1C). We removed sites lacking this

motif (6.4%) and assigned the genomic coordinates of TTAA

motifs as locations of individual reporters. Of note, only 4,273

mapped sites (42.3%) bore a unique BC (Figure 1D), while the re-

maining 5,177 (51.3%) bore one of 880 BCs that recurred at mul-

tiple integration sites (Figure S1F). These recurrent BCs are not

due to limited BC complexity in the plasmid library but rather

reflect PB transposon excision and re-integration events occur-

ring after DNA replication but before the transposase was fully

diluted out.32

SynHEK3 reporters were distributed across all major genomic

annotations, with a bias toward genic regions (Figures 1E, S1G,

and S1H). Compared with randomly selected genomic or TTAA

sites, PB integrations were most strongly enriched near active

transcriptional start sites (TSSs) and enhancers and most

strongly depleted from quiescent regions, which are mostly

constitutive heterochromatin33 (Figure S1I). Given these biases,

we sought to assess how broad a range of epigenetic environ-

ments was sampled by integrated reporters. For this, we

computed epigenetic scores for 2-kb windows surrounding syn-

HEK3 integrations for various chromatin features in K562 cells34

(Tables S2 and S3) and compared these against equivalent

scores for randomly selected genomic and TTAA sites. While

synHEK3 integration sites tended to have higher scores for

markers of open chromatin due to PB integration bias, they

nonetheless sample the full dynamic ranges of the chromatin

features surveyed, including those associated with poorly

accessible chromatin environments (Figure S1J).

Impact of chromatin features on prime editing efficiency
To measure prime editing outcomes across different chromatin

contexts, we transfected the bottlenecked cell population with

a pegRNA designed to install a CTT insertion at the HEK3 target

sequence.1 After 4 days, we measured prime editing efficiencies

for all uniquely barcoded reporters (Figure 2A, left). This pegRNA

drove 17% editing at the endogenous HEK3 locus. However, a

broad range of efficiencies (�0%–94%, mean: 19.8%) was

observed for the HEK3 target when integrated at different

genomic locations via the synHEK3 reporter, demonstrating

prime editing outcomes are highly influenced by position effects

(Figure 2A, right).
(E) Prime editing efficiency for gene-proximal reporters. Distancewas scaled by ge

of TSS. Values >100% refer to synHEK3 sites located downstream of transcription

the genes. TPM, transcripts per million.

(F) Genome browser views of the 4most highly editable sites. Sites of integration a

selected epigenetic tracks. For each synHEK3 insertion, editing efficiency, numbe

annotated. The dashed vertical lines mark locations of the insertions.

(G) Scatter plot of sequence-based prediction (DeepPrime, x axis) vs. normalize

endogenous genomic sites. p values determined by the Spearman correlation te

(H) Scatter plot of chromatin-based prediction (our model, x axis) vs. normalized ed

test or by the Pearson correlation test.

(I) Scatter plot of combined score (x axis) vs. normalized editing rate (y axis, log10
correlation test.

See also Figure S2.
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We examined correlations between chromatin feature scores34

and prime editing efficiencies across synHEK3 genomic locations.

The chromatin feature scoresofH3K79me2,POLR2AS2,H3K9ac,

and HDAC2 were most positively correlated, while H3K9me3 was

most negatively correlated (Figures S2A and S2B). When we

binned synHEK3 reporters based on each chromatin feature

score, the same positive features were strongly associated with

the proportion of sites that were highly edited (>25%; Figure 2B).

Among all features examined, H3K79me2 levels were most

strongly correlated with prime editing efficiency (Spearman’s

r = 0.56; Figures S2A and S2B). The lowest and highest deciles

of H3K79me2 scores exhibited median efficiencies of 1.7% and

54.5%, respectively, a 32-fold difference (Figure S2B). Upon

training a beta regression model based on the chromatin feature

scores, H3K79me2 (p = 1.473 10�12) and H3K9me3 (p = 1.153

10�14) were the best positive and negative predictors of effi-

ciency, respectively (Table S2). This model accurately predicted

prime editing efficiencies on a holdout test set (Spearman’s

r = 0.62, Pearson’s r = 0.67, p < 2.23 10�16 for both; Figure 2C).

Surprisingly, a small fraction (11%) of H3K79me2-high sites

(top 10%) had near-zero editing efficiencies (Figure S2A). We

surmised that some of these underedited outliers might be due

to a technical artifact, wherein some clones lose expression of

PE2 due to excision during synHEK3 integration, as both were

integrated via PB. To check this, we engineered two new pools

of synHEK3 reporters in wild-type (WT) K562 cells, mapped

reporter locations, and measured editing efficiencies with tran-

siently expressed PE2 (Table S3). Consistent with our hypothe-

sis, a smaller fraction of H3K79me2-high sites had near-zero ed-

iting efficiencies (4.7% vs. 11%). Importantly, chromatin features

predicting high prime editing efficiencies were similar, and the

beta regression model trained on the original data accurately

predicted the editing efficiencies of these two independently

generated sets of synHEK3 reporters (Spearman’s r = 0.71,

Pearson’s r = 0.70, p < 2.2 3 10�16 for both; Figures S2C

and S2D).

In mammalian cells, H3K79 methylation is solely deposited by

DOT1L in a process coupled to RNA polymerase II (RNA Pol II)

transcriptional elongation.35–37 As H3K79me2 is overwhelmingly

intragenic, a global analysis might mask differences in the inter-

action of chromatin and prime editing in intragenic vs. intergenic

regions. We therefore repeated the correlation analysis and beta

regression modeling on intragenic and intergenic synHEK3 re-

porters separately (Figure 2D; Table S2). These analyses showed

that H3K79me2’s value as a positive predictor is restricted to
ne length and binned. Negative values refer to synHEK3 sites located upstream

termination site (TTS). Points colored based on the expression levels (log10) of

ndmeasured editing efficiencies are shown as a dot plot at top and alignedwith

r of reads with edit (numerator), and the total number of reads (denominator) are

d editing rate (y axis, log10 scale) for epegRNAs designed for prime editing at

st or by the Pearson correlation test.

iting rate (y axis, log10 scale). p values determined by the Spearman correlation

scale). p values determined by the Spearman correlation test or by the Pearson
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intragenic regions of the genome, while H3K9me3 is a strong

negative predictor of prime editing efficiency in both intragenic

and intergenic regions.

The chromatin immunoprecipitation (ChIP)-seq signal of

H3K79me2 is more spread out and downstream-biased than

that of H3K4me3, a marker of promoters (Figure S2E). We hy-

pothesized that prime editing is most efficient in transcriptionally

active regions and particularly so immediately downstream of

active TSS. To evaluate this, we stratified synHEK3 reporters

by distance from the nearest TSS as well as the mRNA expres-

sion level of the overlapping or nearest gene. Prime editing effi-

ciencies were indeed correlated with both expression levels and

TSS proximity (Figures 2E, S2F, and S2G). In addition, we iden-

tified a weak correlation between prime editing efficiency and

transcript orientation, as synHEK3 sites on the same strand as

the coding strand of transcription exhibited slightly higher editing

efficiencies (p = 0.05; Figure S2H).

To visualize the contrasting epigenetic environments, we pre-

pared genome browser views of the top 4 highly editable syn-

HEK3 sites (90%–94% PE) and 4 poorly editable synHEK3 sites

(�1% PE) (Figures 2F and S2I). The top sites are intragenic in

highly expressed genes and within 3.5 kb of the TSS. The poorly

editable examples are also intragenic but within unexpressed

genes and in some cases hundreds of kilobases from the TSS.

Similar visualizations of the epigenetic environments of all

synHEK3 sites from this experiment, together with their

efficiencies, can be browsed at https://genome.ucsc.edu/s/

lxyttpp912/hg38_synHEK3_hub.

Impact of chromatin environment on prime editing in
diverse endogenous target sites
To ask whether learnings based on synHEK3 reporters gener-

alize, we designed epegRNAs with DeepPrime19 to install 3-bp

CCT insertions at 121 endogenous genomic target sites and

tested these in K562 cells (predicted efficiencies 65%–85%;

Tables S1 and S4). Interestingly, the resulting editing efficiencies

were uncorrelated with DeepPrime scores, probably because

they were all designed for high efficiency (Spearman’s

r = 0.03, p = 0.74, Pearson’s r = 0.05, p = 0.62; Figure 2G). How-

ever, despite variation in guide and target sequences, editing

efficiencies were well predicted by the synHEK3-derived beta

regression model (Spearman’s r = 0.56, p = 4.6 3 10�9, Pear-

son’s r = 0.52, p = 5.0 3 10�8; Figures 2H and S2J). Combining

the DeepPrime score with our model did not further increase

prediction accuracy (Spearman’s r = 0.57, p = 1.23 10�9, Pear-

son’s r = 0.53, p = 2.0 3 10�8; Figure 2I). We conclude that

the epigenetic factors shaping prime editing efficiencies at

synHEK3 reporters also apply to endogenous target sites.

Furthermore, a prediction model based on chromatin features

can be used to rank the outputs of sequence-based pegRNA

design tools.12,18,19

Differential position effects on Cas9 vs. prime editing
To the extent that the wide range of prime editing efficiencies at

integrated synHEK3 reporters is due to differential accessibility

for the prime editor, we would expect Cas9 editing to be similarly

affected. We therefore transfected the K562 synHEK3 reporter

pool with Cas9 RNP bearing a gRNAwith the sameHEK3-target-
ing spacer and compared editing outcomes for prime vs. Cas9

editing across an identical set of genomic locations. Cas9 editing

was more efficient than prime editing. Frequent indels were

observed as early as day 1. 75% of reporters had indel fre-

quencies >90% by day 4, and Cas9 successfully edited syn-

HEK3 reporters that were resistant to prime editing (Figures 3A

and S3A). As expected, synHEK3 reporters near highly ex-

pressed genes were more frequently edited by Cas9. Reporters

immediately downstream of TSSs of highly expressed genes had

higher indel frequencies at day 1, but the differences were negli-

gible at later time points (Figure S3B).

To explore differences, we clustered synHEK3 reporters into

6 groups based on measured efficiencies of prime and Cas9

editing (Figure 3B). The reporters in each group naturally clus-

tered in principal-component analysis (PCA) plots of chromatin

feature scores, suggesting that the epigenetic environment

shapes the editing efficiencies exhibited by members of each

group (Figures S3C and S3D). We further clustered the larger,

more highly edited groups (groups 3–6) into subclusters, result-

ing in 14 clusters overall (Figures 3B and S3E).

While prime and Cas9 editing efficiencies were generally

correlated, there were a few pairs of groups whose properties

were informative beyond that correlation: (1) those highly edited

by both prime and Cas9 editing (groups 6.1 and 6.2), (2) those

highly edited by Cas9 but poorly by prime editing (groups 4.2

and 4.3), and (3) those poorly edited by both prime and Cas9 ed-

iting (groups 1.0 and 2.0) (Figure 3C).

Groups 6.1 and 6.2 exhibited similarly high Cas9 editing

(mean: 96.1% vs. 96.8%, p = 0.1), but group 6.2 exhibited signif-

icantly higher prime editing (mean: 69.3% vs. 82.5%, p = 6.6 3

10�16). Both group 6.1 and group 6.2 are overwhelmingly intra-

genic (Figure 3D) and similarly accessible (p = 0.63; Figure 3E).

However, group 6.2 sites are more highly expressed than group

6.1 sites, suggesting that higher levels of transcription specif-

ically promote prime editing (p = 2.8 3 10�3; Figure 3F).

Groups 4.2 and 4.3 exhibit high levels of Cas9 RNP editing

(mean: 86.4% and 89.9%) but low levels of prime editing

(mean: 17.1% and 2.2%). Many synHEK3 sites in group 4.3 ex-

hibited near-zero efficiency for prime editing, which we attrib-

uted to the technical artifact of PB excision of PE2 construct,

discussed above. However, group 4.2 sites tended to be intra-

genic and accessible (Figures 3D and 3E) but lowly expressed

(p = 8.3 3 10�14 for group 4.2 vs. 6; Figure 3F) and far from

any TSS (p = 4.1 3 10�11 for group 4.2 vs. 6; Figure 3G). The

fact that group 4.2 sites are amenable to Cas9 editing but not

prime editing suggests that both Cas9 and prime editing benefit

from chromatin accessibility, but more active transcription spe-

cifically promotes prime editing.

The most poorly editable sites fell into groups 1.0 and 2.0

(Figure 3C). Both exhibited very-low prime editing efficiencies

(mean: 0.8% vs. 2.2%, p = 9.3 3 10�9), but group 1.0 had

substantially lower Cas9 editing (mean: 25.8% vs. 38.3%,

p < 2.2 3 10�16). We suspect group 1.0 corresponds to consti-

tutive heterochromatin marked by higher H3K9me3 that remains

silenced throughout the cell cycle and development.38 In

contrast, group 2.0 is marked by higher H3K27me3 and might

correspond to facultative heterochromatin, which is silenced

upon differentiation39,40 (Figure S3F).
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Figure 3. Comparison between Cas9 and prime editing, leveraging a common set of integrated reporters

(A) Comparison of editing efficiencies for Cas9 (day 1, 2, or 4 after transfection) vs. prime editing (day 4 after transfection) at an identical set of synHEK3 reporters.

Plots colored based on the number of reporters assigned to each bin. 1D histograms of editing efficiencies plotted at top and right.

(B) Hierarchical clustering of synHEK3 reporters based on prime and Cas9 editing efficiencies.

(C) Density plot of prime and Cas9 editing efficiencies for 14 groups of synHEK3 reporters, ordered by mean prime editing efficiency.

(D) Bar graph of the log2 ratio between number of intragenic vs. intergenic sites in each of the 14 groups.

(E–G) Comparison of properties of intragenic sites in selected groups. p value: two-sided Kolmogorov-Smirnov test. (E) Boxplot of assay for transposase

accessible chromatin with sequencing (ATAC-seq) scores of selected groups. (F) Expression levels of the overlapping genes in TPM of selected groups (x axis;

log10 scale). (G) Distance (bp) between the synHEK3 reporters in selected groups and the nearest TSS (x axis; log10 scale).

See also Figure S3.
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Finally, we examined frequencies of alleles resulting from

Cas9 editing inferred to derive from non-homologous end joining

(NHEJ) vs. microhomology-mediated end joining (MMEJ) repair

pathways. We found that MMEJ usage was significantly higher

in synHEK3 sites near H3K27me3 and H3K9me3, consistent

with observations by Schep et al.24 (Figure S3G). Moreover,

MMEJ usage increased as editing efficiencies decreased, with

group 1.0 sites exhibiting the highest MMEJ/(MMEJ + NHEJ)

ratios (median: 0.54; Figure S3H). Finally, within genes, MMEJ

usage steadily increased along the gene body (Figures S3I and

S3J), suggesting a gradient effect posed by chromatin on DNA

break repair kinetics such that faster repair mechanisms are

favored immediately downstream of TSSs.24,41 We speculate

that a similar TSS-distance gradient may affect which repair

mechanisms ultimately resolve prime editing-induced single

strand breaks (SSBs) and intermediate structures.

Investigating the cis-chromatin context dependencies
of trans-acting factors influencing prime editing
DNA damage repair (DDR) is tightly regulated by local chro-

matin context.42 To explore mechanisms mediating chromatin

context-specific regulation of prime editing, we sought to

develop a multiplex perturbational framework with which we

could capture differences in prime editing outcomes in various

chromatin environments upon knocking down various DDR-rele-

vant factors. Potential strategies for this goal include Repair-

seq13 or well-based screening of pre-integrated DNA repair re-

porters.43 However, the former averages over genomic contexts,

while the latter does not scale effectively. We therefore designed

a DDR-focused genetic screen, in which perturbations are

coupled to outcomes at pre-integrated synHEK3 reporters with

single-cell molecular profiling.44–46 To co-profile the perturba-

tion(s) received by a given cell and prime editing outcomes at

its synHEK3 reporters, we sought to use T7 in situ transcription

(IST)47,48 to drive RNA production from both perturbational and

reporter constructs in fixed, permeabilized nuclei and to then

capture these molecules with sci-RNA-seq3, a scalable method

for single-cell transcriptional profiling.49

We focused on 22 and 28 uniquely barcoded synHEK3 re-

porters in two monoclonal K562 lines derived from the original

pool (‘‘clone 3’’ and ‘‘clone 5’’), whose integration sites spanned

a range of chromatin environments (Figure 4A; Table S3). Prime

editing efficiencies in these monoclonal lines were highly corre-

lated with those estimated for the same reporters in the original

polyclonal population (Figure S4A).

To perturb trans-acting factors, we chose a doxycycline (Dox)-

inducible short haripin RNA (shRNA) system, which can trigger a

potent knockdown effect at single copy and is orthogonal to

prime editing.50,51 We constructed a library of 304 shRNAs

against 76 genes, including 74 DDR-related genes (10 unex-

pressed) and 2 luciferase genes (Table S5). The DDR-related, ex-

pressed genes comprised hits found by Repair-seq,13,52 genes

in other major DDR pathways, and epigenetic factors involved

in H3K79me2 metabolism (Figure S4B). To enable post-fixation

enrichment and targeted capture of the shRNA transcripts, we

modified the lentiviral construct to contain a T7 promoter up-

stream of the shRNA and a RT primer-binding site (PBS)

(Figure S4C).
We chose to model 6-bp insertions for several reasons. First,

random insertions minimized potential biases due to the inser-

tion sequence.18 Second, 6-bp insertions achieved high baseline

editing efficiencies (�20% across 50 synHEK3 sites), increasing

signal-to-noise. Third, the random 6-mers serve as unique mo-

lecular identifiers (UMIs) for counting unique prime editing events

at each integration site from sequencing data.

To co-capture perturbations and prime editing outcomes,

cells were profiled via a modified sci-RNA-seq3 workflow (Fig-

ure 4A). The first modification occurred before the RT step, in

that we performed T7 IST on methanol-fixed nuclei to drive

RNA expression from both synHEK3 reporters and the shRNA

construct (Figure 4B). Second, at the RT step, a primer cocktail

targeting mRNAs (oligo-dT), synHEK3, and shRNA transcripts

was used to simultaneously capture the transcriptome, editing

outcome, and perturbation(s) in a given cell (Figure 4C). Finally,

toward the end of the protocol, nuclear lysate was split; half

was subjected to conventional sci-RNA-seq3 library preparation

and half to enrichment PCR targeting the synHEK3 and shRNA-

derived transcripts (Figure 4D).

For each experiment, three libraries were sequenced, corre-

sponding to the cellular transcriptome, shRNA integrants and

synHEK3 integrants (Figure S4D). Cellular transcriptomes were

used to determine high-quality cells, and captured shRNA and

synHEK3 transcripts were assigned to these cells based on

matching combinatorial indices. Thus, for each profiled cell, we

obtained the identity of shRNA(s) present in that cell as well as

the editing outcome at each of its 22 (clone 3) or 28 (clone 5) syn-

HEK3 sites. We then applied a quantitative trait locus-style anal-

ysis to this matrix, for each synHEK3-shRNA pair, comparing the

editing frequency at the synHEK3 reporter for cells that did vs.

did not receive the shRNA (Figure 4E).

Identification of trans-acting regulatory factors of prime
editing
We recovered 667,810 high-quality cells as assessed by

complexity of the cellular transcriptome. SynHEK3-derived

reads assigned to the two clones were well separated, indicating

a low collision rate (Figure S5A). After quality control filters, we

retrieved 229,657 cells (105,583 and 124,074 for clones 3 and

5, respectively), for which at least one shRNA and one synHEK3

integrant were detected. For clones 3 and 5, respectively, the

median numbers of cells per shRNA were 1,604 and 2,208,

shRNAs detected per cell were 4 and 5, and synHEK3 BCs de-

tected per cell were 7 and 11 (Figure S5B). To determine whether

we could reliably estimate editing efficiency with this approach,

we sampled a small fraction of the cells in this screen and per-

formed amplicon sequencing of the synHEK3 reporters. Prime

editing efficiencies estimated from single-cell data were almost

perfectly correlated with those estimated by bulk amplicon

sequencing (Figure S5C).

To detect shRNA-mediated knockdown effects on prime edit-

ing outcomes, we calculated and compared editing efficiencies

in cells with vs. without a given shRNA (binomial test). Across

all synHEK3-shRNA combinations in the two monoclonal lines,

we observed a clear excess of significant synHEK3-shRNA pairs

compared with pairs involving control shRNAs (Figure 5A). 337/

7,168 and 250/5,632 synHEK3-shRNA pairs were significant at a
Cell 187, 1–17, May 9, 2024 7
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Figure 4. Dissecting chromatin context-dependent regulation of prime editing using a modified sci-RNA-seq3 workflow
Experimental workflow of the pooled shRNA screen.

(A) The two monoclonal K562 lines used in this experiment stably expressed PE2 and reverse tetracycline transactivator (rtTA) and together contained 50 unique

synHEK3 reporters. Cells were transduced with the TRE-shRNA library at a high multiplicity of infection (MOI) and treated with doxycycline. On day 2, cells were

transfectedwith pegRNAs to introduce random 6-bp insertions at synHEK3 reporters. After 3–4 days, nuclei were extracted and fixed. TRE, tetracycline response

element.

(B) Fixed nuclei were subjected to IST with T7 polymerase (pink circle) to produce transcripts from synHEK3 and shRNA constructs.

(C) Nuclei were distributed to 96-wells for indexedRT. In eachwell, a cocktail of three indexedRT primers were used: oligo-dT primers and synHEK3- and shRNA-

specific primers.

(D) After RT, nuclei were pooled and redistributed into 96-well plates for indexed hairpin ligation. Then, they were pooled and split to final 96-well plates. After

second-strand synthesis, nuclei were lysed, and the resulting lysates were split into two plates. One plate underwent Tn5 tagmentation and indexed PCR to

generate a transcriptome library. The other plate was used for indexed enrichment PCR targeting the synHEK3 and shRNA transcripts.

(E) For each synHEK3 reporter, editing outcomes were computed and compared between cells with and without a specific shRNA.

See also Figure S4.
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false discovery rate (FDR) of 5% in clone 5 and clone 3, respec-

tively. This excess of highly significant p values does not appear

to be driven by differences in the number of cells associated with

candidate-targeting vs. control shRNAs (Figure S5D).

shRNAs targeting several genes were both highly significant

and reproducible across the two clones (Figure 5B). The most

prominent targets include major components of the MMR
8 Cell 187, 1–17, May 9, 2024
pathway (PMS2 and MLH1), previously reported to influence

prime editing outcomes.13,14 To better visualize these effects,

we consolidated synHEK3-shRNA pairs targeting each MMR-

related factor (Figures 5C and S5E). The strongest prime edit-

ing-promoting effects were observed for shRNAs against

PMS2 and MLH1 (homologs of bacterial MutLa; Figure 5D),

which form a heterodimer and coordinate multiple repair steps



A

B

C

D

Figure 5. Effects of perturbing MMR-related genes on prime editing

(A) Quantile-quantile plot (Q-Q plot) of statistical significance (�log10) of synHEK3-shRNA pairs in clones 3 (left) and 5 (right). Candidate shRNAs (green) and

control shRNAs (gray) are plotted separately. p value: binomial test.

(B) Plots of adjusted p values (�log10) of all synHEK3-shRNA pairs. Target genes with high statistical significance are annotated. Points are colored by editing

efficiency changes caused by corresponding shRNAs.

(C) Effects of shRNAs targeting MMR-related genes in clone 5. Log2 fold-changes of prime editing efficiencies of synHEK3-shRNA pairs are plotted and colored

by their corresponding adjusted p values (�log10).

(D) Effects of shRNAs against MLH1 and PMS2. Pink lines: editing frequencies in cells with individual shRNAs; red line: mean editing frequencies of the gene-

targeting shRNAs; light blue lines: control editing frequencies for individual shRNAs (not visible because low variance relative to mean line, shown in blue); and

blue line: mean control editing frequencies.

See also Figure S5.
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after mismatch recognition.53 Knocking down FEN1, a 50 DNA
flap endonuclease, led to strong suppression of prime editing

(Figure S5F), consistent with its reported role.13 Perturbing the

bacterial MutSa homologs MSH2 and MSH653 did not yield

consistent effects, with MSH6 even leading to a slight decrease

in prime editing efficiency in clone 5. MSH2/MSH6 dimer recog-

nizes 1–2-bp mismatches, while MSH2/MSH3 dimer detects

longer indels (>2 bp). We speculate that knocking down MSH6

releases sequestered MSH2, allowing for more efficient detec-

tion and correction of the 6-bp insertions. The mild effect for

MSH2 might suggest a different mechanism used in recognizing

6-bp insertions. Knocking down otherMMR-related factors (e.g.,

EXO1, LIG1, SSBP1, MSH4) did not yield consistent effects

(Figures 5C and S5E).

In addition to MMR genes, targeting EP300 decreased prime

editing efficiencies across all sites (Figure S5G). EP300 en-

codes the p300 transcriptional coactivator,54 and its direct

involvement in DDR remains elusive. We cannot rule out the
possibility that its effects here result from downregulation of

global transcriptional output including expression of the prime

editor complex.

To our surprise, knocking down the methyltransferase

(DOT1L) and demethylase (KDM2B)55 of H3K79 did not lead to

significant changes in the prime editing efficiencies (Figure S5H).

To confirm this result, we performed both bulk RNA sequencing

(RNA-seq) and measurements of prime editing efficiencies in

synHEK3-bearing K562 cells treated with EPZ-5676, a potent

DOT1L inhibitor.56 Expression levels of genes containing syn-

HEK3 insertions in the single-cell screen were not significantly

affected, despite massive expression changes induced by

EPZ-5676 (Figure S5I). There was a global reduction in prime ed-

iting efficiency, but no significant relationship between changes

in prime editing efficiencies and baseline H3K79me2 levels at

intragenic synHEK3 reporters or gene expression changes (Fig-

ure S5J). These results suggest that H3K79me2 is a bystander of

high prime editing efficiency, rather than playing a direct role.
Cell 187, 1–17, May 9, 2024 9
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Figure 6. Chromatin context-specific response to HLTF inhibition

(A) Violin plot of fold-changes of editing efficiency of synHEK3 sites in response to inhibition of HLTF, MLH1, and PMS2. Points colored by shRNA identity.

(B) Heatmap of synHEK3 reporters (row) and their responses to shRNAs against HLTF (left: clone 5; right: clone 3). Leftmost bar annotates the overlapping status

of synHEK3 reporters with GRCh38 gene annotations. Second left bar indicates the expression status of the overlapping or nearest gene in TPM. Third left bar

indicates distances (bp) to corresponding TSS of gene-overlapping synHEK3 reporters or nearest genes for synHEK3 reporters outside genes. Middle heatmap

was generated using scaled chromatin feature scores of synHEK3 reporters and clustered by column. Right line plot shows effects of shRNAs against HLTF. Pink

lines: editing frequencies in cells with individual shRNAs; red line: mean editing frequencies of the gene-targeting shRNAs; light blue lines: control editing fre-

quencies for individual shRNAs (not visible because low variance relative to mean line, shown in blue); blue line: mean control editing frequencies. Dashed lines:

sites showing differential response to HLTF inhibition.

(C) Bar plot of synHEK3 reporter counts based on their responsiveness to HLTF inhibition and overlapping statuswith GRCh38 gene annotations. p value: Fisher’s

exact test.

(D) Expression of genes overlapping or proximal (within 10 kb) to a synHEK3 reporter. Genes above the dashed line (TPM = 3) are considered expressed. p value:

two-sided Kolmogorov-Smirnov test.

See also Figure S6.
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HLTF works as a chromatin context-dependent
repressor of prime editing
Another strong hit in the screen was HLTF, a member of the SWI/

SNF2 family that contains anE3ubiquitin ligasedomain.HLTFme-

diates polyubiquitination of PCNA, which promotes replication

through DNA lesions in an error-free manner.57 A previous report

has shown knocking downHLTF led to a slight decrease in the fre-

quency of prime editing-mediated single-nucleotide substitu-

tions.13 Incontrast,weobservedstrongupregulationof6-bp inser-

tions, comparable to changes induced by shRNAs against MLH1

and PMS2 (Figure 6A), suggesting differences in mechanisms

involving HLTF in the repair of short vs. longer mismatches.
10 Cell 187, 1–17, May 9, 2024
Inspectionof individual synHEK3 insertionsites revealedhetero-

geneous responses to HLTF inhibition (Figures 6B and S6A). Due

to editing frequencies being bounded on [0, 1], there is an inverse

correlationbetweenbaseline editingefficienciesand fold-changes

in responses to perturbations (Figure S6C). Therefore, we focused

on synHEK3 reporters with intermediate baseline editing fre-

quencies (0.2–0.9). In clone 5, 4/21 of these sites showed much

weaker increases in editing frequencies compared with reporters

with similar starting editing frequencies. In clone 3, reporters

were overall less responsive to HLTF inhibition, but 5/14 sites

showed stronger and statistically significant upregulation of edit-

ing frequencies (Figures S6A and S6D). Sites that were less
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Figure 7. Modulating prime editing outcomes by epigenetic conditioning

(A) Workflow of the CRISPRoff experiment.

(B) Scatter plots of mean prime editing efficiencies of synHEK3 reporters in cells transfected with CRISPRoff gRNAs targeting USP7, METTL2A, and LRRC8C

promoters. SynHEK3 reporters in corresponding target genes are labeled. Error bars correspond to standard deviation of measured editing efficiencies.

(C) Bar plot of prime editing efficiency changes of synHEK3 reporters in CRISPRoff experiment. Control editing efficiencies are predicted efficiencies using linear

models trained in synHEK3 reporters that are not in the corresponding CRISPRoff target genes as shown in (B).

(D) Workflow of the CRISPRa experiments.

(E) Prime editing efficiency (%) at endogenous gene targets in K562 cells, with or without epigenetic editing via CRISPRa. Green bars show mean prime editing

efficiencies in a wild-type K562 cell line, which received only PEmax and (e)pegRNA. Gray bars show mean prime editing efficiencies when control promoters

were activated via CRISPRa. Blue bars showmean prime editing efficiencies when target gene promoters were activated. Fold-changes are calculated between

the CRISPRa (blue) and control (gray) groups. Inset shows a zoomed view of the first three genes.

(F) Prime editing efficiency (%) at endogenous gene targets in a human iPSC line, with or without epigenetic editing via CRISPRa. Gray bars show mean prime

editing efficiencies when control promoters were activated via CRISPRa. Blue bars show mean prime editing efficiencies when target gene promoters were

activated.

(legend continued on next page)
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responsive to HLTF inhibition showed slightly higher response to

shRNAs against PMS2, an effect more obvious in clone 5 (Fig-

ure S6B). We grouped the selected synHEK3 reporters based on

their responsiveness to HLTF shRNA knockdown and counted

their overlapping status with annotated genes. The responsive

group was enriched for gene-overlapping sites (5.4-fold, Fisher’s

exact testp=0.033; Figure 6C). Furthermore,when taking expres-

sion status of overlapping or nearby genes (within 10 kb) into

consideration, responsive sites tended to be near actively tran-

scribed genes, while the unresponsive sites were mostly in non-

transcribing regions (9.2-fold mean gene expression difference;

p = 0.021; Figure 6D). We validated these observations in cells

transduced with individual shRNAs (Figure S6E).

HLTF might suppress prime editing in transcribed regions

through its role in epigenetic regulation or alternatively through

its role in DNA repair. To distinguish between these possibilities,

we performed bulk RNA-seq and ATAC-seq in cells expressing

shRNAs targeting HLTF (shHLTF.2367, shHLTF.2623). However,

we observedminimal changes uponHLTF knockdown, including

at genes and ATAC peaks near HLTF-responsive synHEK3 sites

(Figures S6F and S6G; Table S6). This result suggests that the

context-specific effect of HLTF on prime editing is not mediated

through its role in chromatin remodeling.

Modulating prime editing outcomes by targeted
epigenetic reprogramming
Several lines of evidence presented here suggest that active

transcriptional elongation enhances prime editing. First,

H3K79me2 is deposited by DOT1L, which is part of the RNA

Pol II transcriptional elongation complex. H3K79me2 is strongly

predictive of intragenic prime editing efficiency. At the same

time, shRNA-mediated knockdown of DOT1L failed to appre-

ciably alter prime editing efficiencies, a result corroborated by

pharmacological inhibition of DOT1L. Second, intragenic prime

editing efficiencies were also correlated with transcription levels,

proximity to TSS, and, more weakly, transcript orientation. Third,

our analyses of the differential outcomes of prime and Cas9 edit-

ing on identical synHEK3 reporters suggested that while chro-

matin accessibility may enhance both prime and Cas9 editing,

higher levels of transcription and TSS proximity appear to specif-

ically promote prime editing.

We next sought to exploit the apparent relationship between

active transcriptional elongation and prime editing to modulate

the efficiency of prime editing. We chose three intronic synHEK3

reporters identified in the monoclonal line, clone 5, used above.

These reporters were in the genes USP7, METTL2A, and

LRRC8C (Figure S7A). We transiently transfected these cells

with CRISPRoff-v2, an epigenetic editing tool,58 and pairs of

gRNAs to silence these genes’ promoters, and subsequently

measured prime editing efficiency across synHEK3 reporters

(Figure 7A). After calibrating to synHEK3 reporters outside of

target genes (Figure 7B; Table S7), we observed 39%, 26%,
(G) Scatter plots of mean prime editing efficiencies measured in control vs. CRIS

scale. The pink and red lines indicate 2-, 5-, and 10-fold differences between the

(H) Boxplot of prime editing efficiency fold-change for all variants. The dashed lin

See also Figure S7.

12 Cell 187, 1–17, May 9, 2024
and 47% reductions in editing frequencies of synHEK3 reporters

in USP7, METTL2A, and LRRC8C, respectively (Figure 7C).

These reductions are likely direct effects of gene silencing, as

other synHEK3 reporters were not affected, and RNA-seq indi-

cated highly specific target gene silencing (Figure S7B). Interest-

ingly, the magnitude of editing efficiency reductions was on par

with the reductions in gene expression induced by CRISPRoff

(53%, 30%, and 55%, respectively).

Enhancing prime editing efficiency by transient gene
activation
Encouraged by these results, we next examined the possibility of

increasing intragenic prime editing efficiency by preceding it with

transient gene activation by CRISPRa.59 For these experiments,

we sought to enhance prime editing of the endogenous genome,

rather than synHEK3 reporters. We initially selected four target

genes, CXCR4, IL2RB, EGFR, and CDKL5, and used prime edit-

ing to introduce a different substitution per target, some clinically

relevant.60–62We first transfected a K562 cell line stably express-

ing the dCas9-VP64 fusion63 with a pair of gRNAs (2XMS2) tar-

geting the target gene’s promoter, along with an MCP-p65-Rta

fusion protein. Then, 2 days later, we transfected the cells with

PEmax and pegRNA to program the desired mutations (Fig-

ure 7D). For three of the targets, we observed increases in

prime editing efficiency, ranging from 40% (EGFR, p = 0.076)

to 21.9-fold (CXCR4, p = 0.001) (Figures S7C–S7E; Table S7).

A potential limitation is that these pegRNAs had low baseline ef-

ficiencies. Focusing on a subset of previous targets and some

new targets that could be strongly upregulated by CRISPRa (Fig-

ure S7D), we designed new (e)pegRNAs targeting them with

DeepPrime. The newly designed (e)pegRNAs had baseline editing

efficiencies ranging from 0.5% to 13.5%. After CRISPRa of corre-

sponding promoters, we observed 2.9- to 16.5-fold upregulation

in prime editing efficiencies (Figure 7E; Table S7). The newly de-

signed pegRNA for IL2RB had the highest baseline efficiency

(13.5%), which was boosted to 40% (2.9-fold) by CRISPRa. Our

best post-CRISPRa efficiency was for a target in CREB3L3 and

was boosted from 4% to 66% (16.5-fold). Of note, we measured

editing efficiencies of the same (e)pegRNAs in a WT K562 cell line

and observed similar baselines, suggesting that prime editing is

not suppressed by the CRISPRa machinery (Figure 7E). To test

whether this strategy was effective in a different cellular context,

we preceded prime editing of CXCR4, WNT3A, and EGFR with

CRISPRa in human iPSCs64 and observed 7.8-, 1.7-, and 1.5-

fold increases in editing, respectively (Figure 7F; Table S7).

Toevaluatewhether this strategycould facilitatevarious typesof

edits, we designed 7 libraries of epegRNAs to install 19 different

variants within 7 different exons of IL2RB, including all possible

substitutions, small insertions and deletions, and a long insertion

(FiguresS7F andS7G; TablesS1andS7). Preceding prime editing

with CRISPRa resulted in 1.6- to 5.8-fold increases in editing effi-

ciency for the 7 exons (Figure S7H). The epegRNAs targeting
PRa cells in exons of IL2RB. Points colored by edit type. x and y axes in log10
CRISPRa and control groups.

e indicates a fold-change of 2.
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exon 1 of IL2RBwere the least responsive toCRISPRa, potentially

due to the CRISPRa and editing target sites being only 300 bp

apart. The installation of small insertions (1, 3, and 6 bp) were

most responsive to CRISPRa (median fold-changes ranging from

6.6- to 10.2-fold), followed by other edit types (Figures 7G and

7H).Amongsingle-nucleotidesubstitutions,G/AandA/Gedits

were most responsive to CRISPRa (median fold-changes of 5.3-

and4.7-fold, respectively; Figure7H).Weconclude thatepigenetic

reprogramming strategy is effective for enhancing the prime edit-

ing efficiencies of all edit types.

Taken together, these experiments reinforce the strong link

between transcriptional activity and prime editing outcome.

They also demonstrate the feasibility of enhancing prime editing

outcomes via transient activation of the gene to which edits are

being introduced.

DISCUSSION

At the core of this study is a simple T7 promoter-bearing reporter

construct and straightforward protocol that leverages T7 IVT and

IST to allow classic questions surrounding chromatin position ef-

fects tobe tackled ineitherbulkor single-cell format.Whenapplied

in bulk, T7 IVT enabled near-complete mapping of densely inte-

grated reporters andmeasurement of position-dependent regula-

tory effects on prime editing. When incorporated into single-cell

RNA-seqprotocol, T7 IST enabled co-profiling of non-transcribing

genomic constructs. By further incorporation into an shRNA ge-

netic screen, the interaction between trans-acting factors and

genome editing could be stratified by chromatin context. Of

note, the method is straightforward to adapt, requiring only the in-

clusion of a 19-bpT7promoter to any reporter construct, such that

it has thepotential tomakecapturingprecisegenomiccoordinates

routine for anybulkor single-cell assay inwhich reporteroreffector

constructs are randomly integrated.

We measured prime editing efficiency at over 4,000 genomic

locations and quantified the correlation of 23 chromatin features

with those efficiencies. Through beta regression modeling, we

show that H3K79me2 is the best predictor of efficacious prime

editing, but multiple lines of evidence suggest that this is prob-

ably due to its strong correlation with active transcriptional elon-

gation rather than a direct effect. Importantly, this same beta

regressionmodel, based entirely on position effects on prime ed-

iting of the synHEK3 reporter, successfully predicts the relative

editing efficiencies of high-quality epegRNAs targeting endoge-

nous genomic target sites, providing value that is orthogonal to

sequence-based prediction tools.

Examining the intersection of trans-acting factors with the cis-

chromatin environment in shaping prime editing, we identified

HLTF as a context-dependent repressor of prime editing, as

knocking it downpreferentially enhanced prime editing at sites un-

dergoing active transcription. Although we cannot rule out a

mechanism involving some unknown function of HLTF, our obser-

vationsmore plausibly relate toHLTF’s role in DNA repair57,65 than

its role in chromatin remodeling. HLTF has previously been shown

to repress PE3 but not PE2.13 Taken together with our observa-

tions here, we hypothesize that HLTF might be unevenly distrib-

uted along chromatin or preferentially recognize special SSB

repair intermediates. Actively transcribed regions of the genome
might be under intense scrutiny by HLTF such that DNA lesions

can be corrected immediately by DDR to avoid accumulation of

mutations in the transcribed genome over cell cycles. However,

further studies, in particular biochemical profiling of HLTF’s tran-

sient interactions during prime editing of transcribed regions, will

be necessary to elucidate the underlying mechanism.

The correlation between active transcriptional elongation and

prime editing efficiency prompted us to explore whether manip-

ulating the epigenetic context of a target site could alter the effi-

ciency with which it was edited. Indeed, with CRISPRoff, we

showed that targeted gene silencing reduces prime editing effi-

ciency for intragenic targets, with effect sizes on par with the

fold-reduction in gene expression. Conversely, prime editing ef-

ficiencies of endogenous, intragenic targets can be markedly

enhanced by first ‘‘conditioning’’ the locus with CRISPRa. We

validated the effectiveness of this approach for multiple loci, at

a range of distances from the TSS, in both K562 and iPSC lines,

and for all edit types.

Across target sites in 6 genes that were successfully upregu-

lated with CRISPRa in K562 cells, we observed a mean 10.2-

fold (median 8.4-fold) increase in prime editing efficiency (Fig-

ure 7E), while across 133 combinations of edit types and target

sites within the IL2RB locus, we observed a mean 4.1-fold (me-

dian 2.6-fold) increase (Figure 7G). These effect sizes are com-

parable to that of MMR inhibition (mean 7.7-fold increase).13,14

Of note, the effectiveness of MMR inhibition is highly mutation

dependent, with certain types of edits (e.g., longer indels) being

less sensitive. While more experiments are required to fully un-

derstand the edit biases of our own strategy, we showed all

prime editing-mediated edit types are robustly enhanced by

CRISPRa conditioning, e.g., 6-bp insertions in IL2RB exhibited

mean 10.0-fold (median 10.2-fold) enhancement (Figure 7H).

The strategies are thus complementary, but given that this

approach probably works through mechanisms orthogonal to

MMR, they can potentially be combined.

In summary, we show that prime editing’s efficiency is strongly

impacted by the cis-chromatin landscape and promoted by

active transcription in particular. Leveraging that insight, we

further show howCRISPRa conditioning can be used to enhance

the efficiency of intragenic prime editing, a strategy that may be

useful in both basic research and therapeutic contexts. Finally,

we note that the methods described here, in particular T7-assis-

ted reporter mapping, may be generally useful for studying posi-

tion effects on other chromatin-modulated processes.

Limitations of the study
Several limitations and technical nuancesmerit discussion. First, it

is likely that there ismore to the epigenome than is captured by 23

chromatin features.Wenote that synHEK3 reporters in distal inter-

genic regions exhibit highly variable efficiencies (Figure S2K) and

wonder if heterogeneity within heterochromatin beyond what is

captured by ENCODE assays34 or, alternatively, higher-order

structures (e.g., chromatin looping), might explain some of this.

Second, our initial experiment leveraged a single pegRNA

introducing the same insertion to a constant target site in a sin-

gle-cell type, thereby neglecting potential interactions between

the mutation type, target sequence, cis-chromatin environment,

and cell type. Although downstream experiments suggest that
Cell 187, 1–17, May 9, 2024 13
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our results generalize, there may be nuances that we have

missed.

Third, in our shRNA single-cell screen, the effect sizes of the

perturbations on prime editing efficiencies were not as large as

thosemeasured with Repair-seq.13 However, we do not attribute

this to inefficient knockdown by shRNAs (Figure S6H). Instead,

this observation likely reflects the physiological regulation of

6-bp insertions, as they tend to escape MMR and have higher

baseline editing efficiencies (20%–90% for the visualized sites),

which may mute effect sizes (Figure S6C).

Finally, a reasonable worry in applying epigenetic reprogram-

ming to condition loci for prime editing is the possibility of inter-

ference between editors. We do not observe any consistent sup-

pression of prime editing in cells constitutively expressing the

CRISPRa machinery (Figure 7E), but an anecdotal example

(exon 1 of IL2RB) is consistent with steric interference if the

CRISPRa and prime editing target sites are too close (Fig-

ure S7H). Using orthogonal (epi)genome engineering tools and/

or transiently present CRISPR RNPs might further reduce the

risk of cross-talk between different CRISPR-mediated modules.
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NEBridge� Golden Gate Assembly Kit (BsaI-HF� v2) New England Biolabs Cat# E1601S
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I-SceI New England Biolabs Cat# R0694S

XhoI New England Biolabs Cat# R0146S

EcoRI-HF New England Biolabs Cat# R3101S

(Continued on next page)
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BamHI-HF New England Biolabs Cat# R3136S

XbaI New England Biolabs Cat# R0145S

NotI-HF New England Biolabs Cat# R3189S

T4 DNA ligase New England Biolabs Cat# M0202L

SF Cell Line 4D-Nucleofector� X Kit Lonza Bioscience Cat# V4XC-2012

SF Cell Line 96-well Nucleofector� Kit Lonza Bioscience Cat# V4SC-2096

P3 Primary Cell 96-well Nucleofector� Kit Lonza Bioscience Cat# V4SP-3096

ViraPower� Lentiviral Packaging Mix Invitrogen Cat# K497500

Lipofectamine� 3000 Transfection Reagent Invitrogen Cat# L3000001

PEG-it� Virus Precipitation Solution (53) System Biosciences Cat# LV810A-1

Polybrene Millipore Cat# TR-1003-G

Geneticin Gibco Cat# 10131035

Blasticidin S HCl (10 mg/mL) Gibco Cat# A1113903

DEPC (Diethyl Pyrocarbonate) Millipore Sigma Cat# D5758-25ML

YOYO�-1 Iodide (491/509) - 1 mM Solution in DMSO Invitrogen Cat# Y3601

dNTP mix New England Biolabs Cat# N0447L

NEBNext� Ultra� II Non-Directional RNA Second Strand

Synthesis Module

New England Biolabs Cat# E6111L

Protease QIAGEN Cat# 19157

Buffer EB QIAGEN Cat319086

Tn5 transposase Diagenode Cat# C01070010-20

BSA New England Biolabs Cat# B9000S

Monarch� DNA Gel Extraction Kit New England Biolabs Cat# T1020S

NEBNext� High-Fidelity 2X PCR Master Mix New England Biolabs Cat# M0541L

OneTaq� Hot Start 2X Master Mix with Standard Buffer New England Biolabs Cat# M0484L

SYBR� Green I Nucleic Acid Gel Stain Invitrogen Cat# S7563

Alt-R� S.p. Cas9 Nuclease V3 Integrated DNA Technologies Cat# 1081059

Alt-R� Cas9 Electroporation Enhancer, 2 nmol Integrated DNA Technologies Cat# 1075915

Critical commercial assays

TruSeq RNA Library Prep Kit v2 Illumina Cat# RS-122-2001

TruSeq Stranded mRNA kit Illumina Cat# 20020594

Illumina TruSeq RNA UD Indexes Illumina Cat# 20023785

NextSeq 1000/2000 P2 Reagents (100 Cycles) v3 Illumina Cat# 20046811

NextSeq 500/550 Mid Output Kit v2.5 (150 Cycles) Illumina Cat# 20024904

MiSeq Reagent Kit v2 (300-cycles) Illumina Cat# MS-102-2002

MiSeq Reagent Kit v3 (150-cycle) Illumina Cat# MS-102-3001

MiSeq Reagent Kit v2 (50-cycles) Illumina Cat# MS-102-2001

Tagment DNA TDE1 Enzyme Illumina Cat# 20034197

Deposited data

Sequencing data generated in this study This manuscript GEO: GSE228465

K562 DHS ENCODE Project Consortium34 GEO:GSM816655 and ENCFF972GVB

K562 H3K79me2 ChIP-seq ENCODE Project Consortium34 GEO:GSM733653 and ENCFF957YJT

K562 CTCF ChIP-seq ENCODE Project Consortium34 GEO:GSM935407 and ENCFF682MFJ

K562 POLR2A ChIP-seq ENCODE Project Consortium34 GEO:GSE91721 and ENCFF806LCJ

K562 ATAC-seq ENCODE Project Consortium34 GEO:GSE170378 and ENCFF093IIW

K562 H3K9ac ChIP-seq ENCODE Project Consortium34 GEO:GSM733778 and ENCFF286WRJ

K562 H3K9me3 ChIP-seq ENCODE Project Consortium34 GEO:GSM733776 and ENCFF601JGK

K562 H3K9me1 ChIP-seq ENCODE Project Consortium34 GEO:GSM733777 and ENCFF654SLZ
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K562 H4K20me1 ChIP-seq ENCODE Project Consortium34 GEO:GSM733675 and ENCFF605FAF

K562 BRD4 ChIP-seq ENCODE Project Consortium34 GEO:GSE101225 and ENCFF251SRH

K562 EZH2 ChIP-seq ENCODE Project Consortium34 GEO:GSM1003576 and ENCFF587SWK

K562 H2AFZ ChIP-seq ENCODE Project Consortium34 GEO:GSM733786 and ENCFF621DJP

K562 POLR2AS2 ChIP-seq ENCODE Project Consortium34 GEO:GSM935402 and ENCFF434PYZ

K562 SMC3 ChIP-seq ENCODE Project Consortium34 GEO:GSM935310 and ENCFF469OWD

K562 HDAC1 ChIP-seq ENCODE Project Consortium34 GEO:GSE10583 and ENCFF684RNO

K562 HDAC2 ChIP-seq ENCODE Project Consortium34 GEO:GSE91451 and ENCFF954LGE

K562 HDAC3 ChIP-seq ENCODE Project Consortium34 GEO:GSE127356 and ENCFF975DCO

K562 H3K4me3 ChIP-seq ENCODE Project Consortium34 GEO:GSE96303 and ENCFF253TOF

K562 H3K4me2 ChIP-seq ENCODE Project Consortium34 GEO:GSM733651 and ENCFF959YJV

K562 H3K4me1 ChIP-seq ENCODE Project Consortium34 GEO:GSM733692 and ENCFF834SEY

K562 H3K27me3 ChIP-seq ENCODE Project Consortium34 GEO:GSM733658 and ENCFF405HIO

K562 H3K27ac ChIP-seq ENCODE Project Consortium34 GEO:GSM733656 and ENCFF849TDM

K562 H3K36me3 ChIP-seq ENCODE Project Consortium34 GEO:GSM733714 and ENCFF163NTH

Experimental models: Cell lines

K562 ATCC CCL-243

K562 PE2-Puro Choi et al.2 N/A

K562 dCas9-VP64 Chardon et al.63 N/A

K562 PEmax This manuscript N/A

WTC11 DHFR-dCas9-VPH Tian et al.64 N/A

Oligonucleotides

List of oligonucleotides This manuscript, Table S1 N/A

Recombinant DNA

PB-T7-HEK3-BC (synHEK3) This manuscript N/A

LT3-GFP-T7-miR-E-CS1-PGK-Neomycin This manuscript N/A

Lenti-rtTA-P2A-Blast This manuscript N/A

pU6-Sp-pegRNA-HEK3-ins6N This manuscript N/A

pU6-Sp-pegRNA-HEK3-ins3N This manuscript N/A

pU6-Sp-dual-gRNA This manuscript N/A

pU6-Sp-gRNA-2XMS2 This manuscript N/A

PB-CMV-MCP-XTEN80-p65-Rta-3xNLS-P2A-T2A-mPlum This manuscript N/A

PB-CMV-PEmax-EF1a-Puro This manuscript N/A

PB-UCOE-EF1a-PEmax-P2A-mCherry-PGK-Blast This manuscript N/A

PB-CMV-MCS-EF1a-Puro System Biosciences Cat# PB510B-1

pCMV-HyPBase Yusa et al.66 N/A

PB-CMV-PE2-EF1a-Puro Choi et al.2 N/A

pU6-Sp-pegRNA-HEK3-insCTT Anzalone et al.1 Addgene: 132778

pCMV-PEmax Chen et al.13 Addgene: 174820

pCMV-PEmax-P2A-hMLH1dn Chen et al.13 Addgene: 174828

CRISPRoff-v2.1 Nuñez et al.58 Addgene: 167981

LT3GEN Fellmann et al.50 Addgene: 111173

Software and algorithms

Bcl2fastq (v2.20) Illumina https://support.illumina.com/sequencing/

sequencing_software/bcl2fastq-

conversion-software.html

Samtools (v1.9) Danecek et al.67 http://www.htslib.org
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Bedops (v2.4.35) Neph et al.68 https://bedops.readthedocs.io/en/latest/

index.html

featureCounts Liao et al.69 https://subread.sourceforge.net/

featureCounts.html

Needleall Needleman and Wunsch70;

Kruskal71
https://emboss.sourceforge.net/apps/

release/6.6/emboss/apps/needleall.html

STAR (v2.7.6a) Dobin et al.72 https://github.com/alexdobin/STAR

Salmon (v1.9.0) Patro et al.73 https://salmon.readthedocs.io/en/latest/

Cutadapt (v4.1) Martin74 https://cutadapt.readthedocs.io/en/stable/

TrimGalore (v0.6.6) Martin74 https://www.bioinformatics.babraham.

ac.uk/projects/trim_galore/

Bwa (v0.7.17) Li and Durbin75 https://bio-bwa.sourceforge.net/

GenomicRanges Lawrence et al.76 https://bioconductor.org/packages/

release/bioc/html/GenomicRanges.html

ChIPseeker Yu et al.77; Wang et al.78 https://bioconductor.org/packages/

release/bioc/html/ChIPseeker.html

Homer Heinz et al.79 http://homer.ucsd.edu/homer/

Genomation Akalin et al.80 https://bioconductor.org/packages/

release/bioc/html/genomation.html

HTseq (v.2.0.2) Putri et al.81 https://htseq.readthedocs.io/en/master/

Seurat (v4.0.0) Hao et al.82 https://satijalab.org/seurat/

Hmisc (v.5.1-1) Harrell and Dupont https://cran.r-project.org/web/packages/

Hmisc/index.html

Betareg (v3.1.4) Cribari-Neto and Zeileis83 https://cran.r-project.org/web/packages/

betareg/index.html

DESeq2 Love et al.84 https://bioconductor.org/packages/

release/bioc/html/DESeq2.html

WebLogo 3 Crooks et al.85 https://weblogo.threeplusone.com/

ComplexHeatmap Gu et al.86 https://bioconductor.org/packages/

release/bioc/html/ComplexHeatmap.html

Gviz Hahne and Ivanek87 https://bioconductor.org/packages/

release/bioc/html/Gviz.html

IGV Robinson et al.88 http://software.broadinstitute.org/

software/igv/

FlashFry McKenna and Shendure89 https://github.com/mckennalab/FlashFry

GuideScan2 Schmidt et al.90 https://www.guidescan.com/

DeepPrime Yu et al.19 https://deepcrispr.info/DeepPrime/

Other

UCSC trackhub for visualizing prime editing results in

synHEK3 reporters and surrounding epigenetic

environments

This manuscript https://shendure-web.gs.washington.edu/

content/members/xyli10/public/

nobackup/hub.txt
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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, Jay Shen-

dure (shendure@uw.edu).

Materials availability
All unique reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.
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Data and code availability
d All sequencing data have been deposited at GEO (GSE228465) and are publicly available. This paper analyzes existing, publicly

available data. These accession numbers for the datasets are listed in the key resources table. The UCSC trackhub created for

visualizing results of this work is: https://shendure-web.gs.washington.edu/content/members/xyli10/public/nobackup/

hub.txt.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines and cell culture
K562 cells (CCL-243, female) were purchased from ATCC. PE2,2 PEmax and dCas9-VP6463 K562 lines were generated previously or

in this study. All K562 cells were maintained in RPMI 1640 medium (Gibco) supplied with 10% FBS (Hyclone) and penicillin/strepto-

mycin (Gibco, 100 U/ mL). HEK293T cells were maintained in DMEM medium (Gibco) supplied with 10% FBS and penicillin/strep-

tomycin. The DHFR-dCas9-VPH (VP48-P65-HSF1) WTC11 (human iPSCs, male) line was generated and kindly provided by theMar-

tin Kampmann lab.64 iPSCsweremaintained onGeltrex (Gibco) coated plates in themTeSR Plusmedium (STEMCELL Technologies)

supplied with 10 mM Y-27632 (Stemgent). All cells were kept in a humidified incubator at 37 oC, 5% CO2.

METHOD DETAILS

Molecular cloning
PB-T7-HEK3-BC (synHEK3)

First, a minimal piggyBac cargo construct was created by deleting all intervening sequences between the 5’ and 3’ terminal repeats

(including core insulators) of the PB-CMV-MCS-EF1a-Puro vector (System Biosciences, PB510B-1). A gBlock (Integrated DNA

Technologies, IDT) consisting of a filler sequence and flanking scaffold sequences (fromGFP) was inserted to create a shuttle vector.

The filler sequence contains two divergent BsmBI recognition sites and can be removed scarlessly. Second, the shuttle vector was

digested with BsmBI (New England Biolabs). An 87-bp region around the HEK3 gRNA target site was synthesized from IDT and

amplified with a pair of primers to introduce a T7 promoter and a 16-bp barcode to its upstream and downstream, respectively.

The resulting PCR product was inserted into the linearized shuttle vector using NEB HiFi assembly. Ligated products were cleaned

up and concentrated with AMPure XP beads (Beckman Coulter), and electroporated into NEB 10-beta electrocompetent E. coli.

Electroporation was performed in a 0.1 cm electroporation cuvette using a Bio-RadGenePulser electroporator at 2.0 kV, 200Omega,

and 25 mF.

LT3-GFP-T7-miR-E-CS1-PGK-Neomycin

The LT3GEN vector was purchased from Addgene (#111173)50 and digested with I-SceI (New England Biolabs). A fragment contain-

ing a T7 promoter and homologous sequences was ordered from IDT and assembled into the backbone. The LT3-GFP-T7-PGK-

Neomycin vector was digested with XhoI and EcoRI-HF (New England Biolabs). An shRNA targeting the Renilla luciferase

(Ren713) was inserted along with a Capture Sequence 1 (CS1) after the EcoRI site. For shRNA cloning, the LT3-GFP-T7-miR-E-

CS1-PGK-Neomycin construct was digested with XhoI and EcoRI-HF. shRNAs were ordered from IDT as 97-nt 4 nmole Ultramers

(Table S1) or oPool (Table S5) and amplified with primers p1 (50-ATTACTTCGACTTCTTAACCCAACAGAAGGCTCGAGAAGGTA

TATTGCTGTTGACAGTGAGCG-3’) and p2 (5’-AATTGCTCTTGCTAGGACCGGCCTTAAAGCGAATTCTAGCCCCTTGAAGTCCGA

GGCAGTAGGCA-3’). The PCR products were assembled into the backbone using NEB HiFi assembly and transformed into NEB

Stable Competent E. coli (single shRNA vectors) or electroporated into NEB 10-beta electrocompetent E. coli (library).

Lenti-rtTA-P2A-Blast

The Lenti-Cas9-P2A-Blast (Addgene: 52962) vector91 was digested with XbaI and BamHI (New England Biolabs) to create a back-

bone. rtTA was amplified from the LT3GEPIR vector (Addgene: 111177)50 and cloned into the backbone using NEB HiFi assembly.

pU6-Sp-pegRNA-HEK3-ins6N and pU6-Sp-pegRNA-HEK3-ins3N

the pU6-Sp-pegRNA-HEK3-insCTT vector (Addgene:132778)1 was linearized by PCR with 5’ phosphorylated oligos p3 (5’-TCTGCC

ATCANNNNNNCGTGCTCAGTCTGTTTTTTTAAGCTTG-3’, ins6N) or p4 (5’-TCTGCCATCANNNCGTGCTCAGTCTGTTTTTTTAAGC

TTG-3’, ins3N) and p5 (5’-GGACCGACTCGGTCCCACTT-3’) and ligated with T4 DNA ligase. Ligation product was concentrated

and electroporated into NEB 10-beta electrocompetent E. coli.

pU6-Sp-dual-gRNA vectors

A pU6-Sp-dual-gRNA scaffold vector was generated by replacing the pegRNA expressing cassette of pU6-Sp-pegRNA-HEK3-

insCTT vector with a dual U6-gRNA cassette from the PX333 vector (Addgene: 64073).92 The second gRNA cloning site (two BsaI

sites) was modified to two BsmBI sites. Spacer sequences were cloned into this vector sequentially using the oligo annealing

method.93
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pU6-Sp-gRNA-2XMS2 vectors

A pU6-Sp-gRNA-2XMS2 scaffold vector was generated by modifying the pU6-Sp-pegRNA-HEK3-insCTT backbone. The scaffold

sequence is 5’-GTTTAAGAGCTAAGCCAACATGAGGATCACCCATGTCTGCAGGGCATAGCAAGTTTAAATAAGGCTAGTCCGTTA

TCAACTTGGCCAACATGAGGATCACCCATGTCTGCAGGGCCAAGTGGCACCGAGTCGGTGCTTTTTTT-3’.58 Spacer sequences

were cloned in between two BsmBI sites using the oligo annealing method.93

PB-CMV-MCP-XTEN80-p65-Rta-3xNLS-P2A-T2A-mPlum

The MCP(N55K) sequence94 was synthesized as an IDT gBlock and amplified. XTEN80 and 3XNLS-P2A were amplified from TETv4

(Addgene: 167983).58 p65-Rta was amplified from sadCas9-VPR (Addgene: 188514).95 mPlumwas amplified frommPlum-C1(Addg-

ene: 54839).96 All PCR products were purified and cloned into the PB-CMV-MCS-EF1a-Puro vector between the NotI site and the

SV40 polyA sequence using NEB HiFi assembly. Then, a T2A sequence was inserted next to P2A by NEB HiFi assembly.

PB-CMV-PEmax-EF1a-Puro

PE2max was amplified from pCMV-PEmax-P2A-hMLH1dn (Addgene: 174828)13 and cloned into the PB-CMV-MCS-EF1a-Puro

vector.

PB-UCOE-EF1a-PEmax-P2A-mCherry-PGK-Blast

The UCOE-EF1a was amplified from pMH0006 (Addgene: 135448).97 PE2max was amplified from pCMV-PEmax-P2A-hMLH1dn.

The rest sequences were synthesized as IDT gblocks and amplified. All PCR products were cloned into an empty piggyBac trans-

poson vector.

(e)pegRNA plasmids

(e)pegRNAs (pU6-Sp-(e)pegRNA) used in this study were ordered as 4nmultramers (IDT) or long primers containing the spacer and 3’

extension sequences and cloned into the backbone of pU6-Sp-pegRNA-HEK3-CTT using NEB HiFi assembly. The epegRNA

libraries were ordered as individual IDT eBlocks, pooled and cloned into the same backbone byGoldenGate assembly (New England

Biolabs).

General transfection strategies
Transfections of K562 cells were performed using a Lonza Bioscience 4D-Nucleofector system and the SF Cell Line 4D-Nucleofector

X kits (Lonza). For single nucleocuvettes (100 mL), 1-3 x 106 cells were transfected with up to 9 mg DNA. For 96-well Nucleocuvette

plates (20 mL), 2 x 105 � 4 x 105 cells were transfected with up to 1.2 mg DNA. Program code was FF-120.

Transfections of WTC11 cells were performed using a Lonza Bioscience 4D-Nucleofector system and the P3 Primary Cell 96-well

Nucleofector Kit (Lonza) . For each transfection, 2 x 105 cells were transfected with up to 3.5 mg DNA. Program code was CB-150.

Transfections of the HEK293T cell line were performed using Lipofectamine 3000 (Invitrogen) following manufacturer’s

instructions.

Cell line generation
Wild-type K562 cells were transfectedwith PB-UCOE-EF1a-PEmax-P2A-mCherry-PGK-Blast and pCMV-HyPBase66 at a ratio of 3:1

in a 100 mL nucleofection reaction. Cells were selected with 10 mg/mL blasticidin (Gibco) for 7 days. Monoclonal lines were isolated

and the clone with the brightest mCherry fluorescent signal was used for following experiments.

Prime editing experiment in synHEK3 reporters
3 x 106 PE2(+) or wild-type K562 cells were transfected with synHEK3 and the pCMV-HyPBase plasmid at a 3:1 ratio (total 9 mg) in a

100 mL nucleofection reaction. Cells were cultured in a large flask to maintain complexity. After 10 days, gDNA was extracted to es-

timate synHEK3 copy number by qPCR. Cells were counted and 500 cells were seeded to a new dish. gDNA was extracted from a

portion of the expansion of these cells and used for T7-assisted reporter mapping (described below).

For measuring prime editing efficiency, 2 x 106 PE2(+) or wild-type K562 cells with integrated synHEK3 reporters from the bottle-

necked 500-cell pools generated above were transfected with 2 mg pU6-Sp-pegRNA-HEK3-insCTT or 1 mg pU6-Sp-pegRNA-HEK3-

insCTT with 1 mg PB-CMV-PE2-EF1a-Puro,2 respectively. Wild-type K562 cells were selected with 2 mg/mL puromycin for 2 days 24

hours after transfection. Cells were lysed 4 days after transfection and subjected to amplicon sequencing (described below).

Prime editing experiment in endogenous sites
SpCas9 spacers of the pegRNAs were searched in a set of 1-kb windows 500-bp away from a different set of randomly integrated

synHEK3 reporters in K562 cells (n = 3,634) using FlashFry.89 gRNAs were filtered by specificity (specificity score Hsu 2013 > 80) and

ranked by cutting efficiency (Doench 2014), and best gRNAs were selected. This resulted in 3,157 gRNAs. DeepPrime was used to

predict best pegRNAs or epegRNAs for installing 3-bp insertions (CCT) at the cut sites (the HEK293T PE2maxmodels). The predicted

scores were highly correlated for each spacer between the pegRNA and epegRNA (Pearson’s r = 0.83). Spacers scored highly in both

pegRNA (>40%) and epegRNAs (>65%) were selected (n = 121). Eventually, the library was synthesized in the form of epegRNAs

(with the evopreQ1 hairpin; Table S1).

The epegRNAs were grouped into 2 separate pools (N = 60 and 61, respectively) with 2% spike-in of the pU6-Sp-pegRNA-HEK3-

insCTT vector. The abundance of pegRNAs were measured by sequencing of the plasmid libraries. The plasmid pools (2 mg) were
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then transfected into 1 x 106 PEmax(+) K562 cells in duplicates. Editing rates were measured at the 121 sites and normalized using

the abundance of the HEK3 plasmid and editing efficiency at the HEK3 loci in the individual pools (Table S4).

Cas9 RNP editing experiment
Alt-R sgRNAs were ordered from IDT and resuspended in TE buffer to 100 mM. The RNP complex was assembled by combining

2.1 mL PBS, 1.2 mL Alt-R sgRNA (100 mM) and 1.7 mL Alt-R Cas9 Nuclease (61 mM, IDT) and incubating at room temperature for

10-20 min. The RNP mixture was added to 1 x 106 PE2(+) K562 500-cell pool resuspended in nucleofection solution along with

0.5 mg pmax-GFP (Lonza) and 1 mL electroporation enhancer (100 mM, IDT). gDNA was extracted at Day 1, 2 and 4 after transfection

for amplicon sequencing of synHEK3 reporter.

CRISPRoff experiment
On Day 0, 2 x 106 clone 5 cells were transfected with CRISPRoff-v2.1 (3 mg), pU6-Sp-dual-gRNA (1 mg) and pmax-GFP (500 ng,

Lonza) using the SF Cell Line 4D-Nucleofector X kit L (Lonza). On Day 2, cells were sorted based on high GFP expression (top

20%) on a flow cytometer and expanded. On Day 11, 4 x 105 cells were transfected with the pU6-Sp-pegRNA-HEK3-insCTT plasmid

(1 mg). Cells were lysed on Day 15 for amplicon sequencing of the synHEK3 reporter. A portion of cells were collected on Day 11 for

total RNA extraction and RNA sequencing (described below).

CRISPRa experiments
K562 experiments

On Day 0, 4 x 105 K562 dCas9-VP64 cells were transfected with PB-CMV-MCP-XTEN80-p65-Rta-3xNLS-P2A-T2A-mPlum (600 ng)

and paired pU6-Sp-gRNA-2XMS2 (200 ng each) plasmids targeting the same promoter. On Day 2, 4 x 105 cells from the previous

transfection were transfected with pCMV-PEmax (Addgene: 174820)13 or PB-CMV-PEmax-EF1a-Puro (800 ng) and the pU6-Sp-

(e)pegRNA plasmids (400 ng). Cells transfected with PB-CMV-PEmax-EF1a-Puro were selected with 2 mg/mL puromycin 24 hours

after transfection for 2 days. Cells were lysed at Day 5 or 6 for amplicon sequencing.

iPSCs experiments

On Day 0, 2 x 105 the DHFR-dCas9-VPH WTC11 cells were transfected with PB-CMV-MCP-XTEN80-p65-Rta-3xNLS-P2A-T2A-

mPlum (2.1 mg) and paired pU6-Sp-gRNA-2XMS2 (700 ng each) plasmids targeting the same promoter. 20 mM Trimethoprim

(Sigma-Aldrich) was added to induce dCas9-VPH. On Day 3, 2 x 105 cells from the previous transfection were transfected with

PB-CMV-PEmax-EF1a-Puro (2 mg) and the pU6-Sp-(e)pegRNA plasmids (1 mg). Cells were continuously treated with 20 mMTrimeth-

oprim and were selected with 2 mg/mL puromycin 24 hours after transfection for 1 day. Cells were lysed at Day 5 or 6 for amplicon

sequencing.

Design and test of IL2RB epegRNA libraries
SpCas9 spacers for the selected exons of human IL2RB (Exons 1, 2, 4, 5, 8, 9 and 10) were generated using GuideScan2,90 sorted by

the number of off-target and cutting efficiency, and filtered for spacers with all of A, T, C, G bases within the first 7 base pairs from the

cut sites (which allowed for modeling all 12 possible substitutions in close proximity of the cut sites). For substitutions, the first oc-

currences of the A, T, C, G bases were converted to the rest 3 bases. For 1-bp insertions, insertions reverse complement to the first

base after the cut sites were modeled. For 3- and 6-bp insertions, insertions of CCT and CGTCAT were modeled at the cut sites. For

long insertions, the 34-bp loxP sequence was inserted at the cut sites. For deletions, sequences of 1, 3 and 6 bp were deleted after

the cut sites. epegRNAs for substitutions, and insertions and deletions % 3 bps were designed using DeepPrime. The resulting

epegRNAs for each exon had a median DeepPrime score > 40%. For 6-bp insertions and deletions, and insertions of loxP, the

epegRNAs were designedmanually with the length of primer binding sites being 13 bp and length of template (excluding the inserted

or deleted sequences) being 10 bp. See Table S1 for sequences of the epegRNAs.

19 epegRNAs derived from the same spacer were synthesized as a pool (IDT oPool) and cloned into the pU6-Sp-pegRNA-HEK3-

CTT backbone as a library. The 7 epegRNAs libraries were tested following the CRISPRa experiment procedure in the dCas9-VP64

K562 cells as described above.

Quantitative PCR analysis
qPCRs were performed on purified gDNA or cDNA reverse transcribed from total RNAs using SuperScript IV reverse transcriptase

(200 U/mL, Invitrogen) following manufacturer’s instructions. qPCRs were performed with Power SYBR Green PCR Master Mix

(Invitrogen) or KAPA2G Robust HotStart ReadyMix (Roche) supplied with SYBR Green (Invitrogen). For copy number estimation

of synHEK3 reporters, Cq values of synHEK3 were normalized to those of SNRPB (3 copies per genome). See Table S1 for the

list of primers used.

T7-assisted reporter mapping
gDNA of K562 cells was purified using the DNeasy Blood & Tissue Kit (QIAGEN) and in vitro transcribed with the HiScribe T7 High

Yield RNA Synthesis Kit (New England Biolabs). Briefly, each reaction (20 mL) contained 0.3�1 mg gDNA, NTPs (10 mM each) and

2 ml T7 RNA Polymerase Mix. The reaction mixture was incubated at 37 oC for 16 hours. Then, gDNA was digested with 2.5 mL DNase
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(QIAGEN) in a 100 mL reaction at room temperature for 30 min. RNA was extracted with TRIzol LS Reagent (Invitrogen), and aqueous

phase was precipitated with 1 volume of isopropanol and 5 mg Glycogen (Invitrogen) at -80 oC for 1 hour. RNA pellet was collected by

centrifugation at 21,000 x g at 4 oC for 1 hour. The pellet was washed with 80% ice-cold ethanol and resuspended in 11.5 mL

nuclease-free water.

For reverse transcription, RNA was incubated with 0.5 mL 100 mM RT primer p6 (5’-TCGTCGGCAGCGTCAGATGTGTATAAGAGA

CAGNNNNNNNN-3’) and 1 mL 10 mM dNTP at 65 oC for 5 min and cooled on ice. Then, 4 mL 5X RT buffer, 1 mL 100 mM DTT, 1 mL

RNaseOUT (40 U/mL) and 1 mL SuperScript IV RT (200 U/mL) were added and the reaction mixture was incubated at 23 oC for 10 min,

50 oC for 15 min and 80 oC for 10 min.

cDNA library was amplified with KAPA2G Robust HotStart polymerase, using primers p7 (5’- GTGACTGGAGTTCAGACGTGTG

CTCTTCCGATCTGAAAGGAAGCCCTGCTTCCTCCAGAGGG-3’, 0.5 mM) and p8 (5’- TCGTCGGCAGCGTCAGATGTGTATAAGA

GACAG-3’, 0.5 mM). PCR reaction was performed as follows: 95 oC 3 min; 95 oC 15 s, 65 oC 15 s, 72 oC 30 s, 16�18 cycles; and

72 oC 1 min. The PCR product was subjected to double-sided size selection (0.5X, 0.9X) and cleaned up with AMPure XP beads.

The resulting product ranged from 200 to 1000 bp. To prepare Illumina sequencing libraries, 5-10 ng PCR product was re-amplified

with the Nextera P5 and TruSeq P7 library index primers as shown in Table S1 for 5 cycles. The final PCR product underwent another

round of double-sided size selection (0.5X, 0.9X) and clean-up with AMPure XP beads. The library was sequenced on an Illumina

MiSeq in paired-end mode (Read 1: 254 bp; Read2: 55bp).

synHEK3 editing library preparation
gDNA of K562 cells was purified using the DNeasy Blood & Tissue Kit. Alternatively, cells were lysed in a lysis buffer [10 mM Tris-HCl

pH8.0, 0.05% SDS and 0.04 mg/mL proteinase K(Thermo Scientific)], and incubated at 50 oC 60 min and 80 oC 30 min. 100�250 ng

gDNA or cell lysates were amplified using KAPA2G Robust HotStart ReadyMix with primers p9 (5’-GTGACTGGAGTTCA

GACGTGTGCTCTTCCGATCTCTACCCCGACCACATGAAGCAGC-3’, 0.5 mM) and p10 (5’-TCGTCGGCAGCGTCAGATGTGTATAA

GAGACAGNNNNNNNNNNGACCATGTCATCGCGCTTCTCGT-3’, 0.5 mM). PCR reaction was performed as follows: 95 oC 3 min;

95 oC 15 s, 68-N oC 15 s, 72 oC 30 s, for 9 cycles (N was cycle number); 95 oC 15 s, 65 oC 15 s, 72 oC 30 s, for 11 cycles; and 72
oC 1 min. To ensure enough coverage and accurate measurement of editing efficiencies, for the K562 synHEK3 pool, we pooled

products from at least 16 PCR reactions. The PCR product was purified with AMPure XP beads. 5 ng PCR product was re-amplified

with the Nextera P5 and TruSeq P7 library index primers in Table S1 for 5 cycles. The final libraries were cleaned up with AMPure XP

beads and sequenced on an Illumina NextSeq 500 or an Illumina NextSeq 2000 sequencer.

Lentivirus production and transduction
1.6 x 107 HEK293T cells were seeded in a 10 cm2 dish the day before transfection. 5.6 mg lentiviral vector and 14.4 mg ViraPower

Lentiviral Packaging Mix (Invitrogen) were mixed and transfected using Lipofectamine 3000 following manufacturer’s instructions.

Medium was changed at 24 hours post transfection. Viruses were collected at 48 and 72 hours post transfection, filtered using

45 mm filters and concentrated 100-fold using PEG-it Virus Precipitation Solution (System Biosciences).

In general, K562 cells were transduced with lentivirus in the presence of 8 mg/mL polybrene (Millipore). Medium was replaced after

24 hours.

Pooled shRNA screen
To prepare for the pooled shRNA screening, twomonoclonal lines (clone 3 and clone 5) from the original 500-cell synHEK3 pool were

isolated and genotyped. There were 22 and 28 unique synHEK3 reporters in these two clones. These cells were transduced with

Lenti-rtTA-P2A-Blast viruses and selected in 10 mg/mL blasticidin for 7 days. rtTA (+) monoclonal lines were then generated for down-

stream experiments.

The shRNA lentiviral library was first titrated, and mixed with clone 3 and 5 rtTA(+) cells at an MOI of 10 and a >1000X coverage.

Transduced cells were selected in 800 mg/mLGeneticin (Invitrogen) for 7 days. 1 x 106 cells were treated with 1 mg/mL doxycycline for

2 days to induce shRNA expression. Then 1.5 x 106 - 2.5 x 106 cells were transfected with 4.5-6.0 mg pU6-Sp-pegRNA-HEK3-ins6N

(plasmid to introduce 6-bp insertion in HEK3). After 3-4 days, cells from the two clones were collected andmixed at a 1:1 ratio for sci-

RNA-seq3 library preparation.

The sci-RNA-seq3 libraries were prepared by modifying a recently published protocol from the lab.49 Briefly, K562 cells were

counted, washed with PBS and lysed in 5 mL Hypotonic lysis buffer B with DEPC (Sigma) for 10 min on ice. Nuclei were collected

by centrifugation at 500 xg, 4 oC for 3 min and resuspended in 1 mL 0.3 M SPBSTM buffer with DEPC. Nuclei were fixed with

4 mL ice-cold methanol for 15 min on ice, swirled occasionally. After rehydration by adding 10 mL SPBSTM, nuclei were collected

by centrifugation and washed once with 1 mL 0.3 M SPBSTM. For T7 in situ transcription, fixed nuclei resuspended in 171 mL

SPBSTM were mixed with 99 mL NTP buffer and 30 mL T7 polymerase mix (New England Biolabs) and incubated in a 1.5 mL LoBind

tube (Eppendorf) at 37 oC for 30min. Afterwards, nuclei were washed with 1 mL SPBSTM, sonicated using a Diagenode sonicator for

12 seconds. At this point, nuclei were stained with YOYO-1 Iodide (Invitrogen) and counted on a Countess automated cell counter.

Counted nuclei were resuspended in SPBSTM at 4 x 106/mL. For each RT plate, 500 mL nuclei were combined with 56 mL 10 mM

dNTPs (New England Biolabs) and distributed to a low-bind 96-well plate (5 mL per well). 1 mL indexed oligo-dT, HEK3 and CS1

primers (10 mM) were added to each well. The plate was incubated at 55 oC for 5 min and cooled on ice. RT mixture was prepared
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by combining 240 mL 5X SuperScript IV Buffer, 60 mL SuperScript IV and 60 mLwater. 3 mL RTmixture was added to eachwell. The RT

plate was incubated at 55 oC for 10 min and cooled on ice. 5 mL ice-cold SPBSTMwas added to each well and all nuclei were pooled

in pre-chilled LoBind tubes. Nuclei were washed once with 1 mL SPBSTM and resuspended in 1,200 mL SPBSTM (per ligation plate).

11 mL nuclei were distributed to each well of a new 96-well plate andmixed with 2 mL 10 mM ligation primers. For each ligation plate,

195 mL 10X T4 Ligation Buffer was mixed with 65 mL T4 DNA Ligase, and 2 mL of the ligation mixture was added to each well. Ligation

was performed at room temperature for 20min on the bench. For the shRNA screen, nuclei were distributed into 4 ligation plates (384

ligation indices) to increase cell index complexity. The ligation plate was then cooled on ice and 10 mL ice-cold SPBSTMwas added to

pool nuclei from all wells. Nuclei were washed twice with 1 mL SPBSTM.

Nuclei were resuspended in 1X Second Strand Synthesis Buffer (New England Biolabs), counted with YOYO-1 Iodide and diluted

to 1.3 x 105 - 2.5 x 105 per 400 mL. 4 mL nuclei were distributed tomultiple 96-well plates based on the number of nuclei retrieved at this

step. Extra plates with nuclei were stored at -80 oC. Second strand synthesis mixture was prepared by combining 10.5 mL 10X Sec-

ond Strand Synthesis Buffer, 35 mL 20XSecond Strand Synthesis Enzymewith 94.5 mLwater. 1 mL of second strand synthesismixture

was added to each well. The plate was incubated at 16 oC for 2.5 hours. To lyse nuclei, 1 mL �1.07 AU/mL protease (QIAGEN) was

added to each well and incubated at 37 oC for 40 min. Protease was inactivated at 75 oC for 20 min. 5 mL EB buffer (QIAGEN) was

added to each well and mixed. 5 mL was taken out from each well and used for enrichment PCR, while the rest was used for Tn5

tagmentation and transcriptome library preparation.

To prepare the transcriptomic library, Tn5-N7 and mosaic end oligos were resuspended to 100 mM in annealing buffer (50 mM

NaCl, 40 mM Tris-HCl pH8.0), mixed at a 1:1 ratio and annealed on a thermocycler using the following program: 95�C 5 min, cool

to 65�C (0.1�C/s), 65�C 5 min, cool to 4�C (0.1�C/s). 20 mL Tagmentase (Tn5 transposase - unloaded, Diagenode) was mixed with

20 mL annealed oligos and incubated on a thermomixer at 350 rpm, 23�C for 30 min. 20 mL glycerol was added to the loaded Tn5

before storage at -20 oC. For tagmentation, 13.75 mL N7-loaded Tn5 (Diagenode) was mixed with 550 mL TD buffer and 5 mL of

this mixture was added to each well. The plate was incubated at 55 oC for 5 min. To remove Tn5 transposase, 50 mL 1% SDS,

50 mL BSA (New England Biolabs) and 225 mL water were mixed, and 2.6 mL of the mixture was added to each well and incubated

at 55 oC for 15min. Then, SDSwas quenched by adding 2 mL 10%Tween-20 to eachwell. For PCR, 96 indexed P5 primers were used

with constant or indexed P7 primers (see Table S1). A PCR master mixture was prepared by combining 2,200 mL 2x NEBNext High-

Fidelity 2X PCR Master Mix (New England Biolabs), 22 mL common P7 primer (100 mM) and 352 mL water. 2 mL indexed TruSeq P5

primer and 23.4 mL PCRmixture were added to each well. If using indexed P7 primers, 2 mL of 10 mMprimer was added to each well.

PCR reaction was performed as follows: 70 oC 3min; 98 oC 30 s; 98 oC 10 s, 63 oC 30 s, 72 oC 60 s, 16 cycles; and 72 oC 5min. 3 mL of

each well was pooled and cleaned up with 0.8X AMPure XP beads. The library was resolved on a 1% agarose gel and the smear

between 300-600 bp was extracted using Monarch DNA Gel Extraction Kit (New England Biolabs).

For HEK3 and shRNA libraries, enrichment PCRs were directly performed on protease-treated cDNAs. To match PCR indices with

those of the transcriptome library, the same indexed TruSeq P5 primers were used. The enrichment PCR master mixture contained

2,200OneTaq 2XMasterMix (NewEngland Biolabs), 16.5 mL synHEK3 P7 enrichment primer (100 mM), 16.5 mL shRNAP7 enrichment

primer (100 mM), 44 mL 100X SYBR green (Invitrogen) and 1,353 mL water. 2 mL indexed P5 primer and 33 mL PCRmixture were added

to each well. PCR reaction was performed as follows: 95 oC 3 min; 95 oC 15 s, 68-N oC 15 s, 72 oC 30 s, for 9 cycles (N was cycle

number); 95 oC 15 s, 65 oC 15 s, 72 oC 30 s, for M cycles (decided by qPCR); and 72 oC 1 min. We monitored the reaction on a real-

time qPCR machine and terminated the reaction at the log phase. All PCR products were pooled and concentrated using 0.9X

AMPure XP beads. The library was resolved on a 1% agarose gel and the two discrete bands corresponding to HEK3 and shRNA

constructs were extracted using Monarch DNA Gel Extraction Kit.

Eventually, all libraries were sequenced on an Illumina NextSeq 500 or an Illumina NextSeq 2000 sequencer. For HEK3 and shRNA

libraries, custom Index 1 primers and Read 2 primers were used. Usually, 34 cycleswere allocated to Read 1 for reading the RT index,

ligation index, and unique molecular identifier (UMI). See Table S1 for a list of oligos and sequencing primers used in this experiment.

Amplicon sequencing
Cells were lysed in a lysis buffer (10 mM Tris-HCl pH8.0, 0.05% SDS and 0.04 mg/mL proteinase K), and incubated at 50 oC 60 min

and 80 oC 30 min. Lysates were directly used for PCR with the KAPA2G Robust HotStart ReadyMix with primers (0.5 mM each)

designed for the endogenous targets. PCR reaction was performed as follows: 95 oC 3 min; 95 oC 15 s, 66-N oC 15 s, 72 oC 40 s,

for 8 cycles (N was cycle number); 95 oC 15 s, 60 oC 15 s, 72 oC 40 s, for M cycles (decided by qPCR); and 72 oC 1 min. The

PCR product was purified with AMPure XP beads. 5 ng PCR product was re-amplified with the Nextera P5 and TruSeq P7 library

index primers in Table S1 for 5 cycles. The final libraries were cleaned up with AMPure XP beads and sequenced on an Illumina

Miseq, an Illumina NextSeq 500 or an Illumina NextSeq 2000 sequencer.

Sequencing reads were demultiplexed using the bcl2fastq software (Illumina). A custom script was used to determine editing

efficiency.

RNA sequencing
For bulk RNA sequencing of K562 PE2(+) cells and EPZ-5676 treated cells, total RNAs were purified from cells using TRIzol LS

Reagent following manufacturer’s instructions, treated with RNase-free DNase (QIAGEN) and cleaned up using RNeasy Mini kit

(QIAGEN). 1 mg total RNA (RNA integrity >= 9.7) were used for unstranded mRNA library preparation using the Illumina TruSeq
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RNA Library Prep Kit v2. For the CRISPRoff experiment and the HLTF knockdown experiment, total RNAs were purified from cells

using TRIzol LS Reagent, treated with Turbo DNase (Invitrogen) and cleaned up using the RNeasy Mini kit. 1 mg total RNA (RNA

integrity >= 9.9) were used for stranded mRNA library preparation using the Illumina TruSeq Stranded mRNA Library Prep kit. The

RNA libraries were indexed using the Illumina TruSeq RNA UD Indexes. All libraries were sequenced on an Illumina NextSeq 500

or an Illumina NextSeq 2000 sequencer in a paired end mode.

Sequencing readswere demultiplexed using the bcl2fastq software. For K562 PE2(+) and EPZ-5676 treated cells, an average of 34

million 75-bp paired-end reads were obtained. For the CRISPRoff experiment, on average, 55 million 50-bp paired-end reads were

obtained per sample. For the HLTF knockdown experiment, 20 million 59-bp paired-end reads were obtained per sample. For calcu-

lating TPM of genes, sequencing reads from the unstranded RNA libraries were aligned to the GRCh38 reference genome (Gencode

V43) using Salmon (v1.9.0).73 Reads were aligned to the GRCh38 reference genome and counted against all Ensembl genes using

STAR (2.7.6a).72 Raw counts were analyzed with DESeq2.84

ATAC sequencing
1 x 105 cells were collected, washed with PBS, and pelleted by centrifugation at 500 xg, 4 oC for 5 min. Cells were then lysed with

50 mL lysis buffer (10 mM Tris-HCl pH7.4, 10 mMNaCl, 3 mMMgCl2, 0.1%NP-40, 0.1% Tween-20, 0.01%Digitonin) on ice for 3 min

and neutralize with 250 mL RSB buffer with Tween-20 (10 mM Tris-HCl pH7.4, 10 mM NaCl, 3 mM MgCl2, 0.1% Tween-20). Nuclei

were counted on a hemocytometer and 5 x 104 nuclei underwent tagmentation. For tagmentation, per 50 mL contained 25 mL 2x TD

Buffer, 8.25 mL PBS, 0.5 mL 1% Digitonin, 0.5 mL 10% Tween-20, 2.5 mL Tn5 enzyme (Illumina, 2.5 mM) and 13.25 mL water. The re-

action was incubated at 37oC for 30 min. DNA was purified using the Clean and Concentrate kit (Zymo) and eluted in 10–20 mL EB

Buffer (QIAGEN). All or half of the eluted DNA was used for qPCR. In each reaction, 10 mL tagmented DNA was mixed with 25 mL 2x

NEBNext High-Fidelity 2X PCRMaster Mix (NEB), 2.5 mL i5 primer, 2.5 mL i7 primer (Table S1), 0.25 mL 100X SYBRGreen (Invitrogen)

and 9.75 mL water. The qPCR reaction was performed as follows: 72oC 5 min, 98 oC 30 s; 98 oC 10 s, 63 oC 30 s, 72 oC 1 min. The

reaction was stopped after 7 cycles. Libraries were pooled, purified with AMPure XP beads, and sequenced on an Illumina NextSeq

2000 sequencer.

On average, 34million 59-bp paired-end reads were obtained per sample. Reads were processed using the ENCODE98 ATAC-seq

pipeline. Filtered peaks were sorted and merged across samples using bedops (v2.4.35)68 and were used to generate a peak count

table using featureCounts (v2.0.2).69 Raw counts were analyzed with DESeq2 (Table S6).

T7-assisted reporter mapping library analysis
Sequencing reads were first demultiplexed using the bcl2fastq software. Under the current library design and sequencing scheme,

Read1 started from genomic sequence and extended into the integrated synHEK3 construct, while Read2 contained reporter bar-

code information. Processing was as follows: 1) for each sequencing read pair, the 16-bp reporter barcode was extracted from Read

2 and attached to the read name of Read 1. 2) Read1 was trimmed using cutadapt (v4.1)74 with following parameters: –cores=4—

discard-untrimmed -e 0.2 -m 10 -O 8 -a CCCTAGAAAGATAGTCTGCGTAAAATTGACGCATG. The adapter corresponded to the

30ITR of piggyBac transposon. Since parameter ‘‘–discard-untrimmed’’ was used, only reads spanning insertion junctions were

kept and trimmed. 3) Trimmed sequences were aligned to the GRCh38 reference genome using bwa mem (v0.7.17).75 The ‘‘-Y’’ op-

tion was used to enable soft clipping for supplementary alignments. 4) Reads uniquely (without XA:Z tag) and contiguously mapped

near putative piggyBac landing pads (TTAAmotifs) were kept using samtools (v1.9)67 and a custom script. 5) Aligned reads were con-

verted to BED format using the sam2bed function in bedops (v2.4.35). Reads aligned to standard chromosomes were kept. 6) Inser-

tion points were calculated for all reads based on strand of alignment. And reads were sorted by the insertion coordinates. 7) The first

8-bp of reads were used as UMIs. A custom script was used to collapse reads at a per-location, per-barcode, per UMI basis. A bar-

code-location-UMI count table was generated. 8) synHEK3 barcodes <3 Levenshtein Distances at each location were collapsed and

barcodes with > 3 UMIs were kept. 9) The count table was converted to a GenomicRanges76 object in R. Coordinates of the last

4 base pairs of aligned reads were designated as genomic locations of the inserted synHEK3 reporters. 10) ‘‘Landing pads’’ of

the mapped synHEK3 reporters were retrieved using the getSeq() function in the BSgenome package. Reporters that didn’t have

a TTAA sequence (which could be due to PCR error, mapping error, or the use of non-canonical landing pads) were removed. 11)

SynHEK3 barcodes mapped to more than one location were removed.

Aligned reads were visualized on the Integrated GenomeBrowser (IGV; Figure 1B).88Motif enrichment and visualization (Figure 1C)

was performed using WebLogo 3.85 Genomic coverage analysis and annotation of the synHEK3 reporters (Figures 1D and 1E) were

performed using the ChIPseeker package77,78 in R. Enrichment of synHEK3 reporters across genomic features (Figures S1G and

S1H) were performed using the annotatePeaks.pl function in Homer.79 A custom script was used to find overlapping genes and

calculate distance to closest TSSs.

ENCODE dataset analysis
ENCODE datasets were downloaded from the ENCODE portal.99 Accessions of the datasets are listed in key resources table and

Table S2. TheGenomicRanges object containing all unique synHEK3 reporters was resized to 2 kb in width. The R packageGenoma-

tion80 was used to extract values within the 2-kb windows from the bigwig files of the chromatin features. For a specific dataset,

scores of the synHEK3 reporters were calculated as lnð P2000
1 xi + c Þ, where xi was the value at base i, and c was the minimum
Cell 187, 1–17.e1–e12, May 9, 2024 e10



ll
OPEN ACCESS

Please cite this article in press as: Li et al., Chromatin context-dependent regulation and epigenetic manipulation of prime editing, Cell (2024),
https://doi.org/10.1016/j.cell.2024.03.020

Article
non-zero value of the chromatin feature score in a base within all the windows surveyed. For the generation of heatmap in Figure 6B,

chromatin feature scores were scaled using the scale() function in R. Clustering and visualization of synHEK3 reporters was per-

formed using the ComplexHeatmap package86 in R. Visualization of the epigenetic tracks was done by Gviz87 in R (Figures 2F

and S2I).

synHEK3 editing library analysis
Sequencing reads from the Illumina NextSeq platforms were first demultiplexed using the bcl2fastq software. The 16-bp reporter

barcodes were extracted from read and attached to its read name. Sequences around the CRISPR cut site were extracted for all

reads. A barcode-editing outcome table was generated. For prime editing experiments, a custom script was used to align sequences

to a reference sequence and countmutation frequency for every barcode. For Cas9mutagenesis analysis, all sequences were aggre-

gated and editing outcomes (alleles) with the highest number of counts were selected. These most frequent alleles were then aligned

to reference sequences using needleall70,71 with the following parameters: -gapopen 20 -gapextend 0.5 -endopen 20. A custom

script was used to annotate the mutational events. MMEJ alleles were selected based on the following criteria: 1) microhomology

sequences being at least 2 bp; 2) observed allele frequencies being 6-fold higher than expected frequencies. The 9 most frequent

non-wild-type alleles were used for calculating the MMEJ/(MMEJ+NHEJ) ratio in Figures S3G–S3I.

sci-RNA-seq3 transcriptome library analysis
Sequencing reads from the IlluminaNextSeq platformswere first demultiplexed based on P5PCR index using the bcl2fastq software.

Reads were filtered based on RT and ligation index, by allowing <2 Hamming distance from reference. Filtered reads were trimmed

with TrimGalore (v0.6.6)74 with parameters: -a AAAAAAAA –three_prime_clip_R1 1. Reads were then aligned to the GRCh38 refer-

ence genome using STAR (v2.7.6a). PCR duplicates were collapsed using the RT index, ligation index, UMI sequence and end co-

ordinate of reads. Readswere further demultiplexed based on the combination of the RT, ligation and PCR index and split into files for

individual cells. To generate gene expression count matrices, reads were assigned to the exonic and intronic region of closest genes

with HTseq (v.2.0.2).81 Reads with ambiguous assignments were discarded. Cells were further filtered based on total UMI (> 100) and

mitochondrial reads percentage (<10%). Cells with the number of features detected between 10% and 90% percentile of all cells

were kept and considered high-quality cells. The single cell analysis was performed using the Seurat (v4.0.0) package82 in R.

Pooled shRNA screen analysis
Sequencing reads from the IlluminaNextSeq platformswere first demultiplexed based on P5PCR index using the bcl2fastq software.

A custom script was used to further demultiplex and filter the synHEK3 and shRNA libraries based on the combination of RT, ligation

and PCR index (cell ID), by allowing <2 Hamming distance from reference. For the synHEK3 library, reporter barcodes (<2 Hamming

distance to the reference barcode set), prime editing outcomes and read UMIs were extracted. For the shRNA library, shRNA

sequences (<2 Hamming distance to the reference set) and read UMIs were extracted. UMIs with <3 Hamming distances were

collapsed.

A series of pre-processing steps were applied to the data. 1) We matched cell IDs between the sci-RNA-seq3 transcriptome

libraries and the capture libraries, and only kept high-quality cells (number of features between 10% and 90% percentile). 2) For

the shRNA library, cells with <3 or >200 UMIs or >20 shRNA were removed. 3) For the synHEK3 library, cells with <4 UMIs were first

removed. We counted UMIs for synHEK3 reporters belonging to the two clones and calculated a clone UMI/total UMI ratio. If the ratio

was >80% for a specific clone, the cell is assigned to the corresponding clone. Cells with extremely high UMIs (cutoff between 100

and 250 UMIs, depending on library complexity and sequencing depth of the plate) were also removed before downstream analysis.

4) For a cell-synHEK3 barcode combination, if multiple insertion sequences were observed, sequences with <3 Hamming distance

were collapsed. Cell-synHEK3 barcode pairs having conflicting editing outcomes were discarded. 5) A cell-synHEK3 barcode-edit-

ing outcome-shRNA matrix was generated for a common set of cells identified by the shRNA and synHEK3 libraries.

In general, the prime editing efficiency of a specific synHEK3 reporter was estimated in all cells containing the reporter by

collapsing reads on a per-cell, per-barcode basis. To assess the effect of an shRNA on a specific synHEK3 reporter, editing efficiency

of this reporter was calculated in cells without the specific shRNA, whichwas defined as the hypothesized probability of editing. Then,

by treating prime editing outcomes as binary events (unedited vs. insertion), the total number of cells containing the shRNA and num-

ber of cells with 6-bp insertions were counted. A p value was computed using the function binom.test() in R. For each clone, all syn-

HEK3-shRNApairs were assessed by binomial tests. Q-Q plots in Figure 5Awere generated using uncorrected p values. The p values

were further corrected using the function p.adjust() in R and the Benjamini-Hochberg method was used. Empirical p values of candi-

date synHEK3-shRNA pairs were calculated as (n_lower + 1)/(N + 1), where n_low was the number of control tests with a raw p value

lower than the candidate test’s raw p value, and N was the total number of control tests. Empirical p values were then Benjamini-

Hochberg corrected, and those with eFDR < 5% were reported. Processed screen results for clone 3 and clone 5 are provided in

Table S5.
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QUANTIFICATION AND STATISTICAL ANALYSIS

The statistical tests for each experiment are described in the text, figure legends or STARMethods. In Figure 2C, the beta regression

model was performed using the function betareg() in R package betareg83 using default parameters. In Figures 2B–2D, 2G–2I, 3A,

S2A, S2C, S2D, S4A, and S5C, Spearman’s and Pearson’s correlation coefficient and p values were generated using the cor() func-

tion or the rcorr() function in the packageHmisc (Harrell andDupont) in R. In Figures S3I, S3J, and S5J, the fit with confidence intervals

was produced using function geom_smooth() in the R package ggplot using parameter ‘method = ‘‘lm’’’ and all other parameters

being default. In Figure 5, binomial tests were performed to measure the effects of shRNAs and the resulting p values were corrected

for multiple hypothesis testing using the Benjamini-Hochberg method. Empirical p values of candidate synHEK3-shRNA pairs were

calculated as (n_lower + 1)/(N + 1), where n_lowwas the number of control tests with a raw p value lower than the candidate test’s raw

p value, and N was the total number of control tests. Empirical p values were then Benjamini-Hochberg corrected, and those with

eFDR < 5% were reported. In Figures S5I, S5J, S6F, S6G, and S7B, differential gene expression or accessibility analyses were per-

formed using the DESeq2 package in R (Wald tests). In Figure 6C, Fisher’s exact test was used to compare the differential enrichment

of gene-overlapping synHEK3 reporters in the two groups. In Figures 3E–3G, 6D, S2H, S3F, S3G, S6D, and S6E, p values were

calculated using two-sided Kolmogorov–Smirnov tests. In Figure 7B, scatter plots report mean editing efficiencies of two biological

replicates and error bars correspond to standard deviations. In Figure 7C, control editing efficiencies were predicted using linear

model trained in synHEK3 reporters that are not in the corresponding CRISPRoff target genes using the lm() function in R. In Fig-

ure S7C, welch’s two sample t-tests were used to compare prime editing efficiency of genes before and after CRISPR activation.
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Figure S1. Characterization of synHEK3 insertion sites determined by T7-assisted reporter mapping assay, related to Figure 1

(A) Schematic of the synHEK3 reporter construct and the T7-assisted reporter mapping method.

(B) Experimental workflow. A complex library of synHEK3 reporters was transfected into PE2(+) K562 cells along with the piggyBac transposase. After trans-

posons were stably integrated, the population of cells was bottlenecked to �500 clones. Cells derived from the expansion of this bottlenecked pool were then

subjected to T7-assisted reporter mapping.

(C) Copy number of synHEK3 reporters was estimated by qPCR using that of SNRPB (3 copies) as a reference.

(D) Histogram of T7 mapping counts of all synHEK3 reporters (n = 10,095). x axis on log10 scale.

(E) Scatter plot of the number of integration sites recovered at different sequencing depths by subsampling the original dataset. Overlaid polynomial regression

lines fit to all sites (blue) or unique (red) sites. x and y axes on log10 scale.

(F) Histogram of number of distinct genomic integration sites per synHEK3 barcode. y axis on log10 scale.

(G) Log2 enrichment of the number of synHEK3 reporters across major genomic features relative to the expected numbers based on feature sizes.

(H) Log2 enrichment of the number of synHEK3 reporters across major genomic features relative to the expected number of TTAA motifs in each feature. Blue

points: log2 enrichment calculated using 10 sets of randomly sampled TTAA motifs (n = 4,273). Error bar: standard deviation.

(I) Barplot showing fractions of genomic sites overlapping with the Roadmap annotations. For piggyBac integrations, the overlapping status of all integrations

(n = 9,450, green) and integrations marked by unique barcodes (n = 4,273, orange) are shown. For background, the mean fraction of 10 sets of TTAA sites

(n = 9,450 each, blue) and 10 sets of random 4-bp sites (n = 9,450 each, gray) are shown.

(J) Density plots of chromatin feature scores of the selected genomic sites. For piggyBac integrations, distributions of all integrations (n = 9,450, green) and

integrations marked by unique barcodes (n = 4,273, orange) are plotted. For background, 10 sets of TTAA sites (n = 9,450 each, blue) and 10 sets of random 4-bp

sites (n = 9,450 each, gray) are plotted.
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Figure S2. Chromatin context has a major impact on prime editing efficiency, related to Figure 2

(A) Scatter plots of chromatin feature scores vs. prime editing efficiencies for individual synHEK3 reporters. Points are colored by the number of neighboring

points. The Spearman’s (r) and Pearson’s (r) correlation coefficients between the chromatin feature score and prime editing efficiency are annotated.

(B) Boxplots of prime editing efficiency in synHEK3 sites, binned by chromatin feature scores. Q1–Q10 correspond to 10 equally sized bins of synHEK3 reporters

with increasing chromatin feature scores.

(C) Scatter plots of Spearman’s r of chromatin feature scores vs. prime editing efficiency observed in two independent pools of synHEK3 reporters in wild-type

(x axis) or PE2(+) K562 cells (y axis).

(D) Scatter plots of predicted (beta regression model) vs. observed prime editing efficiencies in two independent pools of synHEK3 reporters in wild-type K562

cells. Points are colored by the number of neighboring points. p values determined by the Spearman correlation test or by the Pearson correlation test.

(E) Histogram of ChIP-seq signal of H3K79me2 (red), H3K4me3 (blue), and H3K36me3 (green) in an 10-kb window surrounding the TSSs of genes that are

expressed (n = 11,514, TPM > 3, top) or unexpressed (n = 10,506, TPM < 3, bottom) in K562 cells.

(F) Boxplot of prime editing efficiencies of gene-proximal synHEK3 reporters. Distances were calculated relative to the closest TSS, scaled by gene length, and

binned. Negative values refer to synHEK3 sites located upstream of TSSs. Values >100% refer to synHEK3 sites located downstreamof TTSs. The reporters were

binned based on the TPM of the overlapping/nearest genes. Bin 1 contains unexpressed genes, while bins 2–5 are equally sized in terms of the number of

assigned genes (though not necessarily in terms of the number of assigned synHEK3 reporters), sorted by increasing expression levels.

(G) Boxplot of prime editing efficiencies of gene-proximal reporters. Same as (F) except that distance groupings are in terms of absolute rather than scaled

distances from TSSs.

(H) Cumulative distribution function (CDF) plot of prime editing efficiencies of intragenic synHEK3 reporters of different orientations with respect to the direction of

transcription. ‘‘Opposite’’ means synHEK3 reporter on the opposite strand of the coding strand, and ‘‘same’’ means synHEK3 reporter on the same strand as the

coding strand. Genes with detectable expression (TPM> 3) and synHEK3 reporters within 50 kb from the TSSs were selected for this analysis. p value: two-sided

Kolmogorov-Smirnov test.

(I) Genome browser views of 4 very poorly editable sites. Sites of integration andmeasured editing efficiencies are shown as a dot plot at the top and aligned with

selected epigenetic tracks. For each synHEK3 insertion, editing efficiency, number of reads with edit (numerator), and total number of reads (denominator) are

annotated. The dashed vertical lines mark locations of the insertions.

(J) Boxplots of normalized editing rates (y axis) for epegRNAs designed for prime editing at endogenous genomic sites, stratified by chromatin feature scores. The

epegRNAs are grouped into quartiles based on each chromatin feature score (Q1 = lowest; Q4 = highest). The y axis is in log10 scale.

(K) Density plot of CTT insertion frequency of synHEK3 reporters in intragenic, proximal intergenic (<10 kb), and distal intergenic (>10 kb) regions.
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Figure S3. Comparison between prime editing and Cas9 editing, leveraging a common set of integrated editing reporters, related to Figure 3

(A) PCA plots of synHEK3 reporters generated using chromatin scores as features. The first two PCs are plotted (PC1: variance 62%; PC2: variance 9%). Points

are colored by prime editing efficiency at day 4 and Cas9 indel frequency measured at days 1, 2, and 4.

(B) Cas9 indel frequency measured at days 1, 2, and 4 for gene-proximal reporters. Distance was calculated relative to the closest TSS, scaled by gene length,

and binned. Negative values refer to synHEK3 sites located upstream of TSSs. Values >100% refer to synHEK3 sites located downstream of TTSs. Points are

colored based on the expression levels (log10) of the genes.

(C) PCA plots of synHEK3 reporters generated using chromatin scores as features. The first two PCs are plotted (PC1: variance 62%; PC2: variance 9%). Points

are colored by the 6 main groups as in Figure 3B.

(D) Scatter plot of Cas9 editing (day 1) and prime editing (day 4) efficiency. Points are colored by the 6 main groups as in (C).

(E) Scatter plot of Cas9 editing (day 1) and prime editing (day 4) efficiency, colored by the 14 subgroups.

(F) Boxplot of H3K27me3 and H3K9me3 scores of synHEK3 reporters in groups 1.0 and 2.0. p value: two-sided Kolmogorov-Smirnov test.

(G) The MMEJ/(MMEJ + NHEJ) ratio in all synHEK3 sites and in sites overlapping with H3K27me3 and H3K9me3 peaks. Red line: the median MMEJ/(MMEJ +

NHEJ) ratio. p value: two-sided Kolmogorov-Smirnov test.

(H) The MMEJ/(MMEJ + NHEJ) ratio in the 6 groups of synHEK3 sites as in (C). Red line: the median MMEJ/(MMEJ + NHEJ) ratio.

(legend continued on next page)
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(I and J) Scatter plots of the MMEJ/(MMEJ + NHEJ) ratio or allele frequencies of intragenic synHEK3 reporters and their distance to corresponding TSSs (x axis;

log10 scale). Points are colored based on the expression levels (log10) of the genes. Blue line: linear regression line with confidence interval in gray.

(I) The MMEJ/(MMEJ + NHEJ) ratio is plotted.

(J) Allele frequencies of the most frequent NHEJ (left) and MMEJ (right) alleles are plotted. The ‘‘NHEJ del/0/G’’ allele contains a single-base deletion of G at the

Cas9 cut site. The ‘‘MMEJ del/5/GCACGTGATG’’ allele contains a bidirectional deletion of a 10-bp sequence (GCACGTGATG) around the cutsite.
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Figure S4. Experimental setup of the pooled shRNA screen and its readout via T7 IST-assisted sci-RNA-seq3, related to Figure 4

(A) Correlation between the efficiencies of random 3-bp insertions measured in the monoclonal lines vs. efficiencies measured for the same reporters in the

original polyclonal population.

(B) List of genes targeted by the shRNA library. Genes are grouped by pathways. Control genes are shown separately.

(C) Schematic of the lentiviral shRNA construct and the synHEK3 reporter, with key features relevant to the sci-RNA-seq3 workflow highlighted. TRE, tetracycline

response element.

(D) Schematic structures of the sci-RNA-seq3, shRNA, and synHEK3 libraries. UMI, uniquemolecular identifier; RT PBS, reverse transcription primer-binding site.
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Figure S5. A pooled shRNA screen with sci-RNA-seq3 and effects of perturbing the MMR pathway on prime editing, related to Figure 5

(A) Scatter plot of synHEK3 UMIs detected in single cells in sci-RNA-seq3 data. Cells assigned to the two clones are colored (green: clone 5; pink: clone 3). Mixed

cells are in gray.

(B) Histograms of cell count per shRNA (left), number of shRNAs captured per cell (middle), and number of synHEK3 reporters captured per cell (right) in the two

clones.

(legend continued on next page)
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(C) Scatter plot of prime editing frequencies of synHEK3 reporters estimated with sci-RNA-seq3 vs. bulk amplicon sequencing.

(D) Scatter plots of the number of cells per synHEK3-shRNA pair and corresponding adjusted p values (�log10). Candidate shRNAs (left) and control shRNAs

(right) are plotted separately. Raw p values from the binomial tests were corrected for multiple hypothesis testing using the Benjamini-Hochberg method.

(E) Effects of shRNAs targeting MMR-related genes in clone 3. Log2 fold-changes of prime editing efficiencies of synHEK3-shRNA pairs are plotted and colored

by their corresponding adjusted p values (�log10).

(F and G) Effects of shRNAs against FEN1 and EP300. Pink lines: editing frequencies in cells with individual shRNAs; red line: mean editing frequencies of the

gene-targeting shRNAs; light blue lines: control editing frequencies for individual shRNAs (not visible because low variance relative to mean line, shown in blue);

blue line: mean control editing frequencies.

(H) Effects of shRNAs against DOT1L and KDM2B. Barcode sequences omitted but in the same order as (F) and (G). Colored as in (F) and (G).

(I) Volcano plots of gene expression changes in EPZ-5676-treated cells (5 mM for 6 days). Genes with synHEK3 insertions in clone 3 or clone 5 of the single-cell

screen are colored in red. p value: Wald test.

(J) Scatter plots of log2 fold-change of prime editing efficiency vs. gene expression change (log2 fold; top) and H3K79me2 score (bottom) for a set of intragenic

synHEK3 reporters with baseline efficiency >20%. Blue line: linear regression line with confidence interval in gray.
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Figure S6. Chromatin context-specific response to HLTF inhibition, related to Figure 6

(A) Effects of shRNAs against HLTF on all synHEK3 reporters in clone 5 (left) and clone 3 (right). For every synHEK3-shRNA pair, editing frequencies in cells with

candidate shRNA are plotted and colored by their statistical significance. Control editing frequencies are shown in gray. Regions of the plot containing synHEK3

reporters that are significantly less responsive to HLTF inhibition are shaded green. Regions of the plot containing synHEK3 reporters with low (<0.2) or very high

(>0.9) editing frequencies are shaded gray. Dashed horizontal lines indicate the editing frequencies of 0.2 and 0.9. Raw p values from the binomial tests were

corrected for multiple hypothesis testing using the Benjamini-Hochberg method.

(B) Effects of shRNAs against PMS2 on all synHEK3 reporters in clone 5 (left) and clone 3 (right). Layout as in (A).

(legend continued on next page)
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C) Scatter plots of baseline editing efficiencies (x axes) vs. fold-changes induced by shRNAs against HLTF, MLH1, and PMS2 (y axes) across 50 synHEK3

reporters. Green vertical lines correspond to the baseline editing efficiencies of 0.2 and 0.9.

(D) CDF plots of log2 fold-change of mean editing frequency induced by shRNAs against HLTF. synHEK3 reporters are colored by their responsiveness to HLTF

inhibition based on the shRNA screen. p value: two-sided Kolmogorov-Smirnov test.

(E) Validation of differential responsiveness to HLTF inhibition in cells transduced with individual shRNAs. CDF plots of log2 fold-change of editing frequency

induced by shRNAs against HLTF (shHLTF.2367: used in the shRNA screen; shHLTF.2623: an orthogonal shRNA) or MLH1 (shMLH1.1911). synHEK3 reporters

are colored by their responsiveness to HLTF inhibition based on the shRNA screen. p value: two-sided Kolmogorov-Smirnov test.

(F) Scatter plot of RNA log2 fold-changes induced by two shRNAs against HLTF. Genes overlapping or near shHLTF-responsive sites are in pink; genes over-

lapping or near shHLTF-unresponsive sites are in blue; other sites are in gray; HLTF is shown in purple (at the bottom left corner; �1.5 and �2 log2 fold-change).

(G) CDF plot of log2 fold-changes of ATAC-seq peak counts induced by shHLTF.2367. Peaks near synHEK3 sites were defined as those (1) within 5 kb of a

synHEK3 site and/or (2) in the promoter or body of a gene overlapping or proximal (within 10 kb) to a synHEK3 insertion.

(H) Western blot analysis of HLTF, PMS2, andMLH1. Clone 5 or a wild-type (WT) K562 line were transducedwith rtTA and shRNAs targeting the candidate genes.

Protein expression was compared with cells without doxycycline (Dox) or cells transduced with an shRNA targeting a different gene.
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Figure S7. Modulating prime editing outcomes by epigenetic reprogramming, related to Figure 7

(A) Schematic diagrams of target genes in the CRISPRoff experiment, with the locations of the CRISPRoff gRNAs (green) and synHEK3 reporters (red) annotated.

(B) Scatter plots of mean normalized counts of gene expression in cells transfected with CRISPRoff gRNAs at day 11 (2 replicates each). x and y axes on log10
scale. Insets are bar plots of normalized counts of the CRISPRoff target genes. NTC, non-targeting control.

(C) Prime editing efficiency (%) at endogenous gene targets in K562 cells, with or without epigenetic editing via CRISPRa. Gray bars show mean prime editing

efficiencies when control promoters were activated via CRISPRa. Blue bars showmean prime editing efficiencies when target gene promoters were activated via

CRISPRa. p value: Welch’s two-sample t test.

(D) mRNA fold-change of CRIPSRa target genes quantified by qPCR.

(E) Relative expression levels of selected CRISPRa target genes compared with a set of reference genes. Circle: reference genes; triangle: endogenous

expression levels of the target genes; square: expression levels of the target genes after CRISPRa. y axis on log10 scale.

(F) Schematic of the IL2RB gene with locations of gRNA (for CRISPRa) or (e)pegRNA (for prime editing) targets annotated. Red lollipops indicate pegRNAs that

were separately tested in experiments shown in Figures 7E and S7C. Dashed lollipops indicate locations of the new epegRNA pools.

(G) List of epegRNA edit types tested, including all possible single-nucleotide substitutions, small insertions of 1, 3, and 6 bp, insertion of a loxP site (34 bp), and

small deletions of 1, 3, and 6 bp.

(H) Total editing efficiencies measured at the individual IL2RB exons. Gray bars showmean prime editing efficiencies in control groups, and blue bars showmean

prime editing efficiencies when the IL2RB promoter was first activated via CRISPRa.
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