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Genome-wide interrogation of gene functions
through base editor screens empowered by
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Canonical CRISPR-knockout (KO) screens rely on Cas9-induced DNA double-strand breaks (DSBs) to generate targeted
gene KOs. These methodologies may yield distorted results because DSB-associated effects are often falsely assumed to
be consequences of gene perturbation itself, especially when high copy-number sites are targeted. In the present study, we
report a DSB-independent, genome-wide CRISPR screening method, termed iBARed cytosine base editing-mediated gene
KO (BARBEKO). This method leverages CRISPR cytosine base editors for genome-scale KO screens by perturbing gene start
codons or splice sites, or by introducing premature termination codons. Furthermore, it is integrated with iBAR, a strategy
we devised for improving screening quality and efficiency. By constructing such a cell library through lentiviral infection at a
high multiplicity of infection (up to 10), we achieved efficient and accurate screening results with substantially reduced start-
ing cells. More importantly, in comparison with Cas9-mediated fitness screens, BARBEKO screens are no longer affected by
DNA cleavage-induced cytotoxicity in HeLa-, K562- or DSB-sensitive retinal pigmented epithelial 1 cells. We anticipate that

BARBEKO offers a valuable tool to complement the current CRISPR-KO screens in various settings.

ify specific genomic loci offers an unprecedented opportunity
to interrogate gene function in eukaryotes'-°. This system
has been further employed to develop powerful genetic screening
methods for the functional annotation of genetic elements in vari-
ous biomedical settings, including cancer research and drug discov-
ery”~'". Despite its success and broad applications, Cas9-induced
DSBs could have gene-independent anti-proliferation effects, espe-
cially in high copy-number and mismatch-tolerance regions, lead-
ing to false-positive results in high-throughput screens'*"'°. DSB is
one of the most critical lesions that can result in a wide variety of
genetic alterations including large- or small-scale deletions, loss of
heterozygosity and translocations'’. Screens of genetic dependency
by Cas9 may incur bias in DNA-damage response (DDR). It has
recently been reported that Cas9-induced DSBs posed obstacles
to high-throughput screens in human nontransformed cells via
p53-dependent cell growth arrest'*-*'. High-efficiency Cas9 editing
could cause cell death in human pluripotent stem cells (hPSCs)”
and G1 cell cycle arrest in human telomerase transcriptase subunit,
retinal pigmented epithelial 1 cells (WTERT RPEL1 cells)"”. Parallel
screens in p53-proficient and -deficient RPE1 cells revealed that
Cas9 editing triggered a p53-dependent DDR, which compromised
the sensitivity of guide-specific effects'”. However, some groups
argued that adequate single guide (sg)RNA representation in care-
fully selected cells or clones expressing high-efficiency Cas9 would
ensure successful CRISPR-Cas9 screens'®*.
Nevertheless, to reduce the sgRNA misassociation-associated
false discovery rate (FDR), it is common practice to maintain a
low multiplicity of infection (MOI) for the lentiviral transduction

| he simplicity of programming a CRISPR-Cas9 system to mod-

of the sgRNA library, to ensure that most of the transduced cells
harbor only one sgRNA per cell™'°**. We have recently established a
new screening strategy using redesigned sgRNA harboring internal
barcodes (iBARs) that enables high-throughput CRISPR screen-
ing (CRISPR®*?) at high MOIs, resulting in significant efficiency
boost. Although CRISPR®*® outperformed the conventional meth-
ods in positive selection screens, the cytotoxicity of Cas9-induced
DSBs'*' constrained its application in broader settings such as
negative selection screens, especially with high MOIs*.

We aim to re-establish a CRISPR loss-of-function screening
strategy with the following beneficial feature: allowing high-MOI
screening to improve efficiency and economy, ideal for both posi-
tive and negative selection screens, and applicable to screening
in nontransformed cell types such as hPSCs. The simple solu-
tion could be the combination of iBAR strategy and CRISPR base
editor-mediated gene KOs. CRISPR-STOP and iSTOP approaches
have been proposed to utilize the CRISPR-based cytosine base edi-
tor 3 to introduce nonsense mutations for gene silencing®*. It is
foreseeable that broader coverage of genes using cytosine base edi-
tors (CBEs) will be achieved to include additional sites for sgRNA
design, splice acceptor sites, splice donor sites and translation initia-
tion sites.

In the present study, we established a genome-wide BARBEKO
screening strategy, in which CBEs perturb genes by disrupting splic-
ing sites or translation initiation sites, or introducing premature ter-
mination codons (PTCs), and all sgRNAs were redesigned to carry
iBARs”. The BARBEKO approach to the genome scale has been
applied in multiple cell lines—HeLa, K562 and RPE1 cells—all at
high MOIs for screens of cell fitness. With proper techniques for
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Fig. 1| Design of CBE-based genome-scale sgRNA library for gene KO
screens. a, CBE with sgRNAs targeting start codons (sgRNAS"), splice
acceptor sites (sgRNASA), splice donor sites (sgRNA®P) and codons of
gllutamine, arginine or tryptophan (sgRNAS®) disrupting gene functions.
b, Selection and filtration of sgRNAs®AR for the BARBEKO library.

delivery, the BARBEKO strategy could be particularly useful for
loss-of-function screens in complex models such as primary cells,
organoids and in vivo studies, in which the source of cells is usually
limited and sensitive to DNA damage, and when it is hard, if not
impossible, to control transduction efficiency in making libraries.

Results

CBE-based genome-wide sgRNA library for KO screens. In addi-
tion to generating effective gene KOs by utilizing CBEs to introduce
PTCs by targeting codons of glutamine (5'-CAA, 5'-CAG), arginine
(5’-CGA) or tryptophan (5'-TGG)**, it is foreseeable to achieve
gene KOs by disrupting splice sites (5'-GT, 5'-AG) or start codons
(5’-ATG) (Fig. 1a). To examine the effectiveness of CBEs in gener-
ating gene KO, we designed multiple sgRNAs along the genomic
loci of an anthrax toxin receptor gene ANTXRI and a diphtheria
toxin receptor gene HBEGF'" (Supplementary Table), followed by
the transduction of these sgRNAs individually into CBE-expressing
HeLa cells (Extended Data Fig. la and Supplementary Fig. la).
To achieve desirable editing efficiency, AncBE4max, one of the
most effective CBEs”, was employed. By testing the editing
kinetics of AncBE4max (Extended Data Fig. 1b and Supplementary
Fig. 1b), we chose to treat sgRNA-expressing cells with toxin
on day 5 post-transduction. All groups (10/10) with sgRNAs
targeting the ANTXRI locus obtained resistance to chimeric
anthrax toxins (PA/LFnDTA, protective antigen (PA)/N-terminal
domain of lethal factor (LF) fused to the catalytic subunit of diph-
theria toxin)*** (Extended Data Fig. 1c). Sanger sequencing of
resistant cells further confirmed the targeted base transitions
(Extended Data Fig. 1d). Consistently, all groups (7/7) with sgRNAs
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targeting the HBEGF locus obtained resistance to diphtheria toxin
(Supplementary Fig. 1c,d).

To test the effectiveness of AncBE4max in negative selec-
tion screens, we compared the efficiency of gene KOs between
AncBE4max and Cas9. By targeting core essential genes RPL11I
and RPL23A (Supplementary Table), both Cas9- and AncBE4max-
mediated gene KOs efficiently inhibited chronic myeloid leuke-
mia K562 proliferation (Extended Data Fig. 2 and Supplementary
Fig. 2). Sanger sequencing analysis demonstrated that CBEs
achieved mutagenesis levels comparable with those of Cas9 for gene
KOs (Extended Data Fig. 2). Taken together, AncBE4max is compe-
tent for both positive and negative selection screens.

We have previously established an iBAR method that enables
high-throughput gene KO screening using a CRISPR®A® library
made from high-MOI lentiviral infection*. Four verified iBARs
were attached to each sgRNA in the BARBEKO library serving as
internal replicates in screens (Extended Data Fig. 3a). For the design
of BARBEKO at the genome scale, we followed a reasonable scoring
scheme considering the AncBE4max activity window, editing con-
text, sgRNA on-targeting efficiency and off-targeting assessment
(Fig. 1b and Source Data Fig. 2). Some 210,012 sgRNAs covering
17,501 genes (3 sgRNAs per gene) were designed in silico, of which
41.8% were newly designed, targeting start codons or splice sites,
whereas 58.2% CRISPR-STOP sgRNAs were adopted from Kuscu
et al.” (Extended Data Fig. 3b).

BARBEKO achieved a high-MOI fitness screen in HeLa cells. We
first applied the BARBEKO approach to fitness screens at an MOI
of 3 in HeLa cells (Fig. 2a). To tailor iBARs to fitness screens, we
developed an analysis algorithm termed ZFC®*? (Fig. 2b). In short,
we used a z-score to normalize the distribution of log,(fold-change)
(zLEC) of each sgRNA®® (Supplementary Fig. 3), and combined
robust rank aggregation (RRA) analysis™ to calculate the gene fit-
ness score (FS), which comprehensively reflected the significance
and consistency of the abundance change of 12 sgRNAs™*f per gene.
Using ZFC®AR, both depleted and enriched genes in HeLa cells were
revealed under rational cutoffs of gene FS (Fig. 2c and Source Data
Fig. 3). With the help of iBARs serving as internal replicates, ZFCBAR
analysis further increased the signal-to-noise ratio of screens, as
indicated by Pearson’s correlation coefficients of two biological
replicates, which increased from 0.75 in sgRNA™®AR zZLFC analy-
sis to 0.96 in gene FS analysis (Fig. 2d,e). In addition, the F, score
(harmonic mean of precision and recall, based on gold-standard
reference sets') was higher when using ZFC®*? analysis than the
non-iBAR ZFC analysis (Fig. 2f).

Using the area under the curve (AUC) of the receiver operating
characteristic (ROC) curves, based on the gold-standard reference
sets of essential and nonessential genes, we compared our results
with data from a fitness screen utilizing the CRISPR™®*R library** at
an MOI of 3 and a conventional Cas9 screen at an MOI of 0.3°".
Fitness screens at a high MOI using the BARBEKO approach out-
performed both screens (Fig. 2g, Extended Data Fig. 4a,b and Source
Data Figs. 4 and 5). Furthermore, the BARBEKO screen exhibited
the maximal extent of depletion in essential genes and a better sepa-
ration between the distribution of essential and nonessential genes
by boxplots, indicating the efficient gene KO and a better-controlled
false-positive rate (Extended Data Fig. 4c). Similarly, dAUC
(AAUG, difference between sgRNAs targeting essential and nones-
sential genes) of BARBEKO was evidently higher than that of the
first-generation CRISPR-KO library*’, demonstrating the enhanced
specificity of the BARBEKO library even at high MOIs (Fig. 2h).
Taken together, the BARBEKO approach exhibits the potential of
high-quality outcomes with much-improved cost and labor effec-
tiveness in fitness screens.

We went on to compare the results of BARBEKO screens between
early and late timepoints during the fitness screen. The correlation
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Fig. 2 | BARBEKO achieves high-MOI fitness screens in Hela cells. a, Workflow of fitness screen in Hela cells. AncBE4max-expressing Hela cells

were infected by the lentivirus library of BARBEKO at an MOI of ~3, and then reference cells denoted by day O were harvested 5d post-infection, and
experimental groups were harvested on days 15 and 21. b, The schematics of the ZFC®®R algorithm describing the analytical processes of NGS data

from screening. The gene FS is an integrated index of z-score of zLFC and the value of log,,(RRA). Ref., reference; Exp., experimental. ¢, A volcano plot
showing the overall outcome of the fitness screen in Hela cells by BARBEKO analyzed by ZFC®AR, Depleted and enriched genes are plotted in red and blue.
respectively, and the top five genes in both directions are labeled individually. Every three sgRNAs targeting the adeno-associated virus integration site

1 (AAVST) and nontargeting sgRNAs were randomly grouped as controls, plotted in purple and green. d, Scatter plot of sgRNABAR zLFC of two biological
replicates. Pearson’s correlation coefficient (Corr.) is indicated at the top. The sgRNAs®A® targeting the AAVST locus and nontargeting sgRNAsEAR as
negative control are labeled in purple and green, respectively. e, The scatter plot of gene FS of two biological replicates, Pearson’s correlation coefficient is
indicated at the top. f, Comparison of the F, value against gene RRA ranking when considering iBARs as internal replicates (ZFC®*®) or ignoring iBARs for
ZFC analysis (ZFC). The F, value is determined by gene gold-standard reference sets®. g, ROC analysis based on gold-standard reference sets of depleted
genes for the BARBEKO library at an MOI of ~3 (considering iBARs as internal replicates in analysis), CRISPR®® [ibrary** at an MOI of ~3 (ignoring iBARs
in analysis) and TKOV1 library at an MOI of ~0.3 screened in Hela cells analyzed by BAGEL from Hart et al.*>. h, Comparison of AUCs for essential (solid
line), nonessential (dashed line) and nontargeting (dotted line) sgRNAs between BARBEKO at an MOI of ~3 and TKOv1 at an MOI of ~0.3 screened in
Hela cells. The dAUC values from essential and nonessential sgRNAs are indicated in the upper left corner.
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Fig. 3 | Copy-number effect could be diminished in BARBEKO screens. a, Boxplot diagram showing relative sgRNA zLFC of BARBEKO and CRISPR®AR
screens at an MOl of ~3 according to gene copy number in Hela cells. The zLFC of sgRNAs targeting protein-coding genes subtracted the median zLFC

of nontargeting sgRNAs serving as relative sgRNA zLFC. Boxplots are represented as follows: center line indicating the median, box limits indicating the
upper and lower quartiles, and whiskers indicating 1.5x the interquartile range. The numbers of sgRNAs targeting loci with a different copy number (CN)
separately in the CRISPR®*® and the BARBEKO library are: CN=1, 91 and 81; CN=2, 27,134 and 25,433; CN =3, 24,245 and 23,065, CN=4, 1,856 and
1,730; and CN >5, 433 and 425. b, Schematic showing genomic region of a highly amplified gene SDHA and the targeting sites of sgRNAs selected from
BARBEKO (sgRNA®®" and sgRNASP2) or TKO (sgRNA-3 and sgRNA-4) libraries. ¢, Effects of indicated sgRNAs targeting SDHA on cell proliferation in
Hela cells. Four sgRNAs were individually delivered into AncBE4max- and Cas9-expressing cells for validation, in which sgRNAP" and sgRNASP-2 targeted
splice donor sites of SDHA. The sgRNAAAYS! served as a negative control (Ctrl). Data are presented as the mean +s.d. of three independent experiments.

P values represent comparisons with sgRNAAAS! at the end point (day 15), calculated using a one-tailed Student's t-test and adjusted using the Benjamini-
Hochberg method, ***P < 0.001. NS, not significant. d, The Sanger sequencing chromatograms of sgRNA®" and sgRNASP2 targeting splice donor sites

of the SDHA genomic region after AncBE4max editing. The orange arrows indicate peaks of targeted ‘Gs' in splice donor sites. e, Western blot analysis
shows the abundance of SDHA protein of AncBE4max- or Cas9-edited cells with the indicated sgRNAs. KO efficiency was calculated based on the protein
level of the sgRNAAAS! group. These experiments were repeated independently with similar results. GAPDH, glyceraldehyde 3-phosphate dehydrogenase;

SDHA, succinate dehydrogenase complex flavoprotein subunit A.

coefficient of two results from days 15 and 21 was high (0.98); how-
ever, the number of depleted genes on day 21 was larger than that
on day 15 (2,121 versus 1,795) under the same threshold (Extended
Data Fig. 4d,f). These results suggested that a longer duration
improved the sensitivity of fitness screens, in agreement with a
prior report”. Gene ontology (GO) enrichment analysis indicated
that 352 genes identified only in the later timepoint (Extended Data
Fig. 4g) mainly belonged to the same GO terms of commonly
selected genes of both timepoints (Extended Data Fig. 4h),
demonstrating the consistency in the process of screening using the
BARBEKO strategy to reveal gene functions.
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Efficiency comparison among different types of sgRNAs. As
sgRNAs targeting the gold-standard essential genes are supposed
to be depleted in the screen, we categorized these sgRNAs accord-
ing to the targeting types for efficiency comparison. The sgRNASP/s4
showed similar zLFC distribution to sgRNA%?, whereas sgRNAS
performed a bit less effectively, presumably due to the presence
of alternative translation initiation sites for many targeted genes
(Extended Data Fig. 5a). In addition, the efficiency of sgRNA®P was
statistically lower than that of sgRNAS* (Extended Data Fig. 5b),
probably due to the context preference of the deaminase domain of
rat APOBECI (ref. **). Indeed, we found that the 5'-guanine adjacent
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to the targeting cytosine substantially compromised the editing
efficiency (Extended Data Fig. 5¢). As expected, sgRNA efficiency
was influenced by the location of targeted ‘C’ in the editing window
as well (Extended Data Fig. 5d). The sgRNA%* targeting different
codons also showed distinct zLFC distributions (Extended Data
Fig. 5e), in which targeting the codon “TGG’ had the highest gene
KO efficiency. We infer that the anticodon sequence ‘CCA’ of the
DNA strand is more likely to be edited by the CBE. In conclusion,
the above-summarized rules would help to design sgRNAs for effec-
tive gene KOs by CBEs.

Copy-number effect could be diminished in BARBEKO screens.
A number of reports suggested that Cas9-mediated DNA cleav-
age in amplified genomic regions induced a gene-independent,
anti-proliferation effect and consequently introduced false positives
into gene essentiality screens'>>*. To verify whether BARBEKO
could avert such a problem, we compared sgRNA zLFC distribution
across gene copy numbers of BARBEKO and CRISPR™®4® screens in
HeLa cells. The zLFC of sgRNAs descending in targeting genomic
sites correlated with the increased copy numbers in CRISPRP®AR
screens, evidently resulting from DSB-induced cytotoxicity (Fig. 3a).
In contrast, the BARBEKO screen was not affected by copy-number
amplification. To confirm this, we selected two genes that are located
in amplified genomic regions in HeLa cells, SDHA and TRIP13
(ref. *%). Four SDHA-targeting sgRNAs (Fig. 3b) were tested indi-
vidually in both AncBE4max- and Cas9-expressing cells. No notice-
able phenotypic changes were observed in AncBE4max-edited
cells, whereas cell viability was significantly decreased when these
loci were perturbed by Cas9 with all four sgRNAs (Fig. 3¢). Sanger
sequencing and western blot analysis further confirmed that two
sgRNAs were effective in generating SDHA KOs with AncBE4max
or Cas9 (Fig. 3d,e, Extended Data Fig. 6a and Source Data Fig. 1),
indicating that the decreased cell viability in Cas9 cells was not due
to the gene KOs but to the occurrence of multiple DSBs. Similar
results were obtained for TRIP13 gene targeting: three out of four
sgRNAs led to decreased cell viability only in Cas9-expressing cells
(Extended Data Fig. 6b,c).

BARBEKO empowers screens in K562 cells at ultra-high MOIs.
As library construction with a high MOI could significantly reduce
the starting cells, we then pushed the MOI to about 10 and tested it
in K562 cells. K562 cells contain a Philadelphia chromosome sus-
ceptible to single sgRNA-mediated Cas9 cutting; thus, it enables
us to examine the potential cytotoxic effect of multiple sgRNAs in
the BARBEKO screens with ultra-high MOIs. K562 libraries were
then made with lentiviral infection at MOIs of 3 and 10 in parallel
(Fig. 4a,b and Source Data Fig. 3). A scatter plot of gene FS
showed compatible hits in both depletion and enrichment after
screening (Fig. 4c), and the ROC analysis showed comparable AUC
scores according to the gold-standard gene reference sets (Fig. 4d).

These results demonstrated that BARBEKO is a robust strategy
that produces highly consistent results even on cell libraries con-
structed with lentiviral infection at extremely high MOIs, resulting
in much-improved cost and labor effectiveness for both positive and
negative selection screens. Specifically, to reach 1,000-fold coverage
per sgRNA, the minimal requirement for a conventional CRISPR
library construction at an MOI of 0.3 for 2 experimental repeats
is 3.6 10° cells, whereas the number drops to 5.4x10° for the
BARBEKO library (4 iBARs per sgRNA serving as internal repeats)
at an MOI of 10, a reduction of over 60-fold. Putting economy
aside, this astonishing reduction in cell numbers could be pivotal in
large-scale screens when either the source of agents is limited, such
as emerging viruses or uncommon toxins, or the screening material
is scarce, such as patient-derived cells.

To further confirm that the BARBEKO approach is immune
to Cas9-cleavage-induced cytotoxicity, we chose to test the BCR-
ABL oncogene because this locus suffers from a high-copy tandem
amplification during Philadelphia translocation in K562 cells”. Cas9
cleavage in this repeated region has been reported to cause false
positives of essential genes'®. We plotted the zLFC of genes located
surrounding the fusion gene and compared them with the data from
Wang et al.’ (Fig. 4e). Indeed, the sgRNAs targeting contiguous
genes within the amplicons on 22q11.2 and 9q34.1 were significantly
dropped out compared with the flanking nonamplified regions, indi-
cating Cas9-cleavage-induced cytotoxicity (Fig. 4e, top lane). These
positional effects on nonessential genes were almost completely
diminished in two high-MOI screens of the BARBEKO approach,
whereas the true essential oncogenic fusion gene BCR-ABLI could
still be correctly identified (Fig. 4e, middle and bottom lanes).

Several computational methods have been developed for con-
ventional CRISPR-KO screens to correct false positives resulting
from the copy-number effect. So, we utilized CRISPRCleanR, an
unsupervised method®, to correct the results of the CRISPR-KO
screen in K562 cells for comparisons. After data processing, most
high-copy-number genes were given near-zero log(fold-change)
(LEC) scores, all of which were closer to the value in the BARBEKO
screen without correction (Supplementary Fig. 4). These compari-
sons demonstrated the advantage of the BARBEKO approach in
reducing the false-positive rate due to the copy-number effect. Thus,
BARBEKO offers a clear advantage without the need for computa-
tional correction, which is particularly useful for screens conducted
in cells lacking copy-number information. We anticipate that these
advantages of BARBEKO are worth being exploited to the full for
critical applications that are sensitive to the copy-number effect.

BARBEKO enables precise screens in nontransformed cells. To
understand gene function in relative physiological settings, one
often needs to conduct CRISPR screens in primary cells or non-
transformed cells carrying intact and normal cellular machinery,
such as the p53 pathway. However, it is currently under heated

>

>

Fig. 5 | Comparing BARBEKO with CRISPR-KO screens in RPE1 cells. a, Clonogenic survival of RPE1 cells in response to sgRNA library transduction at

gradient MOls. Nontargeting control (Ctrl) library (1,000 sgRNAs) and nonessential, gene-targeting experimental library (869 sgRNAs) were transduced
to wild-type, AncBE4max- and Cas9-expressing RPE1 cells at MOls of 0.3, 1, 2, 3 and 10, and three independent samples of each condition were used for
clonogenic assay 3d post-infection. The survival fraction (SF) of the experimental group was normalized by control SF to calculate the relative percentage.
Data are presented as the mean +s.d., and P values are calculated using a one-tailed Student's t-test and adjusted using the Benjamini-Hochberg method:
**P<0.07; ***P< 0.001. b,¢, Volcano plots showing the overall outcome of fitness screen in wild-type RPE1 cells by the BARBEKO (b) and CRISRP-KO

(c) method at an MOI of ~3. The top five depleted and enriched genes, together with top-ranking Hippo genes, are labeled individually. d,e, Scatter plots
showing the distribution of gene rankings of four different categories. Gene rankings of BARBEKO (d) and CRISPR-KO (e) screens are calculated according
to the gene FS from small to large. Essential genes and ribosomal genes are extracted from reference gene sets, whereas nontargeting and AAVST controls
are composed of three corresponding sgRNAs through random sampling. Data are presented as mean +s.d., and the mean value of gene rankings of

each categories is highlighted in red. f, Comparisons of density distribution of gene FS between nontargeting controls (green curves) and nonessential
genes (gray curves). The mean +s.d. of each distribution is indicated at the left. The vertical dashed lines represent the median of each distribution.

Data from Hart et al.*> and Brown et al.?? were reanalyzed by ZFC algorithm, and their sgRNAs targeting EGFP, LacZ and luciferase were considered to be
nontargeting to the human genome.
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debate whether such cells are feasible for conventional CRISPR-KO
screens because Cas9 cutting-induced DDR could trigger the acti-
vation of the p53 pathway, which arrests cell growth and thereby
confounds screen outcomes'*~?>***, We decided to directly compare
BARBEKO and CRISPR-KO screens in RPE1 cells, a model system
for normal cell screens*'~*, which were derived from primary RPE
cells (RPE-340) and immortalized by expressing hTERT*.

To test the feasibility of high-MOI transduction in RPEL1 cells, we
first constructed two sublibraries, a control library containing 1,000
nontargeting sgRNAs (Supplementary Table) and an experimental
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library containing 869 sgRNAs targeting nonessential genes'’. With
the confirmation of the editing efficiency of AncBE4max in RPEI
cells (Supplementary Fig. 5), we separately delivered these two
libraries into wild-type, AncBE4max- and Cas9-expressing RPE1
cells at increasing MOIs. Clonogenic survival assays were per-
formed to monitor cell viability (Supplementary Fig. 6). Comparing
with wild-type RPE1 cells, AncBE4max-expressing cells held a
similar survival fraction at all levels of the MOI up to 10, whereas
a significantly diminished clonal formation ratio was observed in
Cas9-expressing cells infected at high MOIs (Fig. 5a). Collectively,
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these results indicate that BARBEKO can be applied to fitness
screens in RPE1 cells at high MOls.

Promoted by these results, we performed genome-wide
BARBEKO and CRISPR-KO screens in RPE1 cells at an MOI of
3 for a head-to-head comparison. After data processing with the
ZFC™AR a]gorithm, fitness genes were bidirectionally selected under
the same thresholds of gene FS>4 and <—3 (Fig. 5b,c and Source
Data Figs. 3 and 6). We then compared the distribution of rank-
ings of gold-standard essential genes and ribosomal genes together
with negative controls composed of AAVSI and nontargeting
sgRNAs using random sampling. In the BARBEKO screen, most
gold-standard essential and ribosomal genes were top ranked and
distinct from controls (Fig. 5d). In contrast, the difference between
ribosomal/essential genes and AAVSI controls was decreased in the
CRISPR-KO screen (Fig. 5¢). In ROC analysis, the AUC scores of
BARBEKO were all evidently higher than the CRISPR-KO screen
based on three gold-standard gene reference sets (Extended Data
Fig. 7a—c). Further comparisons with additional low-MOI CRISPR-
KO screens from publications*>***, using boxplots based on the
gold-standard reference sets (Extended Data Fig. 7d) or five essential
gene categories from GO datasets (Extended Data Fig. 7e), revealed
that BARBEKO screening showed improved signal-to-noise ratios
in the identification of true essential genes.

For this head-to-head comparison, another notable differ-
ence was the evident enrichment of nontargeting sgRNAs in the
CRISPR-KO screen, indicating that cells without sgRNA-mediated
DSBs have growth advantages (Fig. 5¢). Consistently, such distri-
bution of nontargeting sgRNAs was also observed in conventional
CRISPR-KO screens conducted at low MOIs (Fig. 5f). These
results indicate that Cas9-mediated DSBs imposed impairment on
cell fitness of RPE1 and, consequently, cells containing nontarget-
ing sgRNAs grew out of those carrying lesions by gene-targeting
sgRNAs. In sharp contrast, such phenotypes were not observed in
BARBEKO screens (Fig. 5d.f).

In addition, the distribution of nonessential genes of the
BARBEKO screens was more concentrated than that of the
CRISPR-KO screens, which contained evidently larger s.d.s (Fig. 5f
and Extended Data Fig. 7d). These results suggest that Cas9-
mediated DSBs might randomly trigger a wide variety of genetic
alterations, including deletions and translocations'’, which affects
neighboring genes and results in guide-independent perturbations
in cell fitness. Eventually, these nonspecific perturbations might
lead to the increased variance of gene FS in CRISPR-KO screens,
but not in BARBEKO ones because CBE editing caused little impact
on neighboring genes"’.

BARBEKO outperforms CRISPR-KO screens in positive selec-
tion. By analyzing positively selected genes from the CRISPR-KO
screens, we found that negative controls composed of nontargeting
sgRNAs accounted for about 20% of total hits under the same thresh-
old as the BAREBKO screen (Fig. 6a). These apparent false positives
were probably derived from the growth advantages over other cells
harboring DNA lesions induced by Cas9 cleavage. As not all sgRNAs
in the library are equally functional in any specific cell line due to
different cellular contexts, such as different chromatin structure and
genetic variants, we speculated that these nonfunctional sgRNAs
would perform like nontargeting controls in CRISPR-KO screens
and confound the identification of genuine cell fitness suppressors
(Fig. 5f). By GO analysis, we found that positively selected genes
from the CRISPR-KO screen were enriched in several regulatory
pathways of cell fitness with marginal significance indicated by the
FDR (Fig. 6b). In contrast, pathways known to modulate cell pro-
liferation missing in the parallel CRISPR-KO screen were signifi-
cantly more enriched in the BARBEKO screens (Fig. 6¢), such as the
mitogen-activated protein kinase (MAPK) cascade and the Hippo
signaling pathway. By listing key components and regulators of the

1410

Hippo pathway**~’, we found that genes directly (LATS2, PTPN14)
or indirectly (NF2, RRMD6, SAV1, MAP4K4, TNIK, TAOK1/3 and
WWCI) activating the Hippo pathway were negative regulators of
cell proliferation (Supplementary Fig. 7a), whereas YAP/TAZ, the
key effectors of the Hippo pathway, were essential for cell viability.
Actually, perturbations in a number of regulators of the Hippo path-
way could effectively unleash cellular proliferation in RPE1 cells
(Supplementary Fig. 7b).

BARBEKO is immune to false positives from DDR. Given the
critical role of p53 in Cas9-induced DDR which influences the
precision of CRISPR-KO screens, we applied BARBEKO to fitness
screen in TP53~ RPE1 cells to compare the effect of p53 on these
two methods (Extended Data Fig. 8a and Source Data Fig. 3). Most
candidates identified from BARBEKO screens in wild-type and
TP537'~ RPE1 cells were concordant, as indicated by the correlation
coefficients (0.78) (Fig. 6d). The ROC analysis indicated that the
BARBEKO approach enabled the identification of essential genes
with comparable quality in both genetic backgrounds (Extended
Data Fig. 7a—c). In addition, the distribution of rankings of essential
and ribosomal genes, AAVSI and nontargeting controls in TP53/~
RPE1 cells were similar to the results of BARBEKO in wild-type cells
(Extended Data Fig. 8b). Notably, tight distributions of nontarget-
ing and nonessential sgRNAs were also observed in the BARBEKO
screen in TP53~~ RPE1 (Fig. 5f and Extended Data Fig. 7d).

By comparing positively selected genes, we found that the screen
recaptured key components and regulators of the Hippo pathway in
TP537'~ RPEI1 cells (Supplementary Fig. 7a). We also identified that
sgRNAs targeting TP53 and USP7 performed differently from screens
in wild-type cells (Fig. 6d). As a positive control, sgRNAs targeting
TP53 were enriched only in wild-type cells. Accordingly, sgRNAs tar-
geting USP7, a gene that encodes a protein-stabilizing p53 (ref. *'),
were depleted in wild-type cells but enriched in p53-deficient cells.

We further analyzed uniquely selected genes of BARBEKO and
CRISRP-KO screens in wild-type RPEL1 cells to evaluate the impact
of p53 (Extended Data Fig. 9a-d). Unique essential candidates of
the CRISPR-KO screen further concentrated on the DSB repair
pathway (accession no. GO:0006302) (Extended Data Fig. 9d), sug-
gesting that DSBs sensitized RPE1 cells to loss of genes participating
in DDR. In particular, sgRNAs targeting NHE]I and LIG4, both of
which encode pivotal regulators of the nonhomologous end-joining
(NHE]) pathway*>*, were depleted in the CRISPR-KO screen. In
addition, XRCC3, a homologous recombination repair pathway
regulator™, showed essentiality only in the CRISPR-KO screen
(Fig. 6d,e). As wild-type RPE1 cells are sensitive to Cas9-induced
DSBs, which rely on NHE] and homologous recombination path-
ways for repair, disruption of these genes reduces cell fitness and
causes false-positive results of CRISPR-KO screens. Furthermore,
by analyzing two pairs of conventional CRISPR-KO screens at
low MOIs in wild-type and TP537~ RPEI cells from published
articles’*** (Supplementary Fig. 8), we found that p53-dependent
essentiality of NHE]1, LIG4 or XRCC3 was pervasive in these screens.

Disruptions in the C terminus of p21 caused cell death. By com-
paring differently selected genes among screens in RPE1 cells, we
noticed that sgRNAs targeting cyclin-dependent kinase inhibitor
1A (CDKNIA, encoding p21) was depleted unexpectedly (Fig. 6d);
p21, transcriptionally controlled by p53, is a cyclin-dependent
kinase inhibitor, with loss of function that is supposed to benefit
cell proliferation. Further analysis identified one sgRNA targeting
the C terminus of p21, denoted as sgRNASF!, that was dramatically
depleted (Extended Data Fig. 10a,b). Based on previous reports
about the effect of p21 on cell fitness, we postulated that a truncated
p21 variant caused by Gln138-targeting sgRNASP! might aggregate
in the nucleus, which inhibits cyclin-dependent kinases and induces
cell cycle arrest™®*. Other than acting as the cyclin-dependent
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Fig. 6 | Comparisons of differently selected hits among fitness screens of RPE1. a, Venn diagram showing the numbers of commonly and differently
enriched hits between BARBEKO and CRISPR-KO screens. Nontargeting controls are labeled in the green circle. b,c, GO enrichment analysis by Metascape
of enriched hits from BARBEKO (b) and CRISPR-KO (¢) screens. GO terms are ranked by the value of the FDR from small to large. Top-ranking terms

with FDR < 0.05 are listed. The size of each circle indicates the number of genes belonging to each term. The Hippo signaling pathway is highlighted in

red. d, Scatter plot of gene FS comparing BARBEKO screens between wild-type and TP53~/~ RPE1 cells. Control genes grouped by AAVST and nontargeting
sgRNAs are highlighted in purple and green. Genes participating in DDR are highlighted in red and those belonging to the p53 signaling are highlighted in
blue. Pearson's correlation coefficient (Corr.) is indicated at the top right corner. The dashed lines represent thresholds used in the BARBEKO screens.

e, Scatter plot of gene FS comparing the BARBEKO screen with the CRISPR-KO screen in wild-type RPET cells.

kinase inhibitor, p21 has been reported to play versatile roles in
multiple cellular processes, such as cell differentiation, migration,
apoptosis and DDR™. As cellular context, subcellular localization
and post-translational modifications could all change p21 activities
and functions™, we ought to pay special attention to cases such as
CDKNIA perturbation in screens. This is apparently not unique for
BARBEKO screens (Extended Data Fig. 10c).

Discussion
We developed a new approach called BARBEKO that combines
CBEs and iBARed sgRNAs for high-throughput genetic screens.

NATURE BIOTECHNOLOGY | VOL 39 | NOVEMBER 2021 | 1403-1413 | www.nature.com/naturebiotechnology

In comparison, BARBEKO surpasses conventional CRISPR-KO
screening as follows: (1) cell number required for library con-
struction could be significantly dropped to reach the same level of
coverage; (2) iBARs serving as internal replicates improved screen-
ing quality; and (3) such loss-of-function screens are immune to
copy-number effect and gene-independent cytotoxicity induced
by editing tools. These make BARBEKO particularly valuable in
screens for DSB-sensitive cell types, and when the screening deals
with cell fitness.

The BARBEKO strategy has been applied to fitness screens
of HeLa, K562 and RPEI cells, all at high MOIs, and yielded a

141



ARTICLES

NATURE BIOTECHNOLOGY

comprehensive list of genes affecting, either positively or negatively,
cell proliferation. As a matter of fact, negative screening is usually
more technically challenging to obtain a satisfactory signal-to-noise
ratio and demands a much bigger size of library than positive selec-
tion screens™. In addition, gene-independent cytotoxicity triggered
by Cas9-mediated cleavage often muddles the results of nega-
tive selection screens related to cell fitness, because the depletion
level triggered by gene loss of function is generally modest®. It is
an alarming issue that DSB-activated p53 signaling impacts the
precision of fitness screens from recent reports'®*"**. Besides the
copy-number effect, KOs of key regulators of DSB repair pathways,
such as NHEJ1, LIG4 and XRCC3, gave rise to false positives in
CRISPR-KO screens in wild-type RPE1 cells. In addition, nontar-
geting and nonfunctional sgRNAs tend to be enriched in CRISPR-
KO screens in cells sensitive to DSBs, leading to an elevated rate of
false positives. Consequently, true positive hits were compromised
in such screens, leading to a high false-negative rate in identifying
negative regulators for cell fitness.

Besides Cas9-induced DNA damage, the lentiviral infection
may cause cytotoxicity. This effect needs to be taken into consid-
eration for BARBEKO screening with very high MOIs. In addi-
tion, the MAGeCK®A® algorithm* is recommended rather than the
ZFC®® for data processing of positive selection screens using the
BARBEKO approach. MAGeCK™®** was customized to deal with
the acute problem of sgRNA misassociation in positive selection
screens at high MOls.

During the process of our screens, several articles reported some
optimized versions of CBEs with extended targeting scope via a
flexible protospacer adjacent motif (PAM) or an expanded activ-
ity window®'-**, which could be helpful to CBE-based library design
with improved sgRNA quality and coverage. About 1,700 genes are
missing in the current version of the BARBEKO library because of
the limited targeting scope of AncBE4max. Other CBE constructs
with higher efficiency, fewer off-targeting in DNA and RNA level
or lower DDR based on dCas9 (refs. ") could also be employed
dependent on research needs.
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