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Abstract 46 

CRISPR interference (CRISPRi) enables programmable, reversible, and titratable repression of 47 

gene expression (knockdown) in mammalian cells. Initial CRISPRi-mediated genetic screens 48 

have showcased the potential to address basic questions in cell biology, genetics, and 49 

biotechnology, but wider deployment of CRISPRi screening has been constrained by the large 50 

size of single guide RNA (sgRNA) libraries and challenges in generating cell models with 51 

consistent CRISPRi-mediated knockdown. Here, we present next-generation CRISPRi sgRNA 52 

libraries and effector expression constructs that enable strong and consistent knockdown across 53 

mammalian cell models. First, we combine empirical sgRNA selection with a dual-sgRNA 54 

library design to generate an ultra-compact (1-3 elements per gene), highly active CRISPRi 55 

sgRNA library. Next, we rigorously compare CRISPRi effectors to show that the recently 56 

published Zim3-dCas9 provides the best balance between strong on-target knockdown and 57 

minimal nonspecific effects on cell growth or the transcriptome. Finally, we engineer a suite of 58 

cell lines with stable expression of Zim3-dCas9 and robust on-target knockdown. Our results and 59 

publicly available reagents establish best practices for CRISPRi genetic screening. 60 

 61 
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Introduction 63 

CRISPR interference (CRISPRi) enables programmable repression of gene expression with 64 

broad applications in genome engineering, genetic screening, and cell biology (Doench, 2018). 65 

In mammalian cells, CRISPRi requires two components: (i) an effector protein of catalytically 66 

dead Cas9 (dCas9) fused to one or more transcription repressor domains, which recruits 67 

endogenous epigenetic modulators to the genome, and (ii) a single guide RNA (sgRNA), which 68 

directs the effector protein to target DNA (Gilbert et al., 2013). When the sgRNA is targeted to a 69 

gene promoter, CRISPRi leads to repressive epigenome editing and knockdown of the gene 70 

(Gilbert et al., 2014; Horlbeck et al., 2016a, 2016b). 71 

Several features distinguish CRISPRi from Cas9 nuclease-mediated DNA cutting, the 72 

major alternative CRISPR/Cas-based approach for loss-of-function genetic studies: i) Unlike 73 

Cas9, CRISPRi does not rely on introduction of double-stranded DNA breaks and therefore does 74 

not cause genomic rearrangements (Kosicki et al., 2018) and DNA damage-associated toxicity 75 

(Meyers et al., 2017), which may be especially limiting in primary and stem cells (Bowden et al., 76 

2020; Haapaniemi et al., 2018; Ihry et al., 2018). ii) CRISPRi tends to confer more homogeneous 77 

loss of gene function compared to Cas9, which often generates subpopulations of cells bearing 78 

active in-frame indels (Smits et al., 2019). iii) CRISPRi is reversible and thus affords temporal 79 

control over gene expression levels (Gilbert et al., 2014; Mandegar et al., 2016). iv) CRISPRi 80 

enables titration of gene expression, which for example allows for partial depletion of genes 81 

essential for cell growth and interrogation of the resulting phenotypes (Bosch et al., 2021; 82 

Hawkins et al., 2020; Jost et al., 2020). v) In turn, one can directly measure the extent of on-83 

target knockdown as well as the corresponding responses in individual cells, for example using 84 

single-cell RNA-seq (Perturb-seq), allowing for evaluation of the extent and potential biological 85 

significance of cell-to-cell heterogeneity. vi) CRISPRi enables loss-of-function studies for non-86 

coding RNAs, which are difficult to inactivate or repress through CRISPR cutting and the 87 

introduction of indels as they are insensitive to frame-shifting mutations (Liu et al., 2017).  88 

Like other CRISPR approaches, CRISPRi has been paired with large-scale sgRNA 89 

libraries to conduct systematic genetic screens. Such screens have been deployed to identify 90 

essential protein-coding and non-coding genes (Gilbert et al., 2014; Haswell et al., 2021; 91 

Horlbeck et al., 2016a; Liu et al., 2017; Raffeiner et al., 2020), to map the targets of regulatory 92 

elements (Fulco et al., 2019, 2016; Gasperini et al., 2019; Kearns et al., 2015; Klann et al., 2017; 93 
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Thakore et al., 2015), to identify regulators of cellular signaling and metabolism (Coukos et al., 94 

2021; Liang et al., 2020; Luteijn et al., 2019; Semesta et al., 2020), to uncover stress response 95 

pathways in stem cell-derived neurons (Tian et al., 2021, 2019), to uncover regulators of disease-96 

associated states in microglia and astrocytes (Dräger et al., 2022; Leng et al., 2022), to decode 97 

regulators of cytokine production in primary human T-cells (Schmidt et al., 2022), to define 98 

mechanisms of action of bioactive small molecules (Jost et al., 2017; Morgens et al., 2019; Sage 99 

et al., 2017), to identify synthetic-lethal genetic interactions in cancer cells (Du et al., 2017; 100 

Horlbeck et al., 2018), and to identify genetic determinants of complex transcriptional responses 101 

using RNA-seq readouts (Perturb-seq) (Adamson et al., 2016; Replogle et al., 2022, 2020; Tian 102 

et al., 2021, 2019), among others.  103 

Despite these successes, two technical factors have limited wider adoption of CRISPRi. 104 

First, CRISPRi screening is constrained by the large size of sgRNA libraries. Previous machine 105 

learning efforts yielded guide design rules which substantially increased the activity of sgRNA 106 

libraries (Horlbeck et al., 2016a; Sanson et al., 2018). Nonetheless, commonly used libraries 107 

(e.g., Dolcetto, CRISPRi v2) target each gene with three or more sgRNAs to decrease false 108 

negative results in screens. The development of a more compact, highly active sgRNA library 109 

would enable CRISPRi screens in new cell types and for more complex phenotypes, especially 110 

when cost, time, and/or cell numbers are limiting. Second, there is no clear consensus guiding 111 

the use of the different reported CRISPRi effector proteins, complicating the generation of 112 

CRISPRi cell models (Alerasool et al., 2020; Carleton et al., 2017; Gilbert et al., 2014; Yeo et 113 

al., 2018). 114 

 Here we present a suite of tools to enable high-quality CRISPRi genetic screening in a 115 

broad range of cell models. Based on empirical data aggregated from 126 screens, we design and 116 

validate an ultra-compact, highly active CRISPRi library in which each gene is targeted by a 117 

single library element encoding a dual sgRNA cassette. Next, we comprehensively compare 118 

published CRISPRi effector proteins based on their on-target efficacy and non-specific effects on 119 

transcription and cell proliferation. We find that the recently published Zim3-dCas9 provides the 120 

best balance between strong on-target knockdown and minimal nonspecific effects. Finally, we 121 

generate K562, RPE1, Jurkat, HT29, HuTu-80, and HepG2 cell lines engineered to stably 122 

express Zim3-dCas9 and demonstrate robust on-target knockdown across these cell lines. Our 123 

results and reagents establish best practices for CRISPRi genetic screening. 124 
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 125 

Results 126 

Comparison of single and dual sgRNA CRISPRi libraries for genetic screening 127 

A critical mediator of the potential applications of CRISPRi screening is the on-target efficacy 128 

and size of the sgRNA library. In recent work, we found that targeting individual genes with 129 

dual-sgRNA constructs substantially improved CRISPRi-mediated gene knockdown (Replogle et 130 

al., 2020). Building on this result, we asked whether a dual-sgRNA strategy could be used to 131 

generate an ultra-compact, genome-wide CRISPRi library.  132 

To assess the potential utility of dual sgRNA libraries in systematic genetic screens, we 133 

began by cloning two pilot libraries for comparison: (i) one targeting each human gene with two 134 

distinct sgRNAs expressed from a tandem sgRNA cassette (dual sgRNA) and (ii) one targeting 135 

each human gene by only the single best sgRNA (see Methods; Table S1; Supplementary Note 136 

1). We also optimized a protocol to amplify and sequence dual-sgRNA cassettes from lentivirally 137 

integrated genomic DNA (see Methods; Supplementary Note 2). Next, we compared the 138 

performance of our single- and dual-sgRNA libraries in a genome-wide growth screen (Figure 139 

1A). We transduced K562 cells stably expressing dCas9-KRAB(Kox1) with our libraries, used 140 

puromycin to select for cells with lentiviral integration, and harvested cells at day 8 (T0) and day 141 

20 (Tfinal) post-transduction. We amplified sgRNA cassettes from extracted genomic DNA, 142 

sequenced to quantify sgRNA abundance in the two populations, and calculated growth 143 

phenotypes for each library element by comparing changes in abundance between T0 and Tfinal 144 

(Figure 1C, Table S2). The growth phenotypes produced by the single- and dual-sgRNA libraries 145 

were well-correlated with previously published CRISPRi growth screens using 5 sgRNAs per 146 

gene (single sgRNA r = 0.82; dual sgRNA r = 0.83; Figure S1A-C) and produced near-perfect 147 

recall of essential genes (Figure S1D) (AUC>0.98 for both single- and dual-sgRNA libraries). 148 

Yet, for essential genes previously identified by the Cancer Dependency Map (DepMap) (Behan 149 

et al., 2019; Tsherniak et al., 2017), the dual-sgRNA library produced significantly stronger 150 

growth phenotypes (mean 29% decrease in the growth rate [γ]) than the single-sgRNA library (n 151 

= 2,005 genes; single-sgRNA mean γ = −0.20; dual-sgRNA mean γ = −0.26; Mann Whitney p-152 

value = 6 ∙ 10−15; Figure 1C, 1D), suggesting that the dual-sgRNA library confers stronger 153 

depletion of target genes. 154 
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A well-recognized challenge for the use of dual-sgRNA libraries is that the lentiviral 155 

reverse transcriptase can undergo template switching between the two copies of the lentiviral 156 

genome packaged into each capsid (Adamson et al., 2018, 2016; Feldman et al., 2018; Hill et al., 157 

2018; Horlbeck et al., 2018; Xie et al., 2018). These two copies generally bear two different 158 

sgRNA pairs in a pooled dual-sgRNA library, such that template switching can produce a 159 

recombined element with sgRNAs targeting different genes. Our sequencing strategy allowed us 160 

to directly identify such recombined elements (Figure 1B), which occurred with a frequency of 161 

29.4% across replicates, consistent with prior reports (Horlbeck et al., 2018; Replogle et al., 162 

2020). In our downstream analyses, we exclude all recombined elements such that they do not 163 

impact phenotypes, although in principle these recombined elements could be used to assess 164 

independent effects of the two sgRNAs targeting each gene. 165 

 166 

Design and validation of ultra-compact, dual sgRNA CRISPRi libraries 167 

Having validated the performance of dual-sgRNA libraries in a systematic genetic screen, we 168 

sought to optimize the activity and utility of dual-sgRNA CRISPRi libraries (Figure 1E). To 169 

optimize sgRNA selection for each gene, we aggregated empirical sgRNA activity data from 126 170 

CRISPRi genetic screens (Table S3) and implemented a three-tiered selection system. First, for 171 

genes that are essential in K562 cells, we ranked sgRNAs by growth phenotype. Second, for 172 

genes that produced a significant phenotype in one of our previous CRISPRi screens, we ranked 173 

sgRNAs by relative z-scored phenotype averaged across screens in which the target gene was 174 

identified as a hit. Finally, for genes without any empirical effect in a prior screen, we ranked 175 

sgRNAs according to predicted activities from the hCRISPRi v2.1 algorithm (see Methods) 176 

(Horlbeck et al., 2016a). To allow users to select the library size suitable to their application, we 177 

cloned sublibraries of the best single element (guide ranked 1+2; referred to as 178 

hCRISPRi_dual_1_2), the second best element (guides ranked 3+4; referred to as 179 

hCRISPRi_dual_3_4), or the third best element (guides ranked 5+6; referred to as 180 

hCRISPRi_dual_5_6) (Table S4).  181 

Further examination of the phenotypes from our screens revealed that a small number of 182 

elements produced discordant effects between screens, which may arise from bottlenecking or 183 

amplification bias (Figure S1A-C). For libraries with multiple elements targeting each gene, such 184 

discordant effects can often be mitigated by comparing phenotypes across elements, but this 185 
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option is not available with single-element libraries. In previously reported CRISPR cutting 186 

libraries, incorporation of barcodes into the sgRNA cassette enabled marking and tracing 187 

populations of cells derived from individual lentiviral integrations, which allowed for detection 188 

of bottlenecking events and amplification bias and thereby improved screen sensitivity and 189 

robustness (Michlits et al., 2017; Zhu et al., 2019). Building on these results, we incorporated a 190 

set of 215 8-nucleotide barcodes, which we term Integration Barcodes (IBCs), in the tandem 191 

sgRNA cassette of our final hCRISPRi_dual_1_2, hCRISPRi_dual_3_4, and 192 

hCRISPRi_dual_5_6 libraries (Methods, Table S5). We then optimized a sequencing strategy for 193 

simultaneously sequencing the two sgRNAs, the IBC, and a sample index on Illumina 194 

sequencers (Figure 1B, Supplementary Note 2). 195 

Finally, we sought to test our optimized dual-sgRNA library side-by-side with the 196 

recently reported Dolcetto CRISPRi library, which was designed with a differently prioritized 197 

sgRNA selection algorithm and uses single-sgRNAs (Sanson et al., 2018). We used direct 198 

capture Perturb-seq (Replogle et al., 2020), pooled CRISPR screens with single-cell RNA-seq 199 

readout, to measure the on-target knockdown mediated by the top three elements in our dual 200 

sgRNA library (guides 1+2, guides 3+4, or guides 5+6) or the three Dolcetto Set A sgRNAs for 201 

128 randomly selected genes that are expressed in K562 cells (Table S6). Our dual-sgRNA 202 

library significantly outperformed the Dolcetto library, as quantified by the average knockdown 203 

(dual-sgRNA median knockdown 82%; Dolcetto median knockdown 65%; Mann Whitney p-204 

value = 2.4 ∙ 10−7) as well as the strongest knockdown per gene (dual-sgRNA median 205 

knockdown 90%; Dolcetto median knockdown 87%; Mann Whitney p-value = 2 ∙ 10−4; Figure 206 

1F). Indeed, the top-ranked element of our dual-sgRNA library (guides 1+2) alone produced 207 

comparable knockdown to the best of all three Dolcetto sgRNAs (dual sgRNA element 1+2 208 

median knockdown 86%; best Dolcetto sgRNA median knockdown 87%; Mann Whitney p-209 

value = 0.43) (Figure 1G). We note that an analogous dual-sgRNA approach may improve 210 

knockdown for the Dolcetto library. Nonetheless, from these data we conclude that our dual-211 

sgRNA library improves on-target knockdown compared to gold-standard CRISPRi libraries. 212 

 213 

Design of CRISPRi effector expression constructs for systematic comparisons 214 

We next sought to compare different CRISPRi effectors, with the goal of identifying an effector 215 

with strong activity and minimal non-specific effects on global transcription and cell growth. We 216 
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selected four repressor domains that had been described to mediate strong and specific 217 

knockdown in dCas9 fusions: 1) the KRAB domain from KOX1 (ZNF10), which was used in the 218 

original conception of CRISPRi (Gilbert et al., 2013); 2) the KRAB domain from ZIM3, which 219 

was recently reported to mediate stronger knockdown than KRAB(KOX1) (Alerasool et al., 220 

2020); 3) the SIN3A interacting domain of MAD1 (SID4x) (Carleton et al., 2017); and 4) the 221 

transcription repression domain of MeCP2 (Yeo et al., 2018). 222 

To enable direct comparisons, we embedded each effector in a standardized lentiviral 223 

expression construct (Figure 2A, Table S7). Briefly, in this construct, expression is driven by a 224 

spleen focus-forming virus (SFFV) promoter, with an upstream ubiquitous chromatin opening 225 

element (UCOE) to minimize silencing, internal nuclear localization signals (NLSs) and an 226 

internal HA tag, a GFP marker linked at the C-terminus via a P2A ribosomal skipping sequence 227 

to allow for stable cell line generation by FACS, and a Woodchuck Hepatitis Virus post-228 

transcriptional regulatory element (WPRE) in the 3′ UTR to increase mRNA stability. Where 229 

necessary, we included linker sequences derived from the functionally innocuous XTEN domain 230 

(Schellenberger et al., 2009) to minimize proteolytic cleavage between dCas9 and fused 231 

repressor domains. We attempted to maximize the activity for each repressor domain based on 232 

our previous data and data in the literature, although we note that our evaluation is not 233 

exhaustive. The final designs of the four effector expression constructs are depicted in Figure S2, 234 

with further rationale in the Methods section. We then compared the four effectors with regards 235 

to two key criteria: on-target activity and absence of non-specific effects on cell viability and 236 

gene expression. 237 

 238 

CRISPRi effectors containing SID or MeCP2 domains have non-specific effects on cell viability 239 

and gene expression 240 

The repressor domain of each CRISPRi effector is a transcription factor domain whose 241 

overexpression has the potential to cause non-specific (i.e., not mediated by dCas9 targeting) and 242 

potentially detrimental effects on transcription or cell proliferation. To test for effects on 243 

proliferation, we generated K562 cell lines stably expressing each effector by lentiviral 244 

transduction followed by FACS (Figure 2B) and then quantified the effect of each effector on 245 

cell proliferation using an internally normalized competitive growth assay. We mixed cells 246 

bearing each effector ~1:1 with cells expressing mCherry and quantified growth defects of 247 
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effector-expressing cells by measuring the ratio of mCherry-negative to mCherry-positive cells 248 

over time by flow cytometry. We used mCherry-expressing cells as a reference population 249 

instead of parental, GFP-negative cells because some of the effector-expressing cells convert to 250 

GFP-negative over time due to silencing, which is difficult to separate from true dropout of 251 

effector-expressing cells due to growth defects. Over 19 days, cells expressing dCas9 only, 252 

dCas9-Kox1, or Zim3-dCas9 proliferated at the same rate as cells expressing GFP only or non-253 

transduced control cells, suggesting that expression of these effectors is not toxic over this time 254 

span (Figure 2C). By contrast, cells expressing SID-dCas9-Kox1 had a strong growth defect 255 

(~6% per day), and cells expressing dCas9-Kox1-MeCP2 had a mild growth defect (~1% per 256 

day, Figure 2C). 257 

To assess non-specific effects of effectors on transcription, we performed global 258 

transcriptome profiling of K562 cells stably transduced with these effectors by RNA-seq (Figure 259 

2D,E). Consistent with the growth assay, cells expressing SID-dCas9-Kox1 had globally 260 

perturbed transcription, with 4282 genes differentially expressed compared to control cells 261 

expressing GFP only at p<0.05 (Figure 2E). Indeed, these samples clustered separately from 262 

every other control and effector-expressing sample (Figure 2D). In addition, 53 genes were 263 

differentially expressed in cells with dCas9-Kox1-MeCP2, suggesting that constitutive 264 

expression of this effector also leads to minor non-specific effects on transcription (Figure 2E). 265 

No more than 3 genes were detected to be differentially expressed in cells expressing any of the 266 

other effectors, suggesting that these effectors do not non-specifically perturb transcription 267 

(Figure 2E). Together, these results suggest that (over)expression of SID-dCas9-Kox1 is toxic 268 

and globally perturbs transcription at least in K562 cells. We therefore excluded this effector 269 

from further analysis. 270 

 271 

Zim3-dCas9 and dCas9-Kox1-MeCP2 mediate strongest knockdown 272 

We next sought to measure the efficacy of each effector in knocking down targeted genes with 273 

two complementary approaches: (i) measurement of growth phenotypes resulting from 274 

knockdown of essential genes, i.e. genes required for the growth or survival of dividing human 275 

cells, and (ii) direct measurement of knockdown of cell surface proteins (Figure 3A, Table S8). 276 

In both assays, we used single-sgRNA expression cassettes, which allowed us to use previously 277 

validated strong and intermediate-activity sgRNAs (Jost et al., 2020). We included intermediate-278 
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activity sgRNAs for two reasons: First, activity differences between effectors are more apparent 279 

when knockdown is not saturated. Second, as it can be challenging to identify sgRNAs with high 280 

activity across genes and cell types, effectors that mediate strong knockdown even with 281 

imperfect sgRNAs could reduce false negative rates in genetic screens. 282 

We measured growth phenotypes resulting from knockdown of essential genes using 283 

internally normalized competitive growth assays. We transduced K562 cell lines stably 284 

expressing each CRISPRi effector with vectors simultaneously expressing an sgRNA and a 285 

fluorescent marker (mCherry) at a low multiplicity of infection (0.2-0.5). We then monitored the 286 

ratio of sgRNA-expressing cells (mCherry+) and unperturbed cells (mCherry-) by flow 287 

cytometry, with the expectation that cells with an essential gene-targeting sgRNA would deplete 288 

at a rate proportional to CRISPRi activity. We targeted three genes, alanyl-tRNA synthetase 289 

(AARS), the mitochondrial inner membrane import factor DNAJC19, and subunit D of RNA 290 

polymerase I and III (POLR1D), with three different sgRNAs each. For all sgRNAs tested, 291 

sgRNA-expressing cells depleted at the fastest rate with Zim3-dCas9 and at the second-fastest 292 

rate with either dCas9-Kox1 or dCas9-Kox1-MeCP2 (Figures 3B, Figure S3A). 293 

Next, to directly measure depletion of targeted proteins, we knocked down the non-294 

essential cell surface proteins CD55 (complement decay-accelerating factor), CD81 (TAPA-1/ 295 

TSPAN28), and CD151 (TSPAN24) and measured staining intensity with fluorescently labeled 296 

antibodies by flow cytometry as a proxy for protein levels. We transduced K562 lines stably 297 

expressing the different CRISPRi effectors with vectors expressing either targeting or non-298 

targeting sgRNAs at a low multiplicity of infection (0.2-1). Six days after transduction, we 299 

stained cells with fluorescently labeled antibodies against the different cell surface proteins and 300 

assessed knockdown by comparing the median antibody staining intensity in cells expressing a 301 

targeting sgRNA and cells expressing a non-targeting control sgRNA. With strong sgRNAs, 302 

Zim3-dCas9, dCas9-Kox1, and dCas9-Kox1-MeCP2 all mediated strong depletion of each cell 303 

surface protein (>96.8% median depletion for all effectors and sgRNAs). With weak sgRNAs, 304 

dCas9-Kox1-MeCP2 mediated the strongest knockdown closely followed by Zim3-dCas9, 305 

whereas dCas9-Kox1 mediated weaker knockdown (Figures 3C, 3D, Figure S3B-D). 306 

Importantly, flow cytometry reports on expression at the single-cell level, allowing us to 307 

assess cell-to-cell heterogeneity in knockdown, which is missed when quantifying median 308 

expression. As a proxy for heterogeneity, we calculated the fraction of cells without evidence of 309 
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knockdown despite the use of a strong sgRNA (Figure 3E). For Zim3-dCas9, knockdown was 310 

largely homogeneous, with only ~5% of cells without detectable knockdown (Figures 3D, 3E, 311 

Figure S3B-D), perhaps due to the presence of some senescent cells in the population in which 312 

lack of cell division limits protein dilution. By contrast, for dCas9-Kox1-MeCP2, 15-20% of 313 

cells did not achieve knockdown (Figures 3D, 3E, Figure S3B-D). This result may be explained 314 

by the toxicity of the effector protein leading to selection against effector expression (Figure 2C) 315 

or may be indicative of an intrinsic property of MeCP2 activity. The observed heterogeneity in 316 

MeCP2 knockdown may help explain why dCas9-Kox1-MeCP2 appears to mediate the strongest 317 

median knockdown while Zim3-dCas9 leads to faster dropout of sgRNA-expressing cells in the 318 

essential gene growth assay; in the growth assay, heterogeneity would lead to worse performance 319 

due to selection against strong knockdown. In sum, these results suggest that the Zim3-dCas9 320 

effector confers strong knockdown that is homogeneous across a cell population. 321 

 322 

A versatile collection of Zim3-dCas9 constructs for robust knockdown across cell types 323 

To assess the general utility of the Zim3-dCas9 effector, we measured knockdown efficacy in 324 

different cell types. For each cell type, we constructed cell lines stably expressing Zim3-dCas9 325 

(see Methods; Supplementary Note 4) and measured knockdown of cell surface proteins by flow 326 

cytometry. In both RPE1 (retinal pigment epithelium) and Jurkat (acute T-cell leukemia) cells, 327 

cells expressing Zim3-dCas9 had stronger knockdown than previously reported cell lines 328 

expressing dCas9-Kox1 (Figure 4A) (Horlbeck et al., 2018; Jost et al., 2017). Zim3-dCas9 also 329 

conferred strong and homogeneous knockdown in HepG2 (hepatocellular carcinoma), HT29 330 

(colorectal adenocarcinoma), and HuTu-80 (duodenal adenocarcinoma) cells (Figure 4B, Figure 331 

S4). 332 

To further maximize utility of the Zim3-dCas9 effector, we generated a panel of 333 

constructs for expression of Zim3-dCas9 from the SFFV or EF1α promoters linked to BFP, GFP, 334 

or mCherry (Table S7). We also generated backbones to express effectors from additional 335 

promoters (CMV, EFS) and with different types of C-terminal fluorescent protein linkages (P2A, 336 

IRES, direct fusion) (Table S7). In addition, as the bright fluorescence from the fluorescent 337 

proteins may be undesirable in some settings, we generated a construct in which expression of 338 

Zim3-dCas9 is linked to a hygromycin resistance marker [Zim3-dCas9 (Hygro)]. K562 cells 339 

stably transduced with Zim3-dCas9 (Hygro) and selected with hygromycin for 4 weeks had 340 
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strong and homogeneous knockdown that was indistinguishable from knockdown in a cell line 341 

generated by FACS (Figure 4C). Finally, we generated constructs in which the fluorescent 342 

protein is flanked by LoxP sites, such that the fluorescent protein can be removed by transient 343 

delivery of Cre once a stable cell line has been generated (Table S7). All of our constructs are 344 

available via Addgene. Our collection of Zim3-dCas9 expression constructs and streamlined 345 

protocols enables robust CRISPRi across a broad range of cell models. 346 

 347 

Discussion 348 

High-quality genetic screening approaches are catalysts for basic research and drug development. 349 

Among the available approaches, CRISPRi has several appealing features including 350 

independence of double-stranded DNA breaks, homogeneity and reversibility of perturbations, 351 

accessibility of partial loss-of-function phenotypes, and compatibility with direct measurements 352 

of target gene expression levels in both bulk populations and single cells. CRISPRi screens have 353 

indeed propelled biological discovery in several contexts, but broader deployment has been 354 

limited by difficulties in generating CRISPRi cell models and limited knockdown efficacy for a 355 

subset of genes. Here, we present a suite of tools and accompanying protocols to address these 356 

limitations and improve the efficacy and accessibility of CRISPRi. 357 

Our ultra-compact, dual-sgRNA CRISPRi library confers stronger knockdown and 358 

growth phenotypes than previously reported libraries and thus should minimize false-negative 359 

rates in screens. Nonetheless, this library also has drawbacks. First, some library elements 360 

undergo intermolecular recombination during lentiviral transduction. We can detect and 361 

computationally remove such recombination events, such that they do not corrupt the resulting 362 

data. As a consequence, recombination primarily decreases effective library coverage, and in 363 

return cell numbers need to be increased by ~20-30% to ensure coverage. In the future, 364 

recombination may be further mitigated using decoy vectors, different promoters, and 365 

alternatively processed guides (Adamson et al., 2016; Dong et al., 2017; Feldman et al., 2018; 366 

Knapp et al., 2019). Second and perhaps more importantly, screens will be inherently noisier and 367 

sensitive to off-target effects with only a single element per gene, such that in standard cell lines 368 

in which cell numbers are not a concern, existing single-sgRNA libraries may remain the 369 

approach of choice. Inclusion of the 3-4 and 5-6 element sublibraries in our dual-sgRNA library 370 

can mitigate this noise at the expense of some of the compactness. In cases in which cell 371 
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numbers are limited by the model, time, or cost, however, the compactness of our dual-sgRNA 372 

library will be transformative. Examples include screens in primary or stem-cell derived models 373 

or in vivo as well as screens with high-content readout such as Perturb-seq (Bock et al., 2022; 374 

Przybyla and Gilbert, 2021). Additionally, this dual-sgRNA strategy may provide similar 375 

benefits for other CRISPR modalities such as CRISPR-mediated overexpression (CRISPR 376 

activation, CRISPRa), as also described by others (Yin et al., 2022), and we have designed a 377 

dual-sgRNA CRISPRa library for this purpose (Table S9). Finally, the improved knockdown 378 

afforded by the dual-sgRNA approach will also be beneficial in arrayed experiments, in which 379 

recombination is not a concern, and we have included a protocol for cloning dual-sgRNA 380 

libraries in array (Supplementary Note 3). In sum, our dual-sgRNA libraries improve CRISPRi 381 

knockdown and complement existing libraries by broadening the scope of models in which 382 

CRISPRi screens are feasible. 383 

In the realm of CRISPRi effectors, our work points to a clear consensus: Zim3-dCas9 is 384 

the effector of choice, as it appears equal or superior to other effectors in every test we 385 

performed and had no downsides. We had previously measured by Perturb-seq that Zim3-dCas9 386 

afforded median mRNA knockdown of 91.6% across 2,285 genes in RPE1 cells (Replogle et al., 387 

2022), and here we further found that Zim3-dCas9 mediates robust knockdown across a range of 388 

cell types. Our work highlights the importance of using multiple assays to assess effector 389 

function including single-cell assays to assess cell-to-cell heterogeneity, of directly measuring 390 

knockdown instead of relying on proxies such as growth phenotypes that conflate multiple 391 

factors, and of evaluating effectors in stably transduced cells rather than in transiently transfected 392 

cells to evaluate longer-term consequences for cell viability. To facilitate implementation of 393 

CRISPRi in additional cell models, we created a suite of effector expression constructs with 394 

different combinations of promoters and markers (Table S7) as well as a cell line generation 395 

protocol (Supplementary Note 4). 396 

Nonetheless, there is more progress to be made in evaluating effectors and generating 397 

robust CRISPRi models. First, our comparison of the effectors was not exhaustive. For example, 398 

although we expressed all effectors from the same context, we did not control for potential 399 

differences in expression levels or nuclear localization across effectors. The Zim3-dCas9 400 

expression constructs appear optimal as they are, but activities of other effectors may be boosted 401 

by optimizing these factors. Second, repression of gene expression is generally mediated through 402 
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recruitment of endogenous cofactors; for KRAB domains such as those from Zim3 and Kox1, 403 

this endogenous cofactor is TRIM28 (Ecco et al., 2017). TRIM28 expression varies by cell type, 404 

and efficacy of Zim3 and Kox1 may be limited in cell types with low TRIM28 expression. In 405 

such cell types, the MeCP2 effector may be a suitable alternative, but the selection against 406 

effector-expressing cells may increase false positive and false negative rates. Third, we did not 407 

measure if the effectors differed in propensity for sgRNA-dependent off-target effects. Previous 408 

work on dCas9-Kox1 had documented that well-designed sgRNAs have minimal off-target 409 

effects (Gilbert et al., 2013). The main source of off-target effects of CRISPRi are at 410 

bidirectional promoters, which likely is an inevitable consequence of the mechanism of 411 

CRISPRi. We note that the stronger activity of Zim3-based effectors may amplify such effects. 412 

For now, such off-target effects can be readily predicted and measured, for example by Perturb-413 

seq (Replogle et al., 2022). Perhaps future efforts will identify strategies to limit knockdown of 414 

neighboring genes. Finally, in some cell types effector expression is silenced over time, leading 415 

to loss of CRISPRi activity. We described some strategies to counteract such silencing 416 

(Supplementary Note 4), but further protection against silencing remains as an area for 417 

improvement. In any case, the assays we describe may be used to test additional effectors in a 418 

streamlined and standardized fashion, with the goal of making CRISPRi universally available 419 

across cell models. 420 

Altogether, our resources and best practices will guide both current implementations and 421 

future developments of CRISPRi. All our protocols, constructs, cell lines, and libraries are 422 

available as resources to the community. 423 
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Materials Availability  474 

All sgRNA expression plasmids, sgRNA libraries, and effector expression plasmids are available 475 

via Addgene, with accession numbers listed in Table S7. All new CRISPRi cell lines are 476 

available from the corresponding authors. 477 

 478 

Data and Code Availability 479 

Python scripts for alignment of sequencing data from dual-sgRNA screens with and without 480 

IBCs are available here: https://github.com/josephreplogle/CRISPRi-dual-sgRNA-screens. 481 

Sequencing data are available on NCBI GEO under accession number GSE205310 (Perturb-seq) 482 

and GSE205147 (bulk RNA-seq).  483 

 484 

Materials and Methods 485 

Cell line generation and maintenance 486 

K562 cells were grown in RPMI 1640 medium with 25 mM HEPES, 2 mM L-glutamine, 2 g/L 487 

NaHCO3 (Gibco) supplemented with 10% (v/v) standard fetal bovine serum (FBS, VWR), 100 488 

units/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-glutamine (Gibco). hTERT-489 

immortalized RPE1 cells (ATCC CRL-4000) were grown in DMEM:F12 (Gibco) supplemented 490 

with 10% (v/v) standard FBS (VWR), 0.01 mg/mL hygromycin B, 100 units/mL penicillin, and 491 

100 µg/mL streptomycin. Jurkat cells (Clone E6-1, ATCC TIB-152) were grown in RPMI 1640 492 

medium with 25 mM HEPES, 2 mM L-glutamine, 2 g/L NaHCO3 (Gibco) supplemented with 493 

10% (v/v) standard FBS (VWR), 100 units/mL penicillin, 100 µg/mL streptomycin, and 2 mM L-494 

glutamine (Gibco). HepG2 (ATCC HB-8065) and HuTu-80 cells (ATCC HTB-40) were grown 495 

in Eagle’s Minimum Essential Medium with 1.5 g/L NaHCO3, 110 mg/L sodium pyruvate, 292 496 

mg/L L-glutamine (Corning) supplemented with 10% (v/v) standard FBS (R&D Systems), 100 497 

units/mL penicillin, and 100 µg/mL streptomycin (Gibco). HT29 cells (ATCC HTB-38) were 498 

grown in DMEM with 25 mM D-glucose, 3.7 g/L NaHCO3, 4 mM L-glutamine (Gibco) 499 

supplemented with 10% (v/v) standard FBS (R&D Systems), 100 units/mL penicillin, and 100 500 

ug/mL streptomycin (Gibco). HEK293T cells were grown in Dulbecco’s modified eagle medium 501 

(DMEM) with 25 mM D-glucose, 3.7 g/L NaHCO3, 4 mM L-glutamine (Gibco) and 502 

supplemented with 10% (v/v) standard FBS (VWR or R&D Systems), 100 units/mL penicillin, 503 

100 µg/mL streptomycin, and 2 mM L-glutamine (Gibco). K562 (chronic myelogenous 504 
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leukemia) and HT29 (colorectal adenocarcinoma) cells are derived from female patients. Jurkat 505 

(acute T-cell leukemia), HuTu-80 (duodenal adenocarcinoma), and HepG2 (hepatocellular 506 

carcinoma) cells are derived from male patients. HEK293T (embryonic kidney) cells are derived 507 

from a female fetus. RPE1 (immortalized retinal pigment epithelium) cells are derived from a 508 

female subject. All cell lines were grown at 37 °C in the presence of 5% CO2. 509 

To generate the K562 cell lines stably expressing various CRISPRi effectors, parental 510 

K562 cells were stably transduced with lentiviral vectors expressing the corresponding effectors 511 

linked to GFP via a P2A ribosome skipping sequence from an SFFV promoter with an upstream 512 

ubiquitous chromatin opening element (UCOE). Polyclonal populations of GFP-positive cells 513 

were selected using two rounds of fluorescence-activated cell sorting (FACS) on a Sony SH800S 514 

Cell Sorter.  515 

To generate RPE1 cells stably expressing Zim3-dCas9, RPE-1 cells were infected with 516 

lentivirus containing UCOE-SFFV-Zim3-dCas9-P2A-BFP (pJB108) at low multiplicity of 517 

infection by centrifugation at 1000 × g. Polyclonal populations of BFP-positive cells were 518 

selected using two rounds of FACS on a Sony SH800S Cell Sorter. To generate Jurkat cells 519 

stably expressing Zim3-dCas9, Jurkat cells were infected with virus containing UCOE-EF1α-520 

Zim3-dCas9-P2A-mCh (pJB109) at low multiplicity of infection by centrifugation at 1000 × g. 521 

Polyclonal populations of mCherry-positive cells were selected using two rounds of FACS on a 522 

Sony SH800S Cell Sorter. To generate HepG2, HuTu-80, and HT29 cells stably expressing 523 

Zim3-dCas9, cells were infected with lentivirus containing UCOE-EF1α-Zim3-dCas9-P2A-mCh 524 

(pJB109) at low multiplicity of infection. Polyclonal populations of mCherry-positive cells were 525 

selected using two rounds of FACS on a FACSAria II Cell Sorter (BD Biosciences). To generate 526 

K562 cells stably expressing Zim3-dCas9 without a fluorescent marker, K562 cells were infected 527 

with virus containing UCOE-SFFV-Zim3-dCas9-P2A-hygro (pAG389) at low multiplicity of 528 

infection by centrifugation at 1000 × g. To select for a polyclonal population, cells were treated 529 

48 hours after infection with 200 µg/mL hygromycin for one week, followed by treatment 500 530 

µg/ml hygromycin for three weeks. 531 

 532 

Lentivirus production 533 

Lentivirus was generated by transfecting HEK239T cells with the transfer plasmid and four 534 

packaging plasmids (for expression of VSV-G, Gag/Pol, Rev, and Tat) using TransIT-LT1 535 
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Transfection Reagent (Mirus Bio). Viral supernatant was harvested two days after transfection 536 

and filtered through 0.44 µm PES filters and/or frozen at –80 °C prior to transduction. 537 

 538 

Design and cloning of pilot genome-wide single- and dual-sgRNA CRISPRi libraries 539 

To compare the use of single- and dual-sgRNA CRISPRi libraries in systematic genetic screens, 540 

pilot genome-wide single- and dual-sgRNA CRISPRi libraries were designed and cloned. 541 

sgRNAs targeting each gene were selected from our previously published hCRISPRi v2 library 542 

by balancing empirical data from previous genetic screens with Horlbeck et al. predicted 543 

rankings (Horlbeck et al., 2016a) using a three-tiered approach: 544 

Tier 1. For genes essential for growth in the K562 CRISPRi screen data (p-value < 0.001 545 

and γ < -0.2) (Horlbeck et al., 2016a), sgRNAs were ranked by their growth phenotype.  546 

Tier 2. As many genetic perturbations only cause a conditional cellular phenotype (e.g., 547 

in a particular cell type, chemical stressor, or reporter phenotype), we next aggregated data 548 

across multiple genetic screens (only a subset of the data in Table S3 was available for the pilot 549 

library design). For genes that were identified as a significant hit [FDR 0.05 based on MAGeCK 550 

RRA p-value (Li et al., 2014)] in previous CRISPRi screens, sgRNAs were ranked by the sum of 551 

z-scored phenotypes across screens.  552 

Tier 3. For all other genes, sgRNAs were ranked by the regression scores in hCRISPRi 553 

v2.1 (Horlbeck et al., 2016a).  554 

Using this ranking scheme, we selected the single best sgRNA for a single-555 

sgRNA/single-element-per-gene library (dJR004) and the two best sgRNAs for a dual-556 

sgRNA/single-element-per-gene library (dJR020). A list of sgRNA targeting sequences both the 557 

single and dual sgRNA libraries is available in Table S1. 558 

 The single-sgRNA library dJR004 was cloned using the protocol described here: 559 

https://weissman.wi.mit.edu/resources/Pooled_CRISPR_Library_Cloning.pdf. A modified 560 

CROP-seq sgRNA lentiviral expression vector (pJR107) was derived from the parental vector 561 

pBA950 (https://www.addgene.org/122239/) by incorporating a GFP fluorescent marker and a 562 

UCOE element upstream of the EF1alpha promoter to prevent marker silencing. sgRNA 563 

targeting sequences were appended with flanking sequence, BstX1/BlpI overhangs, and PCR 564 

adapters. The library was synthesized as an oligonucleotide pool (Twist Biosciences), PCR-565 

amplified, BstX1/BlpI-digested, and inserted into pJR107 by ligation.  566 
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The dual-sgRNA library dJR020 was cloned using the protocol in Supplementary Note 1. 567 

Briefly, dual-sgRNA targeting sequences were spaced by a BsmBI-cut site and appended with 568 

flanking sequence, BstX1/BlpI overhangs, and PCR adapters with the structure: with the 569 

structure: 5’- PCR adaptor - CCACCTTGTTG – targeting sequence A - 570 

gtttcagagcgagacgtgcctgcaggatacgtctcagaaacatg – targeting sequence B - 571 

GTTTAAGAGCTAAGCTG - PCR adaptor-3’. The library was synthesized as an 572 

oligonucleotide pool (Twist Biosciences), PCR-amplified, BstX1/BlpI-digested, and inserted into 573 

pJR104 by ligation. Next, the sgRNA CR3/hU6 promoter insert pJR98 was BsmBI-digested and 574 

ligated into the BsmBI-digested library to generate the final library. In the final library, each 575 

element expresses two unique sgRNAs from tandem U6 expression cassettes.  576 

 577 

Genome-wide growth screens for library comparison 578 

Parallel growth screens were performed to compare dJR004 versus dJR020. Lentivirus from 579 

dJR004 and dJR020 was produced in HEK293T as described above. CRISPRi K562 cells 580 

expressing dCas9-KOX1 KRAB were spinfected (1000G) with polybrene (8 ug/ml) with lentivirus 581 

from dJR004 and dJR020 in biological replicate. Throughout the screen, cells were maintained at 582 

a density between 250,000 – 1,000,000 cells per ml and 1000X coverage per library element. On 583 

day 3 post-transduction, an infection rate of 11%-18% was measured by GFP fluorescence. On 584 

day 3 through day 6 post-transduction, puromycin at 1 ug/ml was used to select for infected cells, 585 

and cells were allowed to recover for two days. On day 8 post-transduction, a cell pellet was frozen 586 

for each replicate representing the initial sample (T0) of the screen. Throughout the screen, the 587 

number of cell doublings was recorded, and final samples (Tfinal) were collected on day 20 post-588 

transduction.  589 

 590 

Screen library preparation, sequencing, and analysis 591 

Amplicon DNA libraries were prepared from cell pellets as previously described (Nuñez et al., 592 

2021). Genomic DNA was isolated using a NucleoSpin Blood XL kit or NucleoSpin Blood L kit 593 

(Macherey–Nagel) depending on pellet size. Purified genomic DNA was directly amplified by 594 

22 cycles of PCR using NEBNext Ultra II Q5 PCR MasterMix (NEB). Sequencing was 595 

performed on a NovaSeq 6000 (Illumina) using a 19 bp Read 1, 19 bp Read 2, and 5 bp Index 596 

Read 1 with custom sequencing primers. 597 
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After sequencing, sgRNA sequencing reads were aligned to the single and dual sgRNA 598 

libraries using a custom Python script without allowing mismatches. Reads for which the Read 1 599 

and Read 2 sgRNA sequences did not target the same gene likely arose from lentiviral 600 

recombination and were discarded from downstream analysis. For both replicates of the dual-601 

sgRNA library, 29.4%, of mapped reads contained sgRNAs targeting different genes. Library 602 

elements (i.e., sgRNAs or sgRNA pairs) represented with 0 sequencing reads were assigned a 603 

pseudocount of 1 read, while library elements represented with fewer than 50 sequencing reads 604 

in both T0 and Tfinal of any screen replicate were excluded from analysis. For each sgRNA or 605 

sgRNA pair, the growth phenotype (γ) was defined as the log2(sgRNA normalized count Tfinal / 606 

sgRNA normalized T0) – median non-targeting control log2(sgRNA normalized count Tfinal / 607 

sgRNA normalized count T0), divided by the replicate total cell doublings and normalized to the 608 

total number of sequencing reads for a given sample (Gilbert et al., 2014). Read counts and 609 

growth phenotypes of library elements are included in Table S2. For the analysis of the Cancer 610 

Dependency Map (DepMap) Common Essential genes, the 20Q1 Common Essential genes were 611 

downloaded from https://depmap.org/portal/download/. For receiver operating characteristic 612 

(ROC) curve analysis, “positives” were defined as genes with a K562 CRISPRi growth screen p-613 

value < 0.001 and γ < -0.05 (Horlbeck et al., 2016a), and “negatives” were defined as non-614 

targeting control guide pairs. 615 

 616 

Empirical sgRNA selection, incorporation of integration barcodes, and validation of finalized 617 

dual-sgRNA CRISPRi libraries 618 

While the pilot dual-sgRNA library dJR020 enabled validation of the dual-sgRNA strategy, 619 

finalized dual-sgRNA libraries were designed with additional considerations. An expanded set of 620 

aggregated CRISPR screen data was used to optimize guide selection, including data from 621 

screens previously published in (Adamson et al., 2016; Brown et al., 2022; Das et al., 2021; Hein 622 

and Weissman, 2022; Hickey et al., 2020; Horlbeck et al., 2016; Jost et al., 2020, 2017; Lou et 623 

al., 2019; Martinko et al., 2018; Ramkumar et al., 2020; Shao et al., 2022, 2018; Tian et al., 624 

2021, 2019; Torres et al., 2019; Vasseur et al., 2021) (Table S3). Optimal sgRNAs targeting each 625 

gene were selected using an updated set of rules. First, sgRNAs containing a BsmBI target 626 

sequence (CGTCTC or GAGACG) were removed to avoid dropout during cloning. Second, each 627 

transcript per gene in Horlbeck et al., 2016a was targeted independently. Genes were separated 628 
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into three tiers, similar to the tiers described for the pilot library but with additional 629 

considerations: 630 

Tier 1 (n=662 genes). For genes essential for growth in the K562 CRISPRi screen data 631 

(p-value < 0.001 and γ < −0.2) (Horlbeck et al., 2016a), sgRNAs were ranked by their growth 632 

phenotypes (calculated relative to the best-performing sgRNA targeting each gene per screen in 633 

which the gene was a significant hit at FDR 0.05).  634 

Tier 2 (n=4,033 genes): The ranking strategy used to generate the pilot library (dJR020)  635 

included any gene identified as a significant hit in any previous CRISPRi screen for empirical 636 

guide selection and as such did not control for the increased chance that a gene may score as a 637 

false positive in a screen as the number of screens increases (the equivalent of multiple 638 

comparisons). To control for such false positives, the 320 olfactory genes served as a negative 639 

control set. None of the 320 olfactory genes were a significant hit [FDR 0.05 based on MAGeCK 640 

RRA p-value (Li et al., 2014)] in greater than four previous CRISPRi screens. Therefore, as a 641 

first cutoff, any gene that was identified as a significant hit in five or more previous CRISPRi 642 

screens, regardless of the strength of the phenotype, was included in this tier.  643 

This cutoff misses genes that score strongly, and as such are high-confidence hits, in a 644 

small number of screens. To also include such genes, each gene that was a significant hit [FDR 645 

0.05 based on MAGeCK RRA p-value (Li et al., 2014)] in one to four screens was assigned a 646 

score based on the maximum absolute value discriminant score (calculated as the −log10 p-value 647 

multiplied by the mean z-scored phenotype of the top three sgRNAs), summed across screens in 648 

which the gene scored as a hit. As a comparison, this same score was calculated for olfactory 649 

genes. Genes were included in this tier if the discriminant score was greater than a threshold 650 

calculated from the olfactory gene scores for the same number of screens in which a gene was 651 

identified as a hit. 652 

For all genes included in this tier, sgRNAs were ranked by the average of phenotypes 653 

across screens in which the gene was identified as a hit. Only sgRNAs that were identified as a 654 

hit at FDR<0.01 in at least one screen were ranked. sgRNA phenotypes were calculated relative 655 

to the best performing sgRNA targeting each gene per screen in which the gene was a significant 656 

hit at FDR 0.05.  657 

Tier 3 (n=14,493 genes): For all other genes, sgRNAs were ranked by the regression 658 

scores in hCRISPRi v2.1 (Horlbeck et al., 2016a).  659 
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Using this ranking scheme, we selected the first and second ranked sgRNAs for a dual-660 

sgRNA/single-element-per-gene sublibrary (hCRISPRi_dual_1_2), the third and fourth ranked 661 

sgRNAs for a second dual-sgRNA/single-element-per-gene sublibrary (hCRISPRi_dual_3_4), 662 

and the fifth and sixth ranked sgRNAs for a final dual-sgRNA/single-element-per-gene 663 

sublibrary (hCRISPRi_dual_5_6). Each library also contains a set of non-targeting control dual 664 

sgRNAs representing 5% of the total library elements. A list of sgRNA targeting sequences for 665 

all libraries is available in Table S4. 666 

 Integration barcodes (IBCs) were incorporated between the tandem sgRNA cassettes in 667 

the dual-sgRNA library in four steps. First, a library of 215 8-nucleotide IBCs were designed 668 

with a Hamming distance ≥ 4 and between 25-75% GC content (Table S5). Second, the library of 669 

IBCs were cloned into pJR98 in an arrayed format. pJR98 was digested by AscI and ssDNA 670 

oligo donors of the sequence 5’ CTCTTCCTGCCCGACCTTGGGG – reverse complement IBC 671 

– CAGCGCCATAGCTGAGTGTAGATTCGAGC – 3’ were cloned into the vector using 672 

NEBuilder HiFI DNA Assembly Master Mix (NEB). Third, the library of cloned IBCs were 673 

Sanger verified and pooled at a equimolar ratio for all barcodes. Fourth, the library was cloned 674 

into the dual-sgRNA library by BsmBI-digestion and ligation. Sequencing was performed on a 675 

NovaSeq 6000 (Illumina) using a 19 bp Read 1, 19 bp Read 2, 8 bp Index Read 1, and 8 bp Index 676 

Read 2 with custom sequencing primers as described in Supplementary Note 2. Demultiplexing 677 

on only the i5 index using the i7 index (IBC) as a read was performed as detailed: 678 

https://gist.github.com/sumeetg23/a064a36801d2763e94da2e191699fb9f. 679 

 680 

Perturb-seq comparison of dual sgRNA libraries versus Dolcetto 681 

Direct capture Perturb-seq (Replogle et al., 2020) was used to directly compare the knockdown 682 

produced by the dual-sgRNA libraries versus the Dolcetto Set A CRISPRi library. N=128 genes 683 

were randomly selected from the 4,000 most highly-expressed genes in K562 cells based on 684 

RNA-seq (https://www.encodeproject.org/experiments/ENCSR000AEL/). Two parallel libraries 685 

were cloned: a library containing the three dual-sgRNA elements targeting each gene and a 686 

library containing the three Dolcetto Set A guides targeting each gene, plus non-targeting control 687 

guides. For Dolcetto sgRNAs, the 5′ base was replaced with a G to enable expression from the 688 

U6 promoter. The Dolcetto single-sgRNA library was cloned as described above into pJR101 689 

guide expression vector containing a Perturb-seq capture sequence in stem loop 2. The dual-690 
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sgRNA library cloned as described above into pJR101 with a pJR98 insert cassette containing a 691 

Perturb-seq capture sequence in stem loop 2 of guide B. After library verification by sequencing, 692 

lentivirus was prepared in HEK293T as described above. 693 

For Perturb-seq, CRISPRi K562 cells expressing dCas9-KOX1 KRAB (Gilbert et al., 694 

2014) were spinfected (1000 × g) with polybrene (8 µg/ml) with lentivirus from both libraries in 695 

parallel. Throughout the screen, cells were maintained at a density between 250,000 – 1,000,000 696 

cells per ml and 1000× coverage per library element. On day 3 post-transduction, an infection rate 697 

of 5% was measured for both screens, and infected cells were sorted by FACS (BD FACS Aria). 698 

On day 7 post-transduction, cells were prepared for single-cell RNA-sequencing as detailed in the 699 

10x Genomics Single Cell Protocols Cell Preparation Guide (10x Genomics, CG00053 Rev C) 700 

and separated into droplet emulsions using the Chromium Controller (10x Genomics) with 701 

Chromium Single-Cell 3′ Gel Beads v3.1 (10x Genomics, PN-1000121 and PN-1000120) across 702 

12 lanes/gemgroups with the goal of recovering ~15,000 cells per GEM group before filtering. 703 

Sequencing libraries were prepared following the 10x Genomics Chromium Single Cell 3' Reagent 704 

Kits User Guide (v3.1 Chemistry) with Feature Barcoding technology for CRISPR Screening 705 

(CG000205; Rev C). Libraries were sequenced on a NovaSeq 6000 (Illumina) according to the 706 

10x Genomics User Guide. 707 

After sequencing, mRNA and sgRNA counts were obtained from Cell Ranger 4.0.0 708 

software (10x Genomics). To assign guides to cells, we used a Poisson-Gaussian mixture model 709 

as previously described (Replogle et al., 2020). Only cells bearing a single Dolcetto sgRNA or a 710 

single dual-sgRNA guide B sgRNA were used for downstream calculation of CRISPRi efficacy. 711 

For each guide, the on-target knockdown was calculated as the fraction of mRNA remaining (target 712 

gene expression in targeting cells relative to cells bearing non-targeting control guides).  713 

 714 

Design and cloning of constructs for CRISPRi effector expression 715 

All CRISPRi effectors were cloned into a lentiviral backbone containing a ubiquitous chromatin 716 

opening element and a spleen focus forming virus (SFFV) promoter (pMH0001, Addgene # 717 

85969). Briefly, dCas9, effector domains, linker domains, and GFP were PCR amplified and 718 

inserted into backbone linearized by digest with MluI and NotI using Gibson assembly 719 

(NEBuilder HiFI DNA Assembly Master Mix, NEB). P2A sequences were incorporated into 720 
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primer overhangs. The following additional considerations were incorporated into the final 721 

construct designs: 722 

1) For KRAB from Kox1, the KRAB(KOX1) domain from dCas9-BFP-KRAB (Addgene # 723 

46911) was fused to the C-terminus of dCas9, because C-terminal fusions of 724 

KRAB(KOX1) have historically produced the highest activity, linked by an 80-amino 725 

acid linker (XTEN80). XTEN80-KRAB(KOX1) was synthesized as a gBlock (IDT). We 726 

chose XTEN80 because we previously found that inclusion of a linker increases activity 727 

and the original dCas9-BFP-KRAB(KOX1) construct (Gilbert et al., 2013) underwent 728 

proteolytic cleavage between dCas9 and KRAB(KOX1) in some cell types, giving rise to 729 

free dCas9, a dominant negative for CRISPRi. The final construct is dCas9-XTEN80-730 

KRAB(KOX1) or dCas9-Kox1 for short.  731 

2) KRAB(ZIM3) was fused to the N-terminus of dCas9 with a 6-amino acid GS linker, 732 

which had produced the highest activity in a previous report, including when compared to 733 

C-terminal fusions (Alerasool et al., 2020). KRAB(ZIM3) was PCR-amplified from 734 

pLX303-ZIM3-KRAB-dCas9 (Addgene # 154472). The final construct is KRAB(ZIM3)-735 

dCas9 or Zim3-dCas9 for short. Note that this construct contains an additional nuclear 736 

localization signal between Zim3 and dCas9. 737 

3) For SID4x, SID4x was fused to the N-terminus of dCas9-XTEN80-KRAB(Kox1), 738 

because SID4x had previously only been evaluated for CRISPRi in the context of a dual 739 

fusion (Carleton et al., 2017). A shorter 16-aa linker (XTEN16) was included between 740 

SID4x and dCas9, which has been a sufficient linker length at the N-terminus in the past. 741 

SID4x was amplified from a construct generously donated by the Aifantis lab (New York 742 

University). The final construct is SID4x-XTEN16-dCas9-XTEN80-KRAB(KOX1) or 743 

SID-dCas9-Kox1 for short. 744 

4) For MeCP2, the previously reported dCas9-KRAB(Kox1)-MeCP2 construct (Addgene # 745 

110821; Yeo et al., 2018) was PCR-amplified and transferred into the common backbone, 746 

giving rise to dCas9-Kox1-MeCP2. Note that this construct contains no linker between 747 

dCas9 and KRAB(Kox1), such that the KRAB(Kox1) domain may be largely inactive, 748 

and that the dCas9 uses different codons. We separately also generated a construct in 749 

which we fused MeCP2 to the C-terminus of the dCas9-XTEN80-KRAB(KOX1) 750 
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construct. We observed similar growth defects and non-specific effects on the 751 

transcriptome using this construct. 752 

Additional constructs with expression driven by a EF1α promoter were generated by performing 753 

analogous assemblies in the pMH0006 backbone (Addgene # 135448). Constructs with 754 

expression driven by CMV or EFS promoters were generated by replacing the SFFV promoter in 755 

existing constructs. Constructs in which effector expression is marked with BFP, mCherry, or 756 

hygromycin resistance were generated by assembling with PCR products containing the desired 757 

markers. Constructs in which expression of the fluorescent protein is linked by an internal 758 

ribosome entry site (IRES) from encephalomyocarditis virus (EMCV) were generated by 759 

incorporating a PCR fragment generated from pHR-TRE3G-TUBB-IRES-mCherry (Jost et al., 760 

2017) instead of the P2A site. Constructs in which EGFP is flanked by loxP sites were generated 761 

by PCR-amplifying EGFP with primers containing loxP 2272 sequences 762 

(ATAACTTCGTATAAaGTATcCTATACGAAGTTAT). The amplicon was inserted by Gibson 763 

Assembly into pJB069 or pJB109 linearized by digestion with NotI and AsiSI. Finally, 764 

constructs in which the fluorescent proteins are constitutively linked to dCas9 were generated by 765 

omitting the P2A sequence from primer overhangs. A full list of generated constructs is included 766 

in Table S7. All constructs are available on Addgene. 767 

 768 

Evaluation of effects of CRISPRi effectors on growth and transcription 769 

K562 cell lines stably expressing CRISPRi effectors from an SFFV promoter linked to GFP via 770 

P2A were generated by lentiviral transduction and FACS. Each effector expression construct was 771 

transduced in triplicate in parallel with all other constructs. 100,000 GFP-positive cells per 772 

replicate were isolated by FACS on a Sony SH800S Cell Sorter 5 d after transduction and 773 

allowed to recover.  774 

To generate RNA-seq libraries of cells expressing each effector, 1 × 106 cells were 775 

harvested for each sample 6 d after FACS by centrifugation at 300 × g for 5 min and flash frozen 776 

in a dry ice and ethanol bath. RNA was extracted using the Direct-zol RNA Miniprep kit (Zymo 777 

Research) and quantified using the Qubit RNA BR Assay Kit (Life Technologies). RNA-seq 778 

libraries were prepared by the Whitehead Genome Technology Core facility using the Roche 779 

Diagnostics KAPA mRNA HyperPrep Kit. Paired-end 100 sequencing was performed on a 780 

NovaSeq (Illumina).  781 
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To evaluate growth of CRISPRi effector-expressing cells, a reference population of K562 782 

cells stably expressing mCherry was generated by lentiviral transduction of pU6-sgRNA 783 

EF1Alpha-puro-T2A-mCherry (a gift from Gregory Ow and Eric Collisson, UCSF) and FACS. 784 

This was conducted in parallel with the generation of CRISPRi effector-expressing cells. 7 days 785 

after sorting, ~125,000 cells per GFP-sorted population (different CRISPRi effectors) were 786 

mixed with ~125,000 mCherry-sorted cells (reference population). The ratio of mCherry-positive 787 

to mCherry-negative cells was read out immediately after mixing and periodically for the next 19 788 

days by flow cytometry on an Attune NxT (ThermoFisher). 789 

 790 

RNA-seq data analysis 791 

Sequencing reads were aligned strand-specifically to the human genome (GRCh38) and then 792 

aggregated by gene using only reads uniquely mapped to the reverse strand using the spliced 793 

read aligner STAR (Dobin et al., 2013), version 2.7.9, against an index containing features from 794 

Ensembl release 98 / GENCODE v32 (downloaded from 10x Genomics reference 2020-A). 795 

Replicate sample 2 for cells expressing dCas9-Kox1 had substantially fewer reads than expected 796 

and was excluded from analysis. For clustering analysis, transcript counts were normalized to 797 

transcripts per million for each sample, filtered for the 2000 most highly expressed genes on 798 

average, and clustered using the Ward variance minimization algorithm implemented in scipy 799 

version 1.6.2. Differential expression analysis was carried out on gene counts using DESeq2 800 

(Love et al., 2014). For Figure 2E, transcript counts were not filtered. The trends for numbers of 801 

differentially expressed genes were equivalent when only including genes with an average count 802 

> 2 across all samples. 803 

 804 

Selection and cloning of individual sgRNAs 805 

Strong sgRNAs against essential genes or cell surface markers were selected from the 806 

hCRISPRi-v2 library (Horlbeck et al., 2016a; Nuñez et al., 2021). Intermediate-activity sgRNAs 807 

were selected either from the hCRISPRi-v2 library or by incorporating defined mismatches in 808 

strong sgRNAs (Jost et al., 2020). All sgRNA sequences used for individual evaluation are listed 809 

in Table S7. 810 

Individual sgRNA expression constructs were cloned as described previously (Gilbert et 811 

al., 2014). Briefly, two complementary oligonucleotides (IDT), containing the sgRNA targeting 812 
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region as well as overhangs matching those left by restriction digest of the vector with BstXI and 813 

BlpI, were annealed and ligated into pCRISPRia-v2 [pU6-sgRNA EF1Alpha-puro-T2A-BFP 814 

with two SbfI sites flanking the sgRNA expression cassette, Addgene #84832 (Horlbeck et al., 815 

2016a)] or pU6-sgRNA EF1Alpha-puro-T2A-mCherry [a gift from Gregory Ow and Eric 816 

Collisson, UCSF, (Jost et al., 2020)] digested with BstXI (NEB or Thermo Fisher Scientific) and 817 

BlpI (NEB) or Bpu1102I (Thermo Fisher Scientific). The ligation product was transformed into 818 

Stellar chemically competent E. coli cells (Takara Bio) and plasmid was prepared following 819 

standard protocols. The resulting sgRNA expression vectors were individually packaged into 820 

lentivirus as described above.  821 

 822 

Evaluation of individual sgRNA phenotypes 823 

Effects of sgRNAs targeting essential genes on cell growth were measured in internally 824 

controlled growth assays by transducing cells with mCherry-marked sgRNA expression 825 

constructs at MOI < 0.5 (15 – 40% infected cells) and measuring the fraction of sgRNA-826 

expressing cells 3-12 days after transduction as mCherry-positive cells by flow cytometry on an 827 

Attune NxT (ThermoFisher). All experiments were performed in duplicates from the infection 828 

step.  829 

Effects of sgRNAs on expression levels of cell surface proteins were measured by flow 830 

cytometry. K562 or Jurkat cell lines expressing CRISPRi effectors of interest were infected with 831 

lentivirus containing sgRNA expression vectors by centrifugation at 1000 × g for 1 h in 24-well 832 

plates in the presence of 8 µg/mL polybrene (Sigma-Aldrich). RPE1, HepG2, HuTu-80, and 833 

HT29 cell lines expressing Zim3-dCas9 were infected with lentivirus containing sgRNA 834 

expression vectors for 24 h in the presence of 8 µg/mL polybrene. 6-14 d after transduction, cells 835 

were harvested by centrifugation (suspension cells) or trypsin-free detachment (adherent cells; 836 

mechanical detachment or EDTA), washed once in flow cytometry buffer (PBS with 5% (v/v) 837 

FBS), and stained at room temperature for 15-30 min with APC-conjugated antibodies targeting 838 

CD55 (clone JS11, BioLegend 311311, RRID AB_2075857), CD81 (clone 5A6, Biolegend 839 

349509, RRID AB_2564020), CD151 (clone 50-6, BioLegend 350405, RRID AB_10661726), 840 

CD29 (clone TS2/16, Biolegend 303007, RRID AB_314323), or B2M (clone 2M2, Biolegend 841 

316312, RRID AB_10641281) diluted 1:100 in flow cytometry buffer. After staining, cells were 842 

washed twice in 200 µL flow cytometry buffer and resuspended in flow cytometry buffer for 843 
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measurement on an Attune NxT (ThermoFisher), LSR-II (BD Biosciences) or Symphony A3 844 

(BD Biosciences). 845 

Optimal dilutions for each antibody were determined by testing 1:20, 1:100, and 1:500 846 

antibody titrations on K562 cells with epitope-targeting or non-targeting sgRNAs and choosing 847 

the titration with the maximum signal difference. 848 

Flow cytometry data were analyzed using FlowCytometryTools 0.5.0 849 

(https://eyurtsev.github.io/FlowCytometryTools/) and python 3.8. Briefly, the data were gated 850 

for cells (FSC-A versus SSC-A), FSC singlets (FSC-W versus FSC-H for data recorded on an 851 

Attune NxT and FSC-W versus FSC-A for data recorded on an LSR-II), SSC singlets (SSC-W 852 

versus SSC-H for data recorded on an Attune NxT and SSC-W versus SSC-A for data recorded 853 

on an LSR-II), and sgRNA-expressing cells (BFP- or mCherry-positive, depending on the 854 

experiment). Background APC fluorescence intensity from unstained cells or cells stained with 855 

an APC-conjugated Mouse IgG1, κ isotype control (BioLegend clone MOPC-21) was subtracted 856 

to correct for background fluorescence. Knockdown was quantified using median background-857 

corrected APC fluorescence intensity in cells expressing a targeting sgRNA relative to intensity 858 

in cells expressing a non-targeting control sgRNA, with the exception of the Jurkat and RPE1 859 

experiments, for which knockdown was quantified using median background-corrected APC 860 

fluorescence intensity in cells expressing a targeting sgRNA relative to intensity in cells not 861 

expressing an sgRNA in the same well. 862 

  863 
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Figures and Figure Legends 1160 

 1161 
Figure 1. Design and validation of ultra-compact dual-sgRNA CRISPRi libraries. 1162 

a. Schematic of growth screen used to compare single- and dual-sgRNA libraries. 1163 

b. Schematic of dual-sgRNA library sequencing strategies. 1164 

c. Comparison of growth phenotypes for DepMap essential genes between single- and dual-1165 

sgRNA libraries. Sequencing libraries were prepared using the strategy labeled “Sequencing 1166 

amplicon without IBC” in panel b. Growth phenotypes are reported as γ (log2 fold-enrichment of 1167 

Tfinal over T0, per doubling) and well-correlated between libraries (r = 0.91). Only values 1168 

between -1 and 0.1 are shown. 1169 

d. Comparison of growth phenotypes for DepMap essential genes between single- and dual-1170 

sgRNA libraries. In the violin plot, the violin displays the kernel density estimate, the central 1171 

white point represents the median, and the central black bar represents the interquartile range 1172 

(IQR). 1173 

e. Design of final dual-sgRNA library. 1174 
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f. Comparison of target gene knockdown by dual-sgRNA library versus Dolcetto. Target gene 1175 

knockdown was measured by single-cell RNA-sequencing (Perturb-seq). For each library, the 1176 

“mean of 3 elements” was calculated as the mean knockdown of all three elements targeting each 1177 

gene. The “best of 3 elements” represents the element with the best knockdown per each gene. 1178 

g. Comparison of target gene knockdown across elements in dual-sgRNA library versus 1179 

Dolcetto. In the box plot, the box shows the IQR, the line dividing the box shows the median 1180 

value, and the whiskers extend to show 1.5x the IQR. Outlier observations >1.5x IQR are not 1181 

shown.  1182 

 1183 

See also Figure S1. 1184 

  1185 
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1186 
Figure 2. CRISPRi effectors containing SID or MeCP2 domains have non-specific effects 1187 
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on cell viability and gene expression. 1188 

a. Schematics of CRISPRi transcription repressor domains and general lentiviral expression 1189 

construct used for all CRISPRi effectors. 1190 

b. Experimental design to test effects of stable expression of each CRISPRi effector on growth 1191 

and transcription in K562 cells. 1192 

c. Growth defects of effector-expressing cells, measured as the log2 ratio of mCherry-negative 1193 

(effector-expressing) to mCherry-positive (not effector-expressing) cells in each well. mCherry 1194 

levels were measured for 19 days after pooling cells. Data represent mean ± SD from three 1195 

independent transductions of expression constructs. p-values are from an unpaired two-tailed t-1196 

test comparing D19 values for each sample to the D19 value for the ”no plasmid” sample. 1197 

Average percent growth defect per day is the log2 D19 value divided by the number of days, 1198 

multiplied by 100 for a percent value. 1199 

d. Clustered heatmap of correlation of transcript counts from K562 cells expressing indicated 1200 

CRISPRi effectors or a GFP control. Correlations across samples were calculated using 1201 

normalized counts (reads per million) for all genes with mean normalized count >1 and then 1202 

clustered using the Ward variance minimization algorithm implemented in scipy. r2 is squared 1203 

Pearson correlation. Data represent three independent transductions of expression constructs. 1204 

e. Number of differentially expressed genes (p < 0.05) for cells expressing each effector versus 1205 

cells expressing GFP only. p-values were calculated using a Wald test and corrected for multiple 1206 

hypothesis testing as implemented in DeSeq2. 1207 

 1208 

See also Figure S2.  1209 
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 1210 
Figure 3. Zim3-dCas9 and dCas9-Kox1-MeCP2 mediate strongest knockdown. 1211 
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a. Experimental design to measure knockdown mediated by different CRISPRi effectors by 1212 

delivering sgRNAs targeting either essential genes or cell surface markers. 1213 

b. Depletion of K562 cells expressing essential gene-targeting sgRNAs and different CRISPRi 1214 

effectors, measured as the ratio of mCherry-positive (sgRNA-expressing) to mCherry-negative 1215 

(not sgRNA-expressing) cells in a given well. mCherry levels were measured for 12 days after 1216 

transduction, starting on day 3. Data from two replicate transductions. 1217 

c. Percent knockdown of cell surface markers by different CRISPRi effectors in K562 cells. Cell 1218 

surface marker levels were measured on day 6 post-transduction by staining with an APC-1219 

conjugated antibody. Knockdown was calculated as the ratio of median APC signal in sgRNA-1220 

expressing cells and median APC signal in cells expressing a non-targeting control sgRNA after 1221 

subtraction of background APC signal. Data from two replicate transductions. Cells expressing 1222 

dCas9 and a strong CD55-targeting sgRNA are represented by a single replicate. 1223 

d. Distribution of anti-CD151 signal intensity (APC) in individual cells from one representative 1224 

transduction. Data from second replicate are shown in Figure S3B. Knockdown was quantified 1225 

as in Figure 3c. 1226 

e. Fraction of cells without observable knockdown despite expressing a strong sgRNA, as 1227 

quantified from the fluorescence distributions. 1228 

 1229 

See also Figure S3.  1230 
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 1231 
Figure 4. Validation of a suite of optimized Zim3-dCas9 cell lines. 1232 

a. Distribution of anti-B2M signal intensity (APC) in individual RPE1 (left) and Jurkat (right) 1233 

cells expressing indicated CRISPRi effectors and sgRNAs. Knockdown was calculated as the 1234 

ratio of median APC signal in transduced (sgRNA-expressing) cells and median APC signal in 1235 

non-transduced cells in the same well, after subtraction of background APC signal. 1236 

b. Depletion of indicated cell surface markers in HepG2 (left), HuTu-80 (middle), and HT29 1237 

(right) cells expressing Zim3-dCas9. Cell surface marker levels were measured 6-14 days post-1238 

transduction by staining with APC-conjugated antibodies. Knockdown was calculated as the 1239 

ratio of median APC signal in sgRNA-expressing cells and median APC signal in cells 1240 

expressing a non-targeting control sgRNA after subtraction of background APC signal. 1241 
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c. Distribution of anti-B2M signal intensity (APC) in individual K562 cells expressing indicated 1242 

CRISPRi effectors and sgRNAs. The Zim3-dCas9 (Hygro) cell line was generated by 1243 

transduction followed by hygromycin selection and does not express a fluorescent protein. 1244 

Knockdown was calculated as in Figure 4a. 1245 

 1246 

See also Figure S4.  1247 
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 1248 
Figure S1. Additional comparisons of pilot single- and dual-sgRNA library screens. 1249 

a. Comparison of growth phenotypes for all elements between our pilot single-sgRNA library 1250 

and Horlbeck et al. data, merged by gene name (n=20228 elements). Growth phenotypes are 1251 

reported as γ (log2 fold-enrichment of Tfinal over T0, per doubling) and correlated between 1252 

experiments (r= 0.82). 1253 

b. Comparison of growth phenotypes for all elements between our pilot dual-sgRNA library and 1254 

Horlbeck et. al data, merged by gene name (n=20228 elements). Growth phenotypes are reported 1255 

as γ and correlated between experiments (r= 0.83). 1256 

c. Comparison of growth phenotypes for all elements between our pilot single- and dual-sgRNA 1257 

libraries, merged by gene name (n=21239 with 20228 targeting elements and 1011 non-targeting 1258 

elements). Growth phenotypes are reported as γ and correlated between experiments (r= 0.86). 1259 

d. Comparison of true and false positive rates in single element screens. “Positives” (n=1363 1260 

elements) were defined as genes with a K562 CRISPRi growth screen p-value < 0.001 and γ < -1261 

0.05 (Horlbeck et al., 2016a), and “negatives” were defined as non-targeting control sgRNA 1262 

pairs (n=1011 elements).  1263 
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 1264 
Figure S2. Design of constructs for CRISPRi effector expression.  1265 
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Figure S3. Additional measurements of on-target activity of CRISPRi effectors. 1267 

a. Depletion of K562 cells expressing essential gene-targeting sgRNAs and different CRISPRi 1268 

effectors, measured as the ratio of mCherry-positive (sgRNA-expressing) to mCherry-negative 1269 

(not sgRNA-expressing) cells in a given well, as in Figure 3a. mCherry levels were measured for 1270 

12 days after transduction, starting on day 3. Data from two replicate transductions. 1271 

b. Distribution of anti-CD151 signal intensity (APC) in K562 cells expressing indicated 1272 

CRISPRi effectors from second replicate transduction. Knockdown was quantified as in Figure 1273 

3c. 1274 

c. Distribution of anti-CD81 signal intensity (APC) in K562 cells expressing indicated CRISPRi 1275 

effectors from two replicate transductions. Knockdown was quantified as in Figure 3c. 1276 

d. Distribution of anti-CD55 signal intensity (APC) in K562 cells expressing indicated CRISPRi 1277 

effectors from two replicate transductions. Cells expressing dCas9 and the CD55-targeting 1278 

sgRNA are represented by a single replicate. Knockdown was quantified as in Figure 3c.   1279 
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 1280 
Figure S4. Single-cell distributions of knockdown in different Zim3-dCas9 cell lines. 1281 

a. Distribution of anti-CD151, anti-CD55, and anti-CD29 signal intensities (APC) in HepG2 1282 

cells expressing Zim3-dCas9. Data from 3 independent transductions are shown. A weak 1283 
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targeting sgRNA was only included for CD151. For the isotype control, cells expressing the 1284 

negative control sgRNA were stained with an APC-conjugated isotype control antibody. A single 1285 

replicate is shown for the isotype control. Knockdown was calculated as in Figure 4b. 1286 

b. Distribution of anti-CD151, anti-CD81, and anti-CD29 signal intensities (APC) in HuTu-80 1287 

cells expressing Zim3-dCas9. Data from 3 independent transductions are shown. A weak 1288 

targeting sgRNA was only included for CD151 and CD81. For the isotype control, cells 1289 

expressing the negative control sgRNA were stained with an APC-conjugated isotype control 1290 

antibody. A single replicate is shown for the isotype control. Knockdown was calculated as in 1291 

Figure 4b. 1292 

c. Distribution of anti-CD151, anti-CD81, anti-CD55, and anti-CD29 signal intensities (APC) in 1293 

HT29 cells expressing Zim3-dCas9. Data from 3 independent transductions are shown. Only 1294 

strong targeting sgRNAs were included. For the isotype control, cells expressing the negative 1295 

control sgRNA were stained with an APC-conjugated isotype control antibody. A single 1296 

replicate is shown for the isotype control. Knockdown was calculated as in Figure 4b.  1297 
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Supplementary Tables 1298 

Table S1. Dual- and single-sgRNA libraries used for preliminary comparison. 1299 

Table S2. Read counts and growth phenotypes from pilot screen. 1300 

Table S3. Aggregated CRISPRi sgRNA performance across screens. 1301 

Table S4. Finalized dual-sgRNA CRISPRi libraries.  1302 

Table S5. List of integration barcodes. 1303 

Table S6. Dolcetto versus dual-sgRNA Perturb-seq comparison. 1304 
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Table S9. Dual-sgRNA CRISPRa libraries.  1307 
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Supplementary Notes 1309 

Supplementary Note 1. Protocol for cloning dual-sgRNA libraries. 1310 

Supplementary Note 2. Protocol for sample preparation and Illumina sequencing of dual-sgRNA 1311 
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Supplementary Note 3. Protocol for arrayed cloning of dual-sgRNA constructs. 1313 
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