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To develop a CRISPRi combinatorial screening approach, we con-
structed a library of single-sgRNA constructs targeting 107 genes 
(three sgRNAs per gene, on average) involved in chromatin regu-
lation. The library also included 41 negative-control sgRNAs that 
did not target sites in the human genome and five positive-control 
sgRNAs that targeted factors known to strongly affect cell pro-
liferation (Supplementary Table 1). This library was then used 
to generate a pool of double-sgRNA constructs for simultaneous 
targeting of gene pairs (Supplementary Fig. 1a,b). Transducing 
both libraries into clonal HEK293-TetON-dCas9-KRAB cells pro-
duced two cell pools containing either single or pairwise gene 
perturbations (Fig. 1a). The relative representation of sgRNAs 
from doxycycline (Dox)-induced and uninduced samples was 
highly reproducible (Fig. 1b,c), as quantified by next-generation 
sequencing (NGS) (Supplementary Fig. 1c), and was used as a 
proxy for cell fitness and a quantitative phenotypic readout.

First, we assessed whether our libraries efficiently repressed 
gene expression. More than 75% of the sgRNAs tested were able 
to repress the target genes in both the single- and double-sgRNA 
settings, and repression efficiency was generally lower in the 
double-sgRNA context, in which approximately one in three 
sgRNAs was able to repress its respective target to less than 50% 
(Supplementary Fig. 2a–c). Hence, the repression efficiency 
achieved by CRISPRi appears to be generally lower than that 
achieved by RNAi8, possibly because of the effects of chromatin 
structure on locus accessibility and the shortcomings of current 
sgRNA design algorithms. We confirmed that after Dox induc-
tion, the positive-control sgRNAs resulted in a strong growth 
phenotype, whereas the negative-control sgRNA resulted in no 
detectable phenotype (Supplementary Fig. 2d).

Because the quality of the final GI data sets is highly dependent 
on raw-data reproducibility, we examined several aspects of our 
experimental setup. We optimized the experimental protocols to 
decrease the template switching during PCR amplification from 
pooled templates sharing a high degree of sequence similarity 
(Supplementary Fig. 3). We observed no significant bias between 
the sgRNA abundance before packaging the libraries into lentiviral 
particles and that after transduction in the HEK293-TetON-dCas9-
KRAB cells, thus suggesting that our DNA packaging and trans-
duction protocols were suitable for screening (Supplementary 
Fig. 4a). We confirmed that the data obtained from independent 
experimental replicates without (−Dox) or with (+Dox) Dox induc-
tion at different time points were highly reproducible (Fig. 1b,c  
and Supplementary Fig. 4b–i). Background dCas9-KRAB expres-
sion was tightly controlled to eliminate false-negative phenotypes, 
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We describe a combinatorial CRISPR interference (CRISPRi) 
screening platform for mapping genetic interactions in 
mammalian cells. We targeted 107 chromatin-regulation  
factors in human cells with pools of either single or double 
single guide RNAs (sgRNAs) to downregulate individual genes 
or gene pairs, respectively. Relative enrichment analysis of 
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characterization of genetic interactions, and comparison  
with protein–protein-interaction data revealed a functional 
map of chromatin regulation.

Epistasis is a biological phenomenon in which the phenotype 
of one gene is modified by the presence or absence of another 
gene1. Analyses of large numbers of genetic interactions (GIs) 
can reveal how groups of functionally redundant gene products 
perform sophisticated functions2,3. This approach has success-
fully been used to uncover basic mechanistic biology and to aid 
in understanding the underlying causes of diseases. To date, the 
bulk of the available GI data in eukaryotes have been generated 
in yeast species4,5 and Drosophila6,7. Existing experimental plat-
forms in mammalian cells have relied on high-throughput RNA 
interference (RNAi) technology8,9. Owing to substantial off-target 
effects10,11, the use of RNAi for GI mapping has been limited. 
Therefore, new complementary experimental methods for inter-
rogating GIs in mammalian cells must be developed.

The nuclease-dead Cas9 (dCas9) enables sequence-specific 
transcriptional regulation through the CRISPRi or CRISPR acti-
vation (CRISPRa) approaches12,13. These methods have been 
demonstrated for large-scale sgRNA-guided pooled screens for 
repression or activation, but not for combinatorial screens14,15. 
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as verified by the absence of significant changes in sgRNA repre-
sentation in –Dox samples over time (Supplementary Fig. 4j,k). 
Additionally, only the +Dox samples of the single and double librar-
ies showed a depletion pattern (Supplementary Fig. 4l–o), and 
enrichment and depletion patterns among independent experimen-
tal replicates were highly reproducible (Supplementary Fig. 4p,q).  
Together, these results demonstrated that our experimental setup 
was able to deliver highly reproducible and reliable data.

We identified a set of single and double gene perturbations 
affecting cell fitness (Fig. 1d–g). Repression of a set of individual  

genes dramatically slowed cell proliferation (Fig. 1d); these 
genes included the positive controls (INTS9 and MCM2) as 
well as genes encoding components of the mediator complex 
(MED14 and MED15) and RNA polymerase II–associated fac-
tors (PAF1 and RTF1). In contrast, depletion of another set of 
genes, including those encoding components of the Set1/Ash2 
histone methyltransferase complex (SETD1A), the Mi-2/NuRD 
complex (CHD3) and several histone acetyltransferase complexes 
(encoded by RBBP7), promoted cell proliferation (Fig. 1d). In the 
double-sgRNA library, pairs containing positive-control sgRNAs 
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Figure 1 | The CRISPRi screening platform for studying genetic interactions. (a) The experimental platform for single and double CRISPRi screening  
for GI studies. MOI, multiplicity of infection; t, time. (b,c) Characterization of independent experimental replicates for double-sgRNA libraries  
(R1 and R2, two independent experimental replicates). Double library without Dox (−Dox) at day 16 (b) or with Dox (+Dox) at day 16 (c). The correlation 
coefficient (r) for each comparison is displayed. The color bar shows the density of data. (d) Comparison of the single library with or without Dox at  
day 16. The colored dots show representative depleted sgRNAs, and squares show the enriched sgRNAs in the pool. (e) Comparison of the double library 
with or without Dox at day 16, with all data in gray and pairs containing positive (red) and negative (purple) control sgRNAs. (f) Comparison of day 0  
with other time points (yellow, day 3; red, day 7; blue, day 13) in the presence of Dox for the single library. Consistent depletion and enrichment of 
representative sgRNAs are indicated with red and blue arrows, respectively. The comparison without Dox is shown in Supplementary Figure 4j.  
(g) Comparison of day 0 with other time points (black, all sgRNAs in the day 8 sample; yellow, all pairs containing positive-control sgRNAs in the  
day 8 sample; gray, all sgRNAs in the day 16 sample; red, all pairs containing positive-control sgRNAs in the day 16 sample) in the presence of Dox for 
the double library. The comparison without Dox is shown in Supplementary Figure 4k.
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showed a consistent pattern of depletion, whereas the negative-
control population remained mostly unchanged (Fig. 1g).

Our platform was also suitable for time-resolved analysis of 
genetic interactions and therefore has broader applications, 
including studying GI rewiring and dynamics during differentia-
tion and development. In addition to the end-point experiments 
(Fig. 1d), sgRNA distribution was analyzed at intermediate time 
points. We observed depletion of similar sgRNA species in single 
(Supplementary Fig. 5a) and double (Supplementary Fig. 5b) 
screens, as well as consistent and evolving enrichment and deple-
tion patterns in both single and double screens (Supplementary 
Fig. 5c,d). The reproducible depletion and enrichment patterns 
for both libraries at different time points suggested that the trend 
in these effects may provide another layer for identification of 
true-positive hits. For the single-sgRNA library in the presence 
of Dox, we compared sgRNA enrichment and depletion pat-
terns at days 0, 3, 7 and 13 (Fig. 1f). The gene hits in Figure 1d 
showed consistent depletion (MED14, PAF1, RTF1 and THOC3) 
or enrichment (CHD3, SETD1A, RBBP7 and JARID2) over time. 
The positive controls (MCM2, GEMIN5, CENPA and INTS9) and 
approximately half of the 107 genes in the set exhibited consistent 
behavior over time, thus suggesting that perturbing these genes 
affects cell growth in a reproducible and time-dependent man-
ner (Fig. 1f and Supplementary Fig. 5e). Similar results were 
obtained for the double library assayed at days 0, 8 and 16 (Fig. 1g  
and Supplementary Fig. 5f). Two pairs were chosen for validation  

in growth assays: MRGBP–MED6 and BRD7–LEO1. None of these 
four sgRNAs caused a growth phenotype when repressed indi-
vidually in the pooled single screen (Supplementary Fig. 6a), 
whereas both pairs displayed a strong proliferation phenotype in 
the pooled double-sgRNA screen (Supplementary Fig. 6b) and 
in our validation experiments (Supplementary Fig. 6c,d).

We used a manually curated set of protein complexes and 
pathways involved in chromatin regulation (Supplementary  
Table 2) to create a GI map depicting the observed genetic inter-
actions among different functional modules (Fig. 2a). GIs were 
scored (Online Methods and Supplementary Fig. 7) with the  
S-score framework16, and 95 significant negative (S score <−1) and 
178 significant positive (S score >2.5) genetic interactions were 
identified (Fig. 2a and Supplementary Data Set 1). To establish 
genetic relationships among modules, groups of GIs were further 
collapsed into interaction bundles (Fig. 2b and Supplementary 
Methods). We observed conserved positive GIs between the 
CNOT and PAF1C modules8 and negative interactions between 
the CNOT module and the MLL2/3 module, a tumor-suppressive 
coactivator of p53 (ref. 17) and enhancer of ligand-dependent 
transcriptional activation by nuclear hormone receptors18.

We validated eight of the negative genetic interactions uncov-
ered by our CRISPRi screen (Fig. 2c) by using an orthogonal 
silencing reagent, endonuclease-prepared interfering RNA 
(esiRNA)19. Treatment of cells with individual esiRNA had little 
or no effect on proliferation, whereas pairwise treatment resulted 
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in detectable growth defects (Fig. 2c). We also compared our GI 
map with a previously published chromatin-centric map generated  
by combinatorial esiRNA8 in mouse fibroblasts and observed nine 
conserved genetic interactions (Supplementary Table 3). These 
data verified that our CRISPRi platform is able to recapitulate 
known interactions and to identify new genetic interactions in 
mammalian cells.

In addition to GI mapping, our platform can be used for mapping 
chemogenetic interactions. We performed a screen by using the drug 
rapamycin and the single-sgRNA library, and observed both pro-
tective and sensitizing effects (Supplementary Fig. 8). Null alleles 
of the orthologs of seven of the hits have previously been shown to 
cause rapamycin resistance in yeast (Supplementary Table 4), four 
of which displayed decreased expression after drug treatment in 
mammalian cells (Supplementary Table 5), thus suggesting that 
these genes function downstream of the mTOR signaling pathway.

Our approach for mapping genetic interactions in mammalian  
cells by using CRISPRi presents several advantages as compared 
with RNAi-based methods. CRISPRi knockdown is more specific14,  
thus raising fewer concerns about off-target effects in the same 
cells. In comparison to Cas9-mediated gene knockout, CRISPRi 
also offers several advantages. Cas9-mediated knockout allows 
complete loss of function to be attained, and knockouts may be 
heterogeneous among alleles; in contrast, CRISPRi-based gene 
knockdown leads to homogeneous partial loss of function20. 
Additionally, by changing the transcription-effector part of 
dCas9-KRAB into a transcriptional activator (CRISPRa)14, the 
approach can be potentially exploited for gain-of-function screen-
ing, an application not possible with RNAi or Cas9-mediated gene 
editing. Furthermore, combining CRISPRi and CRISPRa into the 
same cells may allow for simultaneously activating one gene while 
repressing another, thus greatly expanding the types of epistatic 
screens that can be performed. These important considerations 
should be taken into account in choosing a method for screening 
higher-order genetic interactions.

Methods
Methods, including statements of data availability and any associ-
ated accession codes and references, are available in the online 
version of the paper.

Note: Any Supplementary Information and Source Data files are available in the 
online version of the paper.
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ONLINE METHODS
Step-by-step protocol. A protocol for the CRISPRi interaction 
screen is available as Supplementary Note 1.

Construct design. The cloning vectors used in this study were 
constructed through standard molecular cloning techniques, 
including PCR, restriction-enzyme digestion and DNA ligation. 
Custom oligonucleotides were purchased from Integrated DNA 
Technologies (IDT). The Escherichia coli strain DH5α was used 
for the transformation, which was followed by selection with 
100 µg/ml of carbenicillin or 50 µg/ml of kanamycin. DNA was 
extracted and purified with Plasmid Miniprep or Midiprep Kits 
(Macherey-Nagel). Sequences of the constructs were verified with 
Quintarabio’s DNA-sequencing service.

The dCas9-KRAB and sgRNA-expression constructs have pre-
viously been described21,22. The SpeI and SalI sites were removed 
in the sgRNA-expression construct. The single-sgRNA-expression 
constructs were cloned as previously described, with minor modi-
fications (primer sequences in Supplementary Table 6; cloning 
strategy in Supplementary Fig. 1a). The PCR products and the 
lentiviral mouse U6 (mU6) promoter–based sgRNA-expression 
vector were digested with BstXI and XhoI and ligated to produce 
the final construct. The single-sgRNA-expression vector had 
unique SpeI and SalI sites introduced to enable the insertion of 
the mU6-sgRNA-expression cassettes to construct higher-order 
sgRNA-expression vectors.

To construct a lentiviral vector for mU6-driven expression of 
pairs of sgRNAs, mU6-sgRNA-expression cassettes were prepared 
from digestion of the storage vector with XbaI and XhoI enzymes, 
and were ligated into the target single-sgRNA-expression vector 
backbone, by using the compatible sticky ends generated by diges-
tion of the target single-sgRNA-expression vector with SpeI and 
SalI enzymes (Supplementary Fig. 1b).

Single-sgRNA-library preparation. We designed a library of 
358 sgRNAs including a set of 107 genes encoding epigenetic 
regulators (approximately 1–3 sgRNAs per gene) by using the 
top prediction hits from the CRISPR-ERA algorithm23. The 
library also included 41 nontargeting negative-control sgRNAs 
(NC_1 through NC_41) and five positive controls targeting genes 
(MCM2, GEMIN5, CENPA, INTS9 and POLR1D) strongly affect-
ing cell proliferation. We excluded any sgRNAs containing XbaI, 
XhoI, SpeI and SalI restriction sites, which were used for dou-
ble-sgRNA-library construction. We synthesized individual oli-
gonucleotides encoding sgRNAs in a 96-well format, pooled and 
constructed the single-sgRNA-expression vectors individually, 
by ligating the oligonucleotides into a common sgRNA lentiviral 
vector with BstXI and XhoI sites. After sequencing validation, 
we manually mixed 358 sgRNA constructs in equal amounts for 
the single-sgRNA screens and double-sgRNA-library construc-
tion. The sgRNA sequence and corresponding genes are listed in 
Supplementary Table 1.

Combinatorial sgRNA-library preparation. To generate the 
pooled storage-vector library, equal amounts of the 358 single-
sgRNA-expression vectors were pooled. Pooled lentiviral vec-
tor libraries containing combinatorial gRNAs were constructed 
with the strategy outlined in Supplementary Figure 1b. Briefly,  
the pooled mU6-sgRNA inserts were excised in a one-pot  

digestion of the pooled storage-vector library with XbaI and XhoI. 
The destination lentiviral vectors were digested with SpeI and 
SalI. The digested inserts and vectors were ligated via their com-
patible ends (i.e., XbaI–SpeI and XhoI–SalI) to create the pooled 
double-sgRNA library (358 × 358 = 128,164 total combinations)  
in the lentiviral vector. The lentiviral sgRNA-library pools were 
prepared in DH5α ultracompetent cells (Agilent Technologies) 
and purified with a Plasmid Midi Kit (Macherey-Nagel). The 
representation of each of the double-sgRNA constructs was 
then quantified by NGS with the oligonucleotides listed in 
Supplementary Table 6.

Lentivirus production and transduction. Lentiviral particles 
were produced by packaging in HEK293T cells, as previously 
described, with minor modifications21,22. Briefly, HEK293T cells 
were transfected with standard packaging vectors with Mirus 
TransIT-LT1 transfection reagent (Mirus MIR 2300), according to 
the manufacturer’s instructions. Viral supernatant was harvested 
48–72 h after transfection and either filtered through a 0.45-µm 
syringe filter or snap frozen.

Cell culture. HEK293T and HEK293 cells were cultured in DMEM 
supplemented with 10% FBS, 100 units/ml streptomycin and  
100 mg/ml penicillin at 37 °C, with 5% CO2. To generate the Dox-
inducible CRISPRi HEK293-dCas9-KRAB cell line, cells were 
transduced with lentiviral constructs expressing dCas9-KRAB 
from the TRE3G promoter and rtTA. Pure polyclonal populations 
of the CRISPRi cell line were treated with doxycycline and sorted 
by flow cytometry with a BD FACS Aria2 instrument on the basis 
of mCherry expression. Clones displaying high mCherry expres-
sion after Dox induction and undetectable mCherry expression in 
the absence of Dox were selected for further characterization.

Growth competition assay. The target cells were transduced 
with the packaged libraries in the presence of 8 µg/ml polybrene 
(Sigma) at a multiplicity of infection (MOI) of approximately 0.3 
(corresponding to an infection efficiency of 30–40%) to ensure 
single-copy integration in most infected cells. After puromycin 
selection (2 µg/ml for 3 d) cells were harvested at 0, 9 or 16 d for 
single-sgRNA-library screening and at 0, 8 or 16 d for double-
sgRNA screening.

For the rapamycin-resistance screen, after puromycin selec-
tion, cells were treated with either DMSO (vehicle) or rapamy-
cin (Selleck Chemicals, 100 nM in DMSO). Growth medium  
was replaced with fresh medium every 2 d. Cells were harvested 
at 20 d.

After the cell samples were collected, genomic DNA was iso-
lated with a QIAamp DNA Blood Maxi Kit (Qiagen), according 
to the manufacturer’s protocol. The cassette encoding a single 
sgRNA or sgRNA pair was amplified by PCR (Supplementary 
Fig. 1c), and relative sgRNA abundance was determined by NGS 
with the Illumina MiSeq platform for single-sgRNA-library 
screens or with the Illumina HiSeq-2500 platform for double-
sgRNA-library screens. The method to sequence the sgRNA 
regions of the constructs is shown in Supplementary Figure 1,  
and the custom primers used are listed in Supplementary  
Table 6. Two independent replicate experiments of each screen 
were performed. In the single-sgRNA screen, we were able to 
detect 349 out of the 358 in the sgRNA library.
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Optimization of sgRNA- and NGS-library preparation.  sgRNA- 
library preparation and cloning as well as NGS-library preparation  
relied on several PCR amplification steps. Individual frag-
ments within the pool that share substantial sequence similarity 
may cause template switching during PCR amplification, thus  
leading to generation of incorrect products (Supplementary 
Figs. 1c and 3a). Template switching occurs because of enzyme 
processivity issues (for example, premature substrate release by 
DNA polymerase), thus leading to the creation of partially ampli-
fied products that may act as primers in later PCR amplifica-
tion cycles. Depending on the length of the partial products (for 
example, the point at which the enzyme releases the substrate), 
hybrid DNA molecules composed of parts of several different 
DNA fragments may be generated, thereby resulting in skewed 
readout and contributing to experimental noise. As result, we 
systematically optimized the PCR conditions.

To quantify the extent of template switching, we constructed a 
single-sgRNA library in which each sgRNA was paired to a unique 
barcode sequence (Supplementary Fig. 3a, left), thus allowing 
for identification of each construct by sequencing two regions 
together: the sgRNA and the respective barcode (Supplementary 
Fig. 3a, left, black boxes). This methodology allowed for precise 
quantification of the fraction of correct versus template-switched 
products after a PCR amplification step. The PCR conditions 
were then adjusted to maximize the overall representation of the 
correct products over the template-switched products and were 
used to generate the double-sgRNA library. Whereas the dou-
ble-sgRNA library used in this paper did not contain barcode 
sequences, and each double construct was identified by sequenc-
ing of the two sgRNAs (Supplementary Fig. 1), the incorporation 
of a barcode in the starting single-sgRNA library made it possi-
ble to easily analyze higher-order combinatorial sgRNA libraries 
by sequencing only the barcode cluster region (Supplementary  
Fig. 3a, right, black box).

Several different parameters including template-DNA 
input, PCR cycle number and DNA polymerase were tested 
(Supplementary Fig. 3b) and were found to influence the out-
comes of the reactions. Three different DNA polymerases were 
evaluated: Phusion High-Fidelity DNA Polymerase (NEB), 
LongAmp Taq DNA Polymerase (NEB) and Kapa-HiFi DNA 
Polymerase (Kapa Biosystems). Our results clearly indicated that 
decreasing the number of PCR cycles as well as the template-DNA 
input led to a marked improvement in the fraction of correct frag-
ments in the resulting pool. We observed a clear benefit of using 
LongAmp or Kapa-HiFi polymerases, rather than the Phusion 
enzyme, with higher input-DNA amounts. When 100 pg tem-
plate was used, the template-switched products decreased to less  
than 5% with LongAMP after 19 cycles. These reaction condi-
tions were used to prepare the deep-sequencing sample library 
in subsequent experiments.

Quantitative PCR to measure gene silencing at the mRNA 
level. Cells were harvested, and total RNA was isolated with an 
RNeasy Kit (Qiagen), according to the manufacturer’s instruc-
tions. RNA was converted to cDNA with an iScript cDNA 
Synthesis Kit according to the manufacturer’s instructions (Bio-
Rad). Quantitative PCR reactions were prepared with a 2× mas-
ter mix according to the manufacturer’s instructions (Bio-Rad). 
Reactions were run on CFX96 Touch Real-Time PCR Detection 

System (Bio-Rad). The human ribosomal-protein-encoding gene 
RPL19 or GAPDH was used as a control. Primer sequences for 
qPCR are listed in Supplementary Table 7.

Experimental validation of growth phenotypes. For the cell-
growth validation experiments, the lentiviral pools of single- or 
double-sgRNA constructs were transduced into HEK293-dCas9-
KRAB cells, and cells were selected with 2 µg/ml puromycin to 
remove the uninfected cells. The cell population was split into 
two 3 d later, and one half was treated with Dox (0.5 µg/ml) to 
induce dCas9-KRAB expression, whereas the other half was left 
untreated and served as a control. Cell viability was measured with 
XTT assays (Biotium) according to the manufacturer’s protocol. 
2,000 to 10,000 cells were plated into 96-well tissue culture plates 
for the growth assay and were grown for an additional 4 d (to 
day 7). For each well of the 96-well plates, 30 µl of XTT solution 
was added to the 100-µl cell cultures at the time points indicated. 
Cells were incubated for 6 h at 37 °C with 5% CO2. Measurement 
of the absorbance of the samples was performed with a spectro-
photometer at a wavelength of 450–500 nm, and the background 
absorbance measurements were performed at a wavelength of 
630–690 nm. The normalized absorbance values were obtained by 
subtraction of the background absorbance from the signal absorb-
ance. For each sample, at least three independent experimental 
replicates were measured. The error bars represent the s.d. of the 
independent experimental replicates for both growth assays.

Orthogonal validation of genetic interactions with combinato-
rial esiRNA. Endonuclease-prepared interfering RNA (esiRNA) 
was generated as previously described8, with the primers listed in 
Supplementary Table 8. HEK293 cells were reverse-transfected 
with esiRNA with RNAiMAX and seeded in optical-bottom 
microplates. To transfect equivalent amounts of total esiRNA 
for both single and double treatments, single-knockdown cells 
were transfected with both esiRNA targeting the coding gene plus 
nontargeting esiRNA against eGFP. Cells were fixed and stained 
concurrently with a final concentration of 2% formaldehyde in 
phosphate-buffered saline with 1 µg/ml Hoechst 33342. Imaging 
and cell counting (with a nuclear mask) were performed with a 
CellInsight automated microscope (Thermo Scientific).

Raw data and statistics. All raw data presented here are avail-
able in Supplementary Data Sets 1–3, and per-figure map-
ping can be found in Supplementary Note 2. Error bars, unless 
otherwise noted, represent s.d. The sample numbers (n) used 
in individual figures are as follows and can also be found in 
Supplementary Data Set 3: Figure 2c, n varied from 3 to 4 (as 
shown in Supplementary Data Set 3); Supplementary Figure 2a, 
n = 2 for single- and  n = 2 or 3 for double-sgRNA experiments; 
Supplementary Figure 2b, n = 2 for single-sgRNA experiments, 
and n varied between 2 and 5 for double-sgRNA experiments (as 
shown in Supplementary Data Set 3); Supplementary Figure 2c, 
box plot, n = 29 for singles, and n = 90 for doubles; Supplementary 
Figure 2d, n = 3; Supplementary Figure 3, n = 315, and P values 
were calculated with an unpaired two-sample two-tailed t test; 
Supplementary Figure 6c,d, for the growth curves (left), n = 3, 
and for the qPCR quantification (right), n = 2. Statistical meth-
ods relating to computation of the genetic-interaction scores are 
described in the section below.
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Data processing and analysis. Raw count data can be found 
in Supplementary Data Sets 1 and 2. sgRNA frequencies were 
calculated on the basis of the ratio of the raw counts for each 
single- or double-sgRNA construct and the sum of the counts 
for all observed constructs in the experiment. The ratio of each 
sgRNA-pair frequency in the +Dox and −Dox samples was used 
as the phenotypic readout. Lower ratios indicated depletion of a 
particular sgRNA combination within the pool, whereas higher 
ratios were interpreted as enrichments.

For the rapamycin-resistance screen, to isolate the fitness effects 
associated with rapamycin treatment alone, the uninduced (−Dox) 
sgRNA frequency in the presence of rapamycin was normalized to the 
frequency of the vehicle-only (DMSO), uninduced (−Dox) sample. 
The specific effects of the combined sgRNA and rapamycin treatment 
were evaluated by normalizing the induced (+Dox) rapamycin-treated 
sample to the vehicle-only (DMSO) induced (+Dox) sample.

For the double-sgRNA screens, each double-sgRNA construct 
has two positions (p1 and p2) that a given sgRNA can occupy, and 
for the majority of sgRNAs we were able to detect pairs containing 
a particular sgRNA in both p1 and p2. To address whether sgRNAs 
expressed from p1 and p2 behave in a similar fashion, we used 
single-sgRNA phenotype estimates. For each individual sgRNA, 
we computed the median phenotype strength for all pairs contain-
ing that sgRNA in positions p1 and p2. The phenotype estimates 
for p1 and p2 were in very good agreement (Supplementary  
Fig. 7a), thus suggesting that no significant positional biases were 
introduced, and the sgRNA behavior was largely independent on 
its position within the double-sgRNA construct.

A total of seven replicate data sets (2 independent experiments 
and 5 technical replicates) were analyzed. Raw counts extracted 
from the NGS data displayed a skewed distribution for both 
single-sgRNA (Supplementary Fig. 7b) and double-sgRNA 
(Supplementary Fig. 7c) libraries and spanned more than four 
orders of magnitude. This skewed distribution, together with  
the limited sampling from the high-complexity double-sgRNA 
pool, contributed to a substantial degree of variability among 
independent experimental replicates associated with data in the 
low-count regime (Supplementary Fig. 7d).

To derive highly reproducible genetic-interaction scores, highly 
variable data in the low-count region were removed with a cut-
off determined by analyzing the internal data consistency for 
each sequencing run. The reasoning was as follows: a successful 
experiment would produce a data set in which the relative abun-
dance (RA) of each sgRNA pair sgRNA_A–sgRNA_B (RAA–B) 
would be highly similar and thus independent of the position 
(Supplementary Fig. 7a) of the individual sgRNAs within the 
construct (for example, RAA–B ≈ RAB–A). This relationship across 
the entire data set was captured by the Pearson correlation coef-
ficient for raw data, CCAB–BA (raw), which depended on the raw 
count cutoff for the −Dox sample (RCCDox−). This cutoff was 
applied for the −Dox sample, because it closely resembled the 
initial state of the pool (Supplementary Fig. 3k). For each experi-
mental replicate, an RCCDox− was chosen such that the remaining 
data had CCAB−BA (raw) ≥ 0.7 (Supplementary Fig. 7e).

Genetic-interaction scores were computed with the S-score 
metric16. Because the RCCDox– filtering tended to produce sparser 
data, a second filtering step was applied to remove data points 
with fewer than three replicate measurements (Supplementary 
Fig. 7f). These initial S scores were used to compute final scores 

for each gene by collapsing the scores from all sgRNAs targeting 
this gene with the following procedure:

1. � For each sgRNA_X, a Pearson correlation coefficient  
(CCx:[1 ... x ... N] – [1 ... x ... N]:x) was computed with S scores for 
pairs in which sgRNA_X was in position p1 or p2 in the 
construct combined  with all other individual sgRNAs in  
the set (1 ... X ... N). This procedure identifies sgRNAs  
displaying consistent and reproducible behavior.

2. � For each gene, CCx:[1 ... x ... N] – [1 ... x ... N]:x values were ranked, 
and one or more sgRNAs were selected on the basis of the 
following criteria:
(a) � sgRNAs with CCx:[1 ... x ... N] – [1 ... x ... N]:x greater than  

a set threshold T1 were selected and included in  
further analysis.

(b) � If no sgRNAs met criterion a, a single sgRNA with the 
highest positive CCx:[1 ... x ... N] – [1 ... x ... N]:x above a set 
threshold T2 was selected.

(c) � If CCx:[1 ... x ... N] – [1 ... x ... N]:x could not be calculated (e.g., 
because of missing data), then all sgRNAs containing 
a fraction of valid (e.g., not missing) data above a set 
threshold T3 were selected.

(d) � If none of criteria a–c were met, no sgRNA was selected, 
and the respective gene was not included in the  
downstream analysis

Values for T1 and T2 were empirically determined and set to 
0.4 and 0.1, respectively, by sampling the combinatorial space of 
T1 and T2 and maximizing the overall Pearson correlation for  
S scores (CCAB–BA (S scores), computed as for CCAB–BA (raw) but 
with S scores instead of raw counts) and the number of genes for 
the resulting collapsed data set (Supplementary Fig. 7g). T3 was 
set to 0.2; for example, only profiles for which at least 20% of valid 
data was present were considered.

This procedure yielded a data set displaying CCAB–BA (S score) 
≥ 0.4, a value comparable to those previously obtained in yeast 
and mammalian systems with the same scoring metric2,4,8,24–27. 
Final S scores were computed by averaging this collapsed data and 
were used for building the network in Figure 2.

Functional-module connectivity analysis. Functional modules 
used in this study were manually curated from the literature 
(Supplementary Table 2). S-score cutoffs in Figure 2a were cho-
sen on the basis of confidence curves, as previously described16. 
Intermodule bundles in Figure 2b were computed as the median 
of the magnitude of all intermodule interactions.

Data availability. The authors declare that all data supporting 
the findings of this study are available within the paper and its 
supplementary information files. Source code for the data analysis 
pipeline is available upon request.
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