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Methods and Materials 
 
Cell lines and vectors 
Materials were obtained from the following sources: HL-60 were kindly provided by 
Robert Weinberg (Whitehead Institute, Cambridge, MA, USA); pCW57.1 Dox-inducible 
lentiviral vector, pX330-U6-Chimeric_BB-CBh-hSpCas9 vector, pLX304 lentiviral 
vector, and gRNA_AAVS1-T2 vector from Addgene. 
 
Cell culture 
Unless otherwise specified, 293T cells were cultured in DMEM (US Biological) and 
supplemented with 20% Inactivated Fetal Calf Serum (Sigma), 5 mM glutamine, and 
penicillin/streptomycin. HL60 and KBM7 cells were cultured in IMDM (Life 
Technologies) and supplemented with 20% IFS, 5 mM glutamine and 
penicillin/streptomycin.  
 
Viability assay 
Cells were seeded in 96-well tissue culture plates at 4000 cells/well in 200 µL of media 
under various treatment conditions. After 3 days, 35µL of CellTiter-Glo reagent 
(Promega) was added to each well, mixed for 5 minutes, and the luminescence was read 
on the SpectraMax M5 Luminometer (Molecular Devices). All experiments were 
performed in triplicate. 
 
Dosing of screening agents 
To determine the appropriate dose of 6-TG and etoposide for screening in KBM7 and 
HL60 cells, cells were seeded in 96-well tissue culture plates at 4000 cells/well in 200 µL 
of media and were treated in triplicate with varying concentrations of 6-TG and 
etoposide. A CellTiter-Glo cell viability assay was performed after 4 days to assess drug 
toxicity. Concentrations at which the viability of WT KBM7 and HL60 cells fell below 
5% were chosen. 
 
Vector construction 
To construct the lentiviral doxycycline-inducible FLAG-Cas9 vector, the FLAG-Cas9 
ORF from pX330-U6-Chimeric_BB-CBh-hSpCas9 was cloned into pCW57.1 between 
the AgeI and EcoRI sites. To construct the lentiviral sgRNA vector, the U6 promoter, the 
AAVS1-targeting sequence (GGGGCCACTAGGGACAGGAT), and the chimeric 
sgRNA scaffold from gRNA_AAVS1-T2 was cloned into pLX304 between the XhoI and 
NheI sites. Both plasmids are deposited in Addgene. 
 
Genome-scale lentiviral sgRNA library design 
All SpCas9 Protospacer Adjacent Motif (PAM) sites within 5 bases of a coding exon for 
all RefSeq transcript models were identified. If the first nucleotide of the 
protospacer/guide sequence did not begin with a ‘G’ (as is required for RNA polymerase 
III-dependent transcription), a ‘G’ was prepended. The sequences were then filtered for 
homopolymers spanning greater than 3 nucleotides. To avoid potential off-target 
cleavage, guide sequences that perfectly matched or had only 1 mismatch within the first 
12 bases (the ‘non-seed’ region) with another genomic region were identified using the 



 
 

3 
 

short read aligner Bowtie and excluded (33). This specificity search was not performed 
for sgRNAs targeting ribosomal proteins. Subsequently, guide sequences that contained 
XbaI or NdeI sites were removed (although the library was eventually cloned via Gibson 
assembly) and guide sequences were filtered such that no two sgRNAs overlapped by 
more than 15 base pairs. After this step, all candidate sgRNAs for ribosomal protein 
genes were included in our final set. Additional candidate genes for screening were 
selected based upon their putative biological functions. Genes were excluded if they were 
not expressed (FPKM<1 in all tissues transcriptionally profiled in the Illumina Human 
Body Map and ENCODE project) or if 10 sgRNA sequences could not be designed. 
Finally for all remaining genes, 10 candidate sgRNAs were selected with a preference for 
sequences that (1) targeted constitutive exons, (2) were positioned closest downstream of 
the start codon and (3) had between 20% and 80% GC content. Sequences for non-
targeting control sgRNAs were randomly generated and a specificity check, as described 
above, was performed. A second mini-library containing sgRNAs targeting ribosomal 
protein genes (2741 sgRNAs), BCR (228 sgRNAs), ABL1 (223 sgRNAs) and 600 non-
targeting control sgRNAs was designed as described above and used for negative 
selection screening and Cas9 immunoprecipitation/sgRNA sequencing in KBM7 cells. 
 
Design of predicted genome-wide library 
All SpCas9 Protospacer Adjacent Motif (PAM) sites within 6 bases of a coding exon for 
all CCDS transcript models were identified. If the first nucleotide of the 
protospacer/guide sequence did not begin with a ‘G’ (as is required for RNA polymerase 
III-dependent transcription), a ‘G’ was prepended. Sequences with %GC content between 
40 to 80% that did not contain any homopolymers spanning greater than 4 nucleotides 
were considered. Because off-target matches may be unavoidable in some cases (eg. 
pseudogenes and duplicated genes), sequences were removed only if they mapped to 
more than 5 regions in the genome. Additionally for uniquely mapped sgRNAs, we then 
found the number off-target matches that differ from the guide sequence by only one base 
pair in the first twelve nucleotides (the ‘non-seed’ region). Olfactory receptor genes and 
genes with less than 5 sgRNA sequences fulfilling the criteria outlined above were 
excluded. For all remaining genes, 5-10 candidate sgRNAs were selected with a 
preference for sequences ordered by (1) the number of matches elsewhere in the genome 
(2) the number of 1-bp mismatched guide sequences that map elsewhere in the genome 
(3) the number of transcript models targeted for a given gene (4) the sgRNA score as 
predicted by the sgRNA efficacy algorithm and (5) the position along the transcript. 
Guide sequences were first filtered such that no two sgRNAs overlapped by more than 10 
base pairs but this condition was relaxed to allow a 15 base pair overlap if no satisfactory 
sgRNAs could be found. Sequences for non-targeting control sgRNAs were randomly 
generated and a specificity check, as described above, was performed.  
 
Genome-scale lentiviral sgRNA library construction 
Oligonucleotides were synthesized on the CustomArray 12K and 90K arrays 
(CustomArray Inc.) and amplified as sub-pools in a nested PCR. A third round of PCR 
was performed to incorporate overhangs compatible for Gibson Assembly (NEB) into the 
lentiviral sgRNA AAVS1-targeting vector between the XbaI and NdeI sites. Gibson 
Assembly reaction products were transformed into chemically competent DH5alpha cells. 
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To preserve the diversity of the library, at least 20-fold coverage of each pool was 
recovered in each transformation and grown in liquid culture for 16-18 hours. Individual 
sub-pools of the genome-scale library are deposited in Addgene. 
 
Virus production and transduction 
Lentivirus was produced by the co-transfection of the lentiviral transfer vector with the 
Delta-VPR envelope and CMV VSV-G packaging plasmids into 293T cells using 
XTremeGene 9 transfection reagent (Roche). Media was changed 24 hours after 
transfection. The virus-containing supernatant was collected 48 and 72 hours after 
transfection and passed through a 0.45 µm filter to eliminate cells. Target cells in 6-well 
tissue culture plates were infected in media containing 8 µg/mL of polybrene and spin 
infection was performed by centrifugation at 2,200 rpm for 1 hour. 24 hours after 
infection, virus was removed and cells were selected with the appropriate antibiotics. 
 
Cas9-KBM7 and Cas9-HL60 generation 
Cas9-KBM7 and Cas9-HL60 cells were generated by lentiviral transduction of the dox-
inducible FLAG-Cas9 vector. After 3 days of selection with puromycin, the cells were 
clonally sorted using an Aria II SORP (BD FACS) into 96-well tissue culture plates 
containing 200 µL of media. The level of FLAG-Cas9 expression in the presence and 
absence of 1µg/mL doxycycline was analyzed for several clonal populations by western 
blotting. Subsequently, a single colony with the greatest fold-change in Cas9 expression 
was selected from both cell lines for further studies.  
 
Assessment of CRISPR/Cas9 cleavage efficiency 
Cas9-KBM7 cells were infected with a sgRNA construct targeting the AASV1 locus at 
low MOI. At 0, 1, 2, 4, and 6 days post infection, cells were harvested for genomic DNA 
extraction. After amplification of the AAVS1 locus (primers sequences listed below), the 
SURVEYOR nuclease assay (Transgenomics) and gel quantification was performed as 
previous described (14). For deep sequencing of the target region, the AAVS1 locus was 
amplified with primers containing overhangs with adapters compatible with Illumina 
sequencing. Amplicons were sequenced on a MiSeq (Illumina) with a single-end 50 bp 
run. The resulting reads were aligned to the target reference sequence using the Smith-
Waterman algorithm. Mutations were classified as a deletion, insertion, substitution or 
complex (a mixture of the previous 3 classes). Complex mutations were excluded in 
downstream analyses. 
 
PCR primer sequences for Surveyor Assay  
Primer 1: CCCCGTTCTCCTGTGGATTC 
Primer 2: ATCCTCTCTGGCTCCATCGT 
 
Primer sequences for MiSeq Sequencing Assay 
Primer 1: 
AATGATACGGCGACCACCGAGATCTACACCCCGTTCTCCTGTGGATTC 
Primer 2: CAAGCAGAAGACGGCATACGAGATCATCCTCTCTGGCTCCATCGT 
Illumina sequencing primer: 
TCTGGTTCTGGGTACTTTTATCTGTCCCCTCCACCCCACAGT 
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Analysis of CRISPR/Cas9 specificity 
Cas9-KBM7 cells were infected with a sgRNA construct targeting the AASV1 locus 
(sgAAVS1). Cells were selected for two weeks with blasticidin and harvested for 
genomic DNA extraction. Potential off-target cleavage sites were predicted by searching 
for genomic regions with sequence similarity to sgAAVS1 (no more than 3 mismatches 
were tolerated). Nested PCR primers were designed around these regions and the AAVS1 
target region and used to amplify genomic DNA from sgAAVS1-modified and 
unmodified wild-type cells. PCR amplicons were sequenced on a MiSeq (Illumina) with 
a single-end 300 bp run. The resulting reads were filtered for the presence of matching 
forward and reverse primers and primer-dimer products were removed. Using the 
Needleman-Wunsch algorithm, amplicon reads were aligned to their respective reference 
sequences and assessed for the presence of an insertion or deletion. 
 
Pooled screening 
In all screens, 90 million target cells were transduced with viral sub-pools and selected 
with blasticidin 24 hours after infection for 3 days. For the 6-TG screen, Cas9-KBM7 
cells were cultured in media containing 400 nM 6-TG. For screens with etoposide, Cas9-
KBM7 and Cas9-HL60 cells were cultured in media containing 130 nM and 200 nM of 
etoposide, respectively. Cultures of untreated Cas9-KBM7 and Cas9-HL60 cells were 
also maintained in parallel. All cells were passaged every 3 days, and after 12 days, cells 
were harvested for genomic DNA extraction. In negative selection screens, 10 million 
cells were harvested for genomic DNA extraction 24 hours after infection. The remaining 
cells were maintained for 12 doublings before being harvested for genomic DNA 
extraction. 
 
Pooled screening deconvolution and analysis 
In both the positive and negative selection screens, sgRNA inserts were PCR amplified in 
a nested PCR and the resulting libraries were sequenced on a HiSeq 2500 (Illumina) with 
a single-end 50 bp run. The primer sequences for these reactions are provided below. 
Sequencing reads were aligned to the sgRNA library, and the abundance of each sgRNA 
was calculated. For the etoposide screens, the sgRNA abundances between the final 
treated and untreated populations were compared. To identify genes whose loss conferred 
resistance to etoposide, the (treated-untreated) log2 abundances of all sgRNAs targeting a 
gene was compared with the non-targeting sgRNAs using a one-sided Kolmogorov-
Smirnov (K-S) test. p-values were corrected using the Benjamini-Hochberg method. To 
perform a sgRNA-level z-score analysis for all positive selection screens, the mean and 
standard deviation of the differential abundances of the non-targeting sgRNAs between 
treated versus untreated pools was determined. From these values, a z-score was 
calculated for all other sgRNAs. 
 
In the negative selection screen, the log2 fold change in abundance of each sgRNA 
between the initial and final populations was computed. The significance of a gene hit 
was assessed by a two-sided K-S test between the log2 fold change of all sgRNAs 
targeting a gene and the values for all targeting sgRNAs. For ribosomal protein genes for 
which more sgRNAs were designed, random subsets of 10 sgRNAs were sampled for 
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significance testing and the p-value assigned to the gene was the median value after 50 
random samplings. p-values were corrected using the Benjamini-Hochberg method. 
Gene-based scores were defined as the median log2 fold change of all sgRNAs targeting a 
given gene. For all genes, scores were calculated for both the HL60 and KBM7 screens. 
The two gene lists were sorted and the combined rank was determined. This metric was 
used for the Gene Set Enrichment Analysis of the C2 curated genes sets. 
 
Primer sequences for sgRNA quantification 
Outer primer 1: AGCGCTAGCTAATGCCAACTT 
Outer primer 2: GCCGGCTCGAGTGTACAAAA 
Inner primer 1: 
AATGATACGGCGACCACCGAGATCTACACCGACTCGGTGCCACTTTT 
Inner primer 2: 
CAAGCAGAAGACGGCATACGAGATCnnnnnTTTCTTGGGTAGTTTGCAGTTTT  
(nnnnn denotes the sample barcode) 
Illumina sequencing primer: 
CGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTT
CTAGCTCTAAAAC 
Illumina indexing primer: 
TTTCAAGTTACGGTAAGCATATGATAGTCCATTTTAAAACATAATTTTAAAAC
TGCAAACTACCCAAGAAA 
 
Generation of sgRNA modified cell lines 
Individual sgRNA constructs targeting CDK6 and TOP2A were cloned, lentivirus was 
produced, and target HL60 cells were transduced as described above. 24 hours after 
infection cells were cultured in doxycycline and blasticidin for 1 week before further 
experimentation. 
 
Western blotting 
Cells were lysed directly in Laemmeli sample buffer, separated on a NuPAGE Novex 8% 
Tris-Glycine gel, and transferred to a polyvinylidene difluoride membrane (Millipore). 
Immunoblots were processed according to standard procedures, using primary antibodies 
directed to S6K1 (CST), CDK6 (CST), FLAG (Sigma), and TOP2A (Topogen) and 
analyzed using enhanced chemiluminescence with HRP-conjugated anti-mouse and anti-
rabbit secondary antibodies (Santa Cruz Biotechnology). 
 
FLAG-Cas9 immunoprecipitation and sgRNA-sequencing 
10 million Cas9-KBM7 cells were transduced with lentivirus from the sgRNA mini-pool 
as described above. 24 hours after transduction, cells were rinsed once with ice-cold PBS 
and lysed in RIPA buffer (0.1% SDS, 1% sodium deoxycholate, 1% NP-40, 25 mM Tris-
HCl pH 7.6, 150 mM NaCl, 1 mM EDTA, one tablet of EDTA-free protease inhibitor 
(per 25 ml) and 200U Murine RNAse Inhibitor (Sigma)). Cell lysate was homogenized 
using a 28-gauge syringe needle and incubated with rotation at 4°C for 15 minutes. The 
soluble fractions of cell lysates were isolated by centrifugation at 13,000 rpm in a 
refrigerated microcentrifuge for 10 min. The FLAG-M2 affinity gel (Sigma-Aldrich) was 
washed with lysis buffer three times, and 100 µl of a 50% slurry of the affinity gel was 
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then added to cleared cell lysates and incubated with rotation for 3 hours at 4°C. The 
beads were washed eight times with lysis buffer. Bound proteins were specifically eluted 
from the FLAG-M2 affinity gel with a competing FLAG peptide by incubation at room 
temperature for 10 minutes. The eluate was cleaned using a RNA Clean & Concentrator-
5 column (Zymo Research), treated with TURBO DNase at 37°C for 10 minutes, and 
dephosphorylated with FastAP Thermosensitive Alkaline Phosphatase (Thermo 
Scientific) at 37°C for 10 minutes. The reaction was stopped by the addition of EDTA at 
a final concentration of 25 mM and heated at 68°C for 2 minutes after which the reaction 
was again cleaned using a RNA Clean & Concentrator-5 column. A sgRNA-specific 
reverse transcription reaction was performed using the primer listed below with 
SuperScript III (Life Technologies) at 54°C for 1 hour. The remainder of the library 
preparation protocol was performed as previously described except that a sgRNA-specific 
reverse primer was used for library amplification (34). In parallel, sgRNA barcode 
integrations in the DNA were also sequenced as described above. Sequencing reads from 
both libraries were aligned to the sgRNA library and the ratio of RNA reads to DNA 
reads for each sgRNA was used as a measure of Cas9 affinity. 
 
Primer sequences for sgRNA-sequencing library preparation 
sgRNA-specific reverse transcription primer: CTCGGTGCCACTTTTTCA 
sgRNA-specific library amplification primer: 
CAAGCAGAAGACGGCATACGAGATCTTCAAGTTGATAACGGACTAGCC 
 
sgRNA efficacy analysis 
Log2 fold change (depletion) values for sgRNAs targeting ribosomal protein genes were 
used as a proxy for sgRNA efficacy. Depletion values were analyzed with respect to 
guide sequence GC content, the target exon position and the strand targeted. The 
predictive power of the features uncovered was examined by using a general linear 
model. sgRNAs against inessential ribosomal genes (RPS4Y2, RPS4Y1, RPL22L1, 
RPL3L, RPL10L, RPL26L1, RPL39L, RPS27L) were omitted from this analysis. 
 
sgRNA efficacy prediction 
A support-vector-machine classifier was used to predict sgRNA efficacy. The target 
sequences (each encoded by a vector of 80 binary variables representing the presence or 
absence of each nucleotide (A, C, T, G) at each position (1-20) along the target sequence) 
of ribosomal protein gene-targeting sgRNAs were used as inputs to the classifier which 
was trained on the change in abundance observed (encoded by a binary variable 
corresponding to ‘weak’ and ‘strong’ sgRNAs using a cutoff based on the bimodality of 
the distribution). Target sequences of sgRNAs targeting the 400 most essential non-
ribosomal genes from the Cas9-KBM7 screens were used to predict efficacy. Class 
membership was again determined based on the bimodality of the distribution. sgRNAs 
against inessential ribosomal genes (RPS4Y2, RPS4Y1, RPL22L1, RPL3L, RPL10L, 
RPL26L1, RPL39L, RPS27L) were omitted from this analysis. 
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Supplementary Text 
Note S1. Examination of potential sgRNA off-target sites. 
We determine the expected number of potential off-target sites in the human genome and 
exome allowing for up to 3 mismatches in the non-seed region (first 12 base pairs) by the 
following calculation: 
 

𝑝20 = �1
4
�
20

=  probability of a perfect 20 base pair match 

𝑝𝑃𝐴𝑀 =  �1
2
� �1

4
� = �1

8
� = probability of a PAM sequence match (AG or GG allowed) 

𝑀𝑀3 = �123 �(4 − 1)3 = # of 3 base pair mismatch combinations in non-seed region 
𝑀𝑀2 = �122 �(4 − 1)2 = # of 2 base pair mismatch combinations in non-seed region 
𝑀𝑀1 = �121 �(4 − 1) = # of 1 base pair mismatch combinations in non-seed region 

𝑃𝑀 = 1 = perfect match in non-seed region 
𝑆𝑔𝑒𝑛𝑜𝑚𝑒 = 3 × 109 =  size of the human genome 

𝑆𝑒𝑥𝑜𝑚𝑒 = 5 × 107 =  size of the human exome (UTR + CDS) 
 

𝑂𝑇𝐺𝑒𝑛𝑜𝑚𝑒 = (𝑝20)(𝑝𝑃𝐴𝑀)(𝑀𝑀3 + 𝑀𝑀2 + 𝑀𝑀1 + 𝑃𝑀)(𝑆𝑔𝑒𝑛𝑜𝑚𝑒)  
                    ≈ 2.23 expected off-target sites in the genome per sgRNA 

 
𝑂𝑇𝐸𝑥𝑜𝑚𝑒 = (𝑝20)(𝑝𝑃𝐴𝑀)(𝑀𝑀3 + 𝑀𝑀2 + 𝑀𝑀1 + 𝑃𝑀)(𝑆𝑒𝑥𝑜𝑚𝑒) 

                                ≈ 0.0372 ≈ 1
27

 expected off-target sites in the exome per sgRNA 
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Fig. S1. Off-target cleavage analysis.  

(A) AAVS1 and predicted sgAAVS1 off-target (OT) sites were individually amplified in 
a nested PCR from genomic DNA from sgAAVS1-modified and WT Cas9-KBM7 cells 
and analyzed by high-throughput sequencing. (B) Barplot summary of the results. 
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Fig. S2. Deep sequencing analysis of initial and final sgRNA library representation. 

(A) Cumulative distribution function plots of sgRNA barcodes 24 hours after infection 
and after twelve cell doublings in Cas9-KBM7 and (B) Cas9-HL60 cells. 
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Fig. S3. Negative selection screens reveal essential genes. 

(A) Ribosomal protein gene essentiality correlates with expression. Ribosomal protein 
gene depletion scores from the negative selection screen in Cas9-KBM7 cells are plotted 
against transcript abundance as determined by RNA-seq analysis of the KBM7 cell line. 
(B) Gene depletion scores of all genes screened are well correlated between Cas9-KBM7 
and Cas9-HL60 cells. 

 

 



 
 

12 
 

 

Fig. S4. High variability is observed between neighboring ribosomal protein gene-
targeting sgRNAs. 

(A) Differences in log2 fold change of neighboring sgRNA pairs are similar to differences 
in log2 fold change of random sgRNA pairs within the same gene indicating that local 
chromatin state does not significantly impact sgRNA efficacy. 
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Fig. S5. z-score analysis of positive selection screens. 

(A) z-scores of all sgRNAs targeting hit genes and non-targeting controls in the 6-TG 
screen. A sgRNA ‘scores’ if z>2. (B) Perfect discrimination between true and false 
positives is achieved at this significance threshold. (C) z-scores of all sgRNAs targeting 
hit genes and non-targeting controls in the etoposide screens. A sgRNA ‘scores’ if z>2. 
(D) Perfect discrimination between true and false positives is achieved at this significance 
threshold. 
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Table Captions 
 
Table S1 (separate file) 
Annotations for the genome-scale sgRNA library containing spacer sequences and target 
gene information. 
 
Table S2 (separate file) 
Gene-level data for etoposide screens in KBM7 and HL60 cells. 
 
Table S3 (separate file) 
Annotations for the mini sgRNA library containing spacer sequences and target gene 
information. 
 
Table S4 (separate file) 
Gene-level data for negative selection screens in KBM7 and HL60 cells. 
 
Table S8 (separate file) 
Annotations for the predicted genome-wide sgRNA library containing spacer sequences 
and target gene information. 
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Tables 
 

Rank Gene Name 
Yeast 
homolog 

Essential in 
yeast?a 

Evidence in other 
organisms 

1 SF3B3 
splicing factor 3b, subunit 
3, 130kDa RSE1 Yes 

teg-4b 
CG13900d 

2 RPP21 
ribonuclease P/MRP 
21kDa subunit RPR2 Yes   

3 C1orf109 
chromosome 1 open 
reading frame 109 - - 

c1orf109f 
human (35) 

4 PCNA 
proliferating cell nuclear 
antigen POL30 Yes 

pcn-1b  
mus209e 

5 CDAN1 codanin 1 - - 
dlte 
mouse (36) 

6 PSMA7 

proteasome (prosome, 
macropain) subunit, alpha 
type, 7 PRE6 Yes pas-4b 

7 GTF2B 
general transcription factor 
IIB SUA7 Yes ttb-1b  

8 ANAPC4 
anaphase promoting 
complex subunit 4 APC4 Yes emb-30c 

9 CDC16 cell division cycle 16 CDC16 Yes emb-27b  

10 TPT1 
tumor protein, 
translationally-controlled 1 TMA19 NO 

tct-1c 
mouse (37) 

11 SF3A3 
splicing factor 3a, subunit 
3, 60kDa PRP9 Yes 

T13H5.4b 
noie 
sf3a3f 

12 PREB 
prolactin regulatory 
element binding SEC12 Yes sec-12c 

13 HSPA9 
heat shock 70kDa protein 
9 (mortalin) SSC1 Yes 

hsp-6b 
Hsc70-5e 
Hspa9bf 

14 POLR2A 

polymerase (RNA) II 
(DNA directed) 
polypeptide A, 220kDa RPO21 Yes 

ama-1b 
RpII215d 

15 PCF11 

PCF11 cleavage and 
polyadenylation factor 
subunit PCF11 Yes 

pcf-11b 
CG10228d 

16 POLR2L 

polymerase (RNA) II 
(DNA directed) 
polypeptide L, 7.6kDa RPB10 Yes 

rpb-10b 
rpb10d 

17 SPC24 

SPC24, NDC80 
kinetochore complex 
component SPC24 Yes   



 
 

16 
 

18 THAP1 

THAP domain containing, 
apoptosis associated 
protein 1 - - human (38)  

19 CDC123 cell division cycle 123 CDC123 Yes 
 

20 WDR74 WD repeat domain 74 NSA1 Yes 
T06E6.1b 
CG7845d 

 
Large-scale studies: 
aS. cerevisiae (1)  
bC. elegans (39) 
cC. elegans (40)  
dD. melanogaster (41) 
eD. melanogaster (42) 
fD. rerio (43) 
 
Table S5. Independent evidence of essentiality for the top 20 non-ribosomal genes.  
Functional data from large-scale studies in model organisms and single gene studies in 
mice and human cell lines. 16 of 17 yeast homologs are essential. The sole except TPT1 
is essential in mice and C. elegans. 
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KEGG_DNA_REPLICATION 

Gene Rank in Gene List Raw Metric Running ES Core 
RPA4 1045 5512 -0.12 No 
POLD1 3054 3944 -0.378 No 
POLE4 3938 3332 -0.474 No 
MCM3 4717 2712.5 -0.556 No 
RFC1 4959 2497.5 -0.561 No 
LIG1 5098 2369 -0.551 No 
POLD4 5587 1839.5 -0.592 Yes 
POLE3 5640 1778 -0.57 Yes 
RPA2 5668 1751.5 -0.544 Yes 
POLA1 5689 1723.5 -0.518 Yes 
RNASEH2B 6006 1322.5 -0.533 Yes 
POLE 6039 1283 -0.509 Yes 
RPA3 6180 1120 -0.499 Yes 
RNASEH2C 6462 720.5 -0.51 Yes 
DNA2 6496 673.5 -0.485 Yes 
RFC4 6533 629.5 -0.461 Yes 
MCM7 6542 615.5 -0.433 Yes 
MCM2 6557 596 -0.405 Yes 
RNASEH2A 6586 565.5 -0.38 Yes 
RFC2 6668 465 -0.362 Yes 
MCM5 6684 428.5 -0.335 Yes 
MCM4 6724 385.5 -0.311 Yes 
POLD3 6766 342 -0.287 Yes 
POLD2 6806 286.5 -0.264 Yes 
MCM6 6808 286 -0.234 Yes 
PRIM1 6817 275 -0.206 Yes 
PRIM2 6845 247.5 -0.18 Yes 
RFC5 6867 218 -0.154 Yes 
POLE2 6904 175.5 -0.13 Yes 
RFC3 6917 153.5 -0.102 Yes 
RPA1 6944 119 -0.076 Yes 
FEN1 6972 72.5 -0.051 Yes 
POLA2 6979 66.5 -0.022 Yes 
PCNA 7026 13 1.00E-03 Yes 

KEGG_RNA_POLYMERASE 
Gene Rank in Gene List Raw Metric Running ES Core 
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POLR1D 3555 3610 -0.466 No 
POLR2F 3644 3534.5 -0.437 No 
POLR3B 3902 3352.5 -0.432 No 
POLR3GL 4839 2604.5 -0.524 No 
POLR3A 5107 2363 -0.52 No 
POLR3D 5251 2215 -0.499 No 
POLR1A 5985 1354.5 -0.562 Yes 
POLR3F 6247 1026.5 -0.557 Yes 
POLR1C 6313 922.5 -0.525 Yes 
POLR2H 6431 771 -0.5 Yes 
ZNRD1 6694 412.5 -0.496 Yes 
POLR3C 6709 398 -0.456 Yes 
POLR2B 6744 368 -0.419 Yes 
POLR2D 6763 348 -0.38 Yes 
POLR2C 6776 335 -0.34 Yes 
POLR1E 6791 312 -0.3 Yes 
POLR1B 6844 249 -0.266 Yes 
POLR2G 6919 152.5 -0.235 Yes 
POLR3K 6948 108 -0.197 Yes 
POLR3H 6983 63.5 -0.161 Yes 
POLR2E 6998 47.5 -0.121 Yes 
POLR2I 7007 37.5 -0.08 Yes 
POLR2L 7014 27.5 -0.04 Yes 
POLR2A 7018 24.5 0.002 Yes 

KEGG_SPLICEOSOME 
Gene Rank in Gene List Raw Metric Running ES Core 
HSPA1L 460 6160 -0.057 No 
PRPF40B 1234 5313 -0.159 No 
TCERG1 1450 5129 -0.18 No 
HSPA6 2452 4350.5 -0.315 No 
SRSF8 2672 4196.5 -0.337 No 
HSPA2 3066 3934.5 -0.384 No 
TRA2A 3276 3781.5 -0.404 No 
SRSF4 3524 3624 -0.43 No 
PQBP1 3603 3564 -0.432 No 
U2SURP 3746 3466 -0.442 No 
PPIL1 4504 2883.5 -0.542 No 
DDX5 4508 2881 -0.533 No 
WBP11 4689 2731.5 -0.549 No 
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SNRPB2 4710 2718 -0.542 No 
DHX16 4751 2683 -0.538 No 
DDX42 4956 2499 -0.558 No 
SNRNP40 5269 2200 -0.593 No 
DDX46 5457 1988.5 -0.61 Yes 
PPIE 5472 1974.5 -0.603 Yes 
PRPF31 5486 1958 -0.595 Yes 
SRSF5 5499 1941.5 -0.587 Yes 
LSM5 5615 1812 -0.594 Yes 
U2AF1 5617 1810.5 -0.584 Yes 
HNRNPA1 5676 1736 -0.583 Yes 
USP39 5738 1674 -0.582 Yes 
PRPF4 5788 1616.5 -0.579 Yes 
DHX8 5893 1466.5 -0.585 Yes 
LSM2 5958 1387 -0.584 Yes 
AQR 5982 1355.5 -0.578 Yes 
PLRG1 6062 1261 -0.58 Yes 
U2AF2 6076 1250.5 -0.572 Yes 
CCDC12 6110 1221 -0.567 Yes 
THOC1 6112 1219 -0.557 Yes 
DDX23 6147 1159 -0.552 Yes 
CRNKL1 6183 1116 -0.548 Yes 
LSM4 6186 1114.5 -0.538 Yes 
ISY1 6204 1092 -0.531 Yes 
RBMX 6210 1084.5 -0.522 Yes 
CWC15 6252 1015 -0.518 Yes 
SRSF9 6270 984.5 -0.511 Yes 
RBM8A 6291 956 -0.504 Yes 
SNRNP70 6321 915.5 -0.499 Yes 
SNRNP27 6324 912.5 -0.489 Yes 
SRSF10 6325 912 -0.48 Yes 
SLU7 6337 894.5 -0.471 Yes 
DHX38 6338 894 -0.462 Yes 
SF3A1 6343 889 -0.453 Yes 
XAB2 6371 856.5 -0.447 Yes 
SNW1 6373 854 -0.437 Yes 
SNRPD3 6395 829 -0.431 Yes 
RBM17 6402 819.5 -0.422 Yes 
CDC40 6406 814 -0.412 Yes 
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PRPF3 6442 746.5 -0.408 Yes 
NHP2L1 6463 718 -0.401 Yes 
THOC2 6469 709 -0.392 Yes 
RBM25 6473 707.5 -0.383 Yes 
HNRNPU 6478 698 -0.374 Yes 
PRPF8 6486 685.5 -0.365 Yes 
NAA38 6492 677.5 -0.356 Yes 
SNRPA 6495 673.5 -0.346 Yes 
SYF2 6514 654.5 -0.339 Yes 
HNRNPM 6518 648.5 -0.33 Yes 
BCAS2 6534 629 -0.323 Yes 
EFTUD2 6569 578.5 -0.318 Yes 
PRPF18 6605 544 -0.313 Yes 
SMNDC1 6609 538.5 -0.304 Yes 
PRPF38A 6641 499 -0.299 Yes 
SF3B5 6643 494.5 -0.289 Yes 
PRPF38B 6655 480.5 -0.281 Yes 
SNRPB 6657 479.5 -0.271 Yes 
ACIN1 6664 468.5 -0.262 Yes 
DHX15 6686 426.5 -0.256 Yes 
SNRPC 6727 383 -0.252 Yes 
CTNNBL1 6739 375 -0.244 Yes 
TRA2B 6741 373.5 -0.234 Yes 
ZMAT2 6742 370 -0.224 Yes 
SNRPD2 6771 339.5 -0.219 Yes 
LSM7 6772 339.5 -0.209 Yes 
PUF60 6783 325 -0.201 Yes 
CDC5L 6801 297 -0.194 Yes 
SART1 6805 291 -0.184 Yes 
SRSF6 6807 286 -0.175 Yes 
NCBP1 6826 264.5 -0.168 Yes 
SNRPA1 6827 264.5 -0.158 Yes 
SF3B2 6831 261 -0.149 Yes 
SRSF7 6841 250.5 -0.14 Yes 
DDX39B 6852 241 -0.132 Yes 
RBM22 6859 230.5 -0.123 Yes 
PRPF19 6864 224.5 -0.114 Yes 
HNRNPK 6894 189 -0.108 Yes 
SF3A2 6912 167.5 -0.101 Yes 
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BUD31 6923 149.5 -0.093 Yes 
PRPF6 6927 147 -0.084 Yes 
PCBP1 6928 142.5 -0.074 Yes 
EIF4A3 6939 129 -0.066 Yes 
NCBP2 6942 121.5 -0.056 Yes 
SNRNP200 6951 101.5 -0.048 Yes 
TXNL4A 6963 88.5 -0.04 Yes 
SRSF3 6975 69.5 -0.031 Yes 
SRSF2 6989 54.5 -0.024 Yes 
SRSF1 7002 44 -0.016 Yes 
SF3A3 7020 23.5 -0.008 Yes 
SF3B3 7030 8 0.00E+00 Yes 

BIOCARTA_PROTEASOME_PATHWAY 
Gene Rank in Gene List Raw Metric Running ES Core 
UBE2A 319 6328.5 -0.007 No 
UBE3A 2034 4674.5 -0.213 No 
PSMD8 2876 4054.5 -0.295 No 
PSMA4 5599 1831 -0.645 Yes 
PSMC4 5706 1708.5 -0.622 Yes 
PSMB6 5800 1603 -0.596 Yes 
PSMD12 6056 1267 -0.594 Yes 
PSMA3 6094 1233 -0.561 Yes 
RPN2 6161 1148 -0.532 Yes 
PSMB4 6202 1096 -0.499 Yes 
PSMD14 6366 862 -0.484 Yes 
PSMB3 6394 829 -0.45 Yes 
PSMC2 6438 753 -0.417 Yes 
PSMB1 6516 652.5 -0.39 Yes 
PSMB5 6649 487.5 -0.37 Yes 
PSMA2 6674 451.5 -0.335 Yes 
PSMA1 6716 392.5 -0.303 Yes 
PSMB2 6762 348 -0.271 Yes 
PSMA5 6768 341.5 -0.233 Yes 
PSMD6 6795 306.5 -0.198 Yes 
PSMB7 6813 281.5 -0.162 Yes 
PSMC6 6834 258 -0.126 Yes 
PSMA6 6855 238 -0.091 Yes 
PSMC3 6916 155 -0.061 Yes 
PSMD11 6934 133.5 -0.025 Yes 
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PSMA7 7027 13 0.00E+00 Yes 
 
Table S6 Gene Set Enrichment Analysis 
Gene composition and scores of the enriched gene sets highlighted in Fig. 3D. 
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Variable Degrees of Freedom Variance Explained (r2) 
Full Sequence (combined) 2460 1 
First 4 nucleotides (combined) 250 0.17 
Middle 4 nucleotides (combined) 251 0.133 
Last 4 nucleotides (combined) 251 0.291 
First 4 nucleotides (additive) 12 0.04 
Middle 4 nucleotides (additive) 12 0.02 
Last 4 nucleotides (additive) 12 0.129 
GC Content 14 0.025 
gRNA Strand 1 0.014 
Exon Type 2 0.013 

 
Table S7 Analysis of features influencing sgRNA efficacy 
Summary of the variance in ribosomal protein-targeting sgRNA log2 fold changes 
explained by various features of sgRNAs using a general linear model. 
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