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Abstract

CRISPR-Cas9 genome engineering has revolutionised high-throughput functional
genomic screens. However, recent work has raised concerns regarding the
performance of CRISPR-Cas9 screens using TP53 wild-type human cells due to a
p53-mediated DNA damage response (DDR) limiting the efficiency of generating
viable edited cells. To directly assess the impact of cellular p53 status on CRISPR-
Cas9 screen performance, we carried out parallel CRISPR-Cas9 screens in wild-type
and TP53 knockout human retinal pigment epithelial cells using a focused dual guide
RNA library targeting 852 DDR-associated genes. Our work demonstrates that
although functional p53 status negatively affects identification of significantly depleted
genes, optimal screen design can nevertheless enable robust screen performance.
Through analysis of our own and published screen data, we highlight key factors for

successful screens in both wild-type and p53-deficient cells.
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Introduction

CRISPR-Cas9 genome engineering technologies have transformed cell biology,
particularly high throughput functional genomic screens (Wang et al., 2015), (Shalem
et al., 2014), (Shalem, Sanjana, & Zhang, 2015). Pooled CRISPR-Cas9 cell viability
screens have been successfully employed in determining gene essentiality (Hart et
al., 2015), identifying genetic interactions (Chan et al., 2019) and assessing drug
sensitivities across various genetic backgrounds (Han et al., 2017). A number of
factors influence CRISPR-Cas9 screen performance, including cellular background.
In particular, recent reports concerning technical difficulties in CRISPR-Cas9 genome
editing in p53-proficient cells, have brought into question the suitability of p53-
proficient cell lines for high throughput CRISPR-Cas9 genetic screens (Haapaniemi,

Botla, Persson, Schmierer, & Taipale, 2018), (lhry et al., 2018).

TP53, encoding p53, acts as a master regulator of cell-cycle checkpoint activation
(Kastan, Onyekwere, Sidransky, Vogelstein, & Craig, 1991), cellular senescence
(Shay, Pereira-Smith, & Wright, 1991) and induction of apoptosis in response to DNA
damage (Clarke et al., 1993), (Lowe, Schmitt, Smith, Osborne, & Jacks, 1993), (Lakin
& Jackson, 1999). TP53 is arguably the most important tumour suppressor gene, with
loss of function mutations in up to 50% of human cancers (Bouaoun et al., 2016).
Consequently, the p53 status of a cell line, either wild-type (proficient) or mutant
(deficient), can be an important factor in determining the suitability of a cellular model,

and hence is an important consideration in design of high throughput genetic screens.

Generation of DNA double strand breaks (DSBs) induces p53-dependent cell-cycle

arrest in normal fibroblasts (Di Leonardo, Linke, Clarkin, & Wahl, 1994), and most
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CRISPR-Cas9 genome editing approaches rely on DSB generation to achieve efficient
editing (Jinek et al., 2012). Recent work has shown that CRISPR-Cas9-associated
DSBs in hPSCs (human pluripotent stem cells) induce a p53-mediated apoptotic
response, leading to high levels of toxicity and reduced editing efficiency in this
background (lhry et al., 2018). Furthermore, a similar p53-mediated DSB response in
wild-type retinal pigment epithelial (RPE-1) cells reportedly severely impaired
identification of essential genes in a CRISPR-Cas9 screen when compared to RPE-1
TP53 knockout (TP53%°) cells (Haapaniemi et al., 2018). In contrast, analysis of data
from a small number of additional screens in p53 wild-type RPE-1 cells has shown
that performance of successful CRISPR screens, as determined by essential gene
identification and enrichment of expected targets, is possible in this cellular
background (Brown, Mair, Soste, & Moffat, 2019). This controversy is confounded by
the complexity of variation in experimental design between screens with a lack of
controlled parallel experiments. To provide more definitive insights into this important
debate, we performed parallel CRISPR-Cas9 screens in paired wild-type and TP53K°
cell lines, thereby minimising additional confounding factors that can preclude

accurate screen comparisons.

We carried out parallel screens, in wild-type and TP53X° RPE-1 cells with two
independent Cas9-expressing monoclonal populations for each genetic background,
selected based on p53 status and high Cas9 cutting efficiency (Supplementary
Figure 1). To facilitate high screen sensitivity and in-depth interrogation of p53-
mediated responses to CRISPR-Cas9-associated DSBs, we designed a bespoke dual
guide RNA library targeting 852 DDR-related genes, with 112 olfactory receptor genes
included as non-essential gene controls and 14 sequence-scrambled negative

controls (Supplementary Table 1). The smaller size of this library compared to a
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whole genome library enabled high guide representation (>1000x) to be maintained
throughout the screen, minimising the impact of this key factor on screen sensitivity
(Miles, Garippa, & Poirier, 2016). In addition, our library incorporated a dual guide RNA
vector design (Erard, Knott, & Hannon, 2017) to increase the frequency of functional
knockout events in transduced cells compared to the canonical single guide RNA
(sgRNA) approach. We reasoned that a vector generating two DSBs per cell may
increase detection of differences in screen sensitivity due to variation in DSB
responses between genetic backgrounds. Screens were executed as depicted in
Figure 1, and relative enrichments and depletions of gene knockouts in the edited cell
populations were determined from guide read counts generated by next-generation
lllumina DNA sequencing (Supplementary Table 2) using the program MAGeCK (Li

et al., 2014) (Supplementary Table 3).

Figure 1
DDR-focused CRISPR-Cas9 Cas9-expressing
dual-sgRNA library WT and TP53 ¥° RPE-1 cells

— @

DNA extraction
Library preparation
Next-generation sequencing
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Experimental set-up of parallel CRISPR-Cas9 screens in wild type (WT) and TP53 knockout (TP53 k°)
RPE-1 cells. Cells were infected at a low multiplicity of infection (MOI = 0.3). An initial sample was harvested 48
hours after infection, following which transduced cells were selected with puromycin, and harvested at days 15
and 19. Guide RNA (gRNA) representations were evaluated by extraction of genomic DNA from surviving cells,
PCR amplification of vector barcodes, and next-generation sequencing. MAGeCK (Li et al., 2014) was used to
determine the relative depletion and enrichment of genes in later samples compared to the 48 hour samples.

In our screens, depletion of core essential genes (as defined by Hart et al., 2017) was

clearly evident in both wild-type and TP53X° backgrounds (Figure 2A and
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94  Supplementary Figure 2A). Due to the conservative nature of this essential gene list,
95 additional genes with significant depletions were also identified in both cell lines
96 (Supplementary Table 3). A receiver operating characteristic (ROC) curve showing
97 the classification of essential versus non-essential genes by gene depletion p-value
98 ranks (calculated by MAGeCK) (Figure 2B) demonstrated good performance of both
99  screens. Nevertheless, the TP53KC screen slightly outperformed the wild-type screen
100  at both harvesting timepoints in terms of detection of essential genes by rank.

101

102 When the significance of gene depletions was considered, we found that essential
103  genes were much more likely to have low adjusted p-values (g-values) in the TP53K°
104  background, compared to wild-type. In addition, we observed that the day 19 timepoint
105 outperformed the day 15 timepoint, detecting increased numbers of essential genes
106  at a given significance threshold (Figure 2C and Supplementary Figure 2B). The
107  underlying basis behind this differential sensitivity to identifying essential genes lies in
108 the magnitude of the phenotypic effect observed for each guide. While log fold
109 changes (LFCs) across non-core essential (“not essential’) genes were not
110  significantly different between the two genetic backgrounds (p=0.60), LFCs for core
111  essential genes were significantly lower in the TP53%C screens compared to screens
112 in TP53 wild-type settings (p=0.0010) (Figure 2D), consistent with wild-type cells
113  initiating a p53-mediated response to Cas9-induced DSBs. This would inhibit the
114  proliferation rates of all transduced cells during the course of the screens, leading to
115 smaller LFCs and a narrower distribution of guides within the population, with a
116  consequent reduction in genes with significant depletion scores. Similar results were

117  seen in our analyses of day 15 samples (Supplementary Figure 2C).
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Comparison of CRISPR-Cas9 screens in wild type and TP53X° cells demonstrates the impact of p53 on
screen performance (A) Mean log, fold change (LFC) in guide abundance per gene, and significance of this
change, from day 3 to day 19 of the experiment. g-value is False Discovery Rate (FDR) given by MAGeCK. (B)
Receiver operating characteristic curves of MAGeCK p-values, discriminating between genes classified as core
essential by Hart et al (2017) and other genes. (C) Number of core essential genes with g-value less than the
range of values given on the x-axis. (D) Mean LFC of guides targeting core essential and not core essential
genes (Day 19 samples). Paired t-tests were used to test core essential or not essential genes between cell lines,
unpaired t-tests were used within a cell line. (E) Mean LFC per gene in WT and TP53KO cell lines. g-values
calculated by MAGeCK (Day 19 samples).
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119 The impact of the p53-mediated response is also evident when comparing screen
120  results from differential enrichment and depletion of genes between the two genetic
121  backgrounds (Figure 2E). As expected, in TP53 wild-type cells, guides targeting TP53
122 were the most significantly enriched, with guides targeting other components of the
123 p53 pathway showing the most significant differences between the two genetic
124 backgrounds. Guides significantly enriched in the TP53 wild-type background included
125 those targeting CDKN1A that encodes p21, the major downstream mediator of p53-
126  mediated cell cycle arrest (El-Deiry, 1993), and those targeting USP28 that encodes
127  a deubiquitylating enzyme that acts to stabilise p53 (Zhang, Zaugg, Mak, & Elledge,
128  2006), (Cuella-Martin et al., 2016). In contrast, guides targeting genes that were
129  significantly depleted in the wild-type but not the TP53 knockout background included
130  MDM2 and MDM4, which act as negative regulators of p53. MDM2 is an E3 ubiquitin
131 ligase that targets p53 for degradation (Haupt, Maya, Kazaz, & Oren, 1997), while
132 MDM4 inhibits p53-dependent transcriptional activity (Francoz et al., 2006). SETDB1,
133 which acts via MDM2, was also enriched in the TP53 wild-type background. This
134  protein forms a complex with p53 and catalyses p53 K370 di-methylation. Attenuation
135 of SETDB1 reduces the level of di-methylation at this site, leading to increased
136 recognition and degradation of p53 by MDM2 (Fei et al., 2015). Furthermore, when
137 we assessed the enrichment/depletion of specific biological pathways between the
138 wild-type and TP53X° backgrounds, cell cycle and p53 signalling were the two
139  pathways that were enriched (Supplementary Figure 3 and Supplementary Table
140  4). Together, these results demonstrated that despite reduced screen sensitivity in
141  p53-proficient cells, biologically meaningful enrichment and depletion analyses at the
142  individual gene and pathway levels can still be performed in TP53 wild-type settings.

143
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144  To further contextualise the feasibility of performing CRISPR-Cas9 screens in a p53-
145  proficient background, we analysed our screens with five others performed in TP53
146  wild-type RPE-1 cells. When we performed a comparative ROC curve analysis to
147  assess the screens’ abilities to discriminate between core essential genes and other
148  genes (Figure 3A), this established that the performance of all screens was similar,
149  with the exception of Haapaniemi et al. 2018 data which underperformed in the ability
150  to distinguish essential genes. We then examined the distribution of normalised LFCs
151 for each screen (Figure 3B). This revealed that the core essential genes formed
152  distributions distinct from those of olfactory receptors and other non-essential genes
153  in all wild-type screens, with the exception of the Haapaniemi et al. screen where the
154  separation was minimal (the smaller median LFC in our screen compared to the other
155  four successful screens did not notably hinder our ability to distinguish essential
156  genes). Taken together, these analyses provide further evidence that CRISPR-Cas9
157  screens can be performed successfully in a p53-proficient background. It appears that
158 the Haapaniemi et al. screen is an outlier in its inability to robustly detect essential
159 genes, possibly due to differences in experimental design and execution, and perhaps
160 reflecting relatively low editing efficiency of the single wild-type RPE-1 clone used in
161 this screen. This factor strengthens the importance of carefully selecting clones with
162 high Cas9 editing efficiency and also for the use of biological replicates, to enable

163  recognition of common screen results that are independent of clonal background.
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Comparison of wild-type RPE-1 CRISPR-Cas9 screens highlights important factors in screen design.

(A) Receiver operating characteristic of MAGeCK p-values, from different screens, discriminating core essential
genes and other genes in TP53 WT cells. (B) Distribution of normalised LFCs. The solid lines give kernel density
estimates for each distribution, and the dashed line shows the median LFC of the core essential genes. (C) Mean
LFC versus standard deviation (SD) per gene for genes with mean LFC < 0. As the SD is expected to scale with
mean LFC, and the LFC distributions vary between experiments, ordinary least squares regressions were
performed to determine the size of the variance across the range of LFCs. The dashed line shows the line of best
fit and the equation for each line is given in the chart. (D) Log, guide abundance across all screens. Box plots give
median and quartile values.
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165 We noted that while the median LFC is higher in the LTRI/MDACC, Hart, UBC and
166 MSKCC screens, the variance is also increased when compared to ours.
167 Consequently, we interrogated the relationship between the standard deviation (SD)
168 of the LFCs and the mean LFC values for each of the wild-type screens. Figure 3C
169  shows that the variance in LFC between guides targeting the same gene is less in our
170  screen than in these other screens. We speculate that this decrease in variance is
171  linked to the much higher gRNA representation kept throughout our screen (>1000x
172 mean gRNA representation) than in these other screens, although we cannot discard
173 the possibility that the dual-sgRNA system we used is the cause of this effect. High
174  gRNA representation is relevant for the success and reliability of CRISPR-Cas9
175  screens, with most published recommendations suggesting screening to at least 200x
176 gRNA representation (Aregger, Chandrashekhar, Tong, Chan, & Moffat, 2019) but
177 ideally >500x (Joung et al.,, 2017). Importantly, high representation must be
178  maintained throughout cell culture and also in the PCR amplification steps. Sufficient
179  sequencing depth is also essential to maintain the sensitivity achieved through high
180  gRNA representation. Figure 3D demonstrates the variability in guide abundance
181 determined by sequencing reads across the screens analysed. The MSKCC screen is
182  the only dataset to show a distribution with a substantial number of zero reads in the
183  final samples, which accounts for the decreased variance at more negative LFCs in
184  this screen (Supplementary Figure 4). Through modelling the effect of decreased
185 sequencing depth in our data, we demonstrate that low read counts can notably

186  decrease screen sensitivity (Supplementary Figure 5).

10
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187 Conclusions

188  In summary, we present data from parallel screens in TP53 wild-type and TP53KC
189  RPE-1 cells, which demonstrate that a p53-mediated response does negatively impact
190 the sensitivity of CRISPR-Cas9 screens. Other important factors impacting sensitivity
191 include the guide RNA library used, the magnitude of guide effects, adequate gRNA
192  representation and sufficient sequencing depth. Selection of high-editing efficiency
193  Cas9-expressing cells is also important and use of biological replicates enables
194 identification of clonal variation. Considering these factors in screen design and
195 execution allows successful CRISPR-Cas9 screens to be carried out in both p53-

196  proficient and p53-deficient cells, thereby fostering new biological insights.

197

198 Materials and Methods

199  Dual-sgRNA library design

200 A custom dual-sgRNA library was designed to target 852 genes related to the DNA
201 damage response, 112 olfactory-receptor genes, and 14 sequence scrambled
202 negative controls with a total of 3,404 dual-sgRNAs. The sgRNA sequences and
203  pairwise scores were determined using the Croatan scoring algorithm (Erard et al.,
204  2017). Transomic Technologies selected the top pairs of sgRNAs for each gene and
205 assigned a distinct barcode to each pair, cloned them into the pCLIP-dual-SFFV-
206  ZsGreen vector, and packaged them into lentiviral particles ready for transduction. For
207  pooled screening, the viral titre was determined by exposing cells to a 6-point dose
208 response of the lentiviral stock. The optimal concentration of virus to achieve a
209  multiplicity of infection (MOI) of 0.3 was determined by linear regression analysis.

210

11
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211  CRISPR-Cas9 screens

212 CRISPR-Cas9 screens were performed using the custom dual-sgRNA DNA damage
213 response library outlined above. Biological duplicates (two independently isolated
214  Cas9-expressing clones) of wild-type and TP53X° RPE-1 cells were transduced at a
215 MOI of 0.3 and >1,000-fold coverage of the library. The following day, cells were
216  cultured with puromycin to select for the transductants for 12 additional days. Surviving
217  cells from each biological replicate were harvested prior to puromycin selection (day
218  3), and atday 15 and day 19 after initial transduction. Subsequently, the genomic DNA
219 (gDNA) was isolated using TAIL buffer (17mM Tris pH 7.5, 177mM EDTA, 170mM
220  NacCl, 0.85% SDS, and 1mg/mL Proteinase K) and subjected to 24 PCR reactions with
221  custom indexed primers designed to amplify the barcode within the lentiviral backbone
222 and append lllumina adapter sequences. Finally, the PCR products were purified
223  (QlAquick PCR Purification kit, Qiagen), multiplexed, and sequenced on an lllumina
224 HiSeq1500 system. Genes enriched or depleted in the day 15 and day 19 samples
225  compared to the day 3 samples were determined using MAGeCK v0.5.9.2 (Li et al.,
226  2014).

227

228  Cell culture

229 RPE-1 TP53 wild-type and TP53XC cells were cultured in DMEM/F-12 media
230  (Dulbecco’s Modified Eagle Medium: Nutrient Mixture Ham’s F-12, Sigma-Aldrich)
231  supplemented with 7.5% NaHCO. (Sigma-Aldrich), 10% (v/v) foetal bovine serum
232 (FBS, BioSera), 100 U/mL penicillin, 100 pug/mL streptomycin (Sigma-Aldrich), 2mM
233 L-glutamine, and 10 pyg/mL blasticidin (Sigma-Aldrich) to select for Cas9 expressing
234 cells. Cells were additionally cultured with 1.5 yg/mL puromycin during selection of the

235  transductants.

12
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236

237  Western Blot

238 RPE-1 TP53 wild-type and TP53X° cells were harvested in 100-200uL of Laemmli
239  buffer (120mM Tris 6.8pH, 4%SDS, 20% glycerol). Protein concentrations were
240 determined using a NanoDrop spectrophotometer (Thermo Scientific) at A280 nm.
241 SDS-PAGE was performed with 35ug of protein lysates, the proteins were resolved
242 on a precast NUPAGE Novex 4-12% Bis/Tris gradient gel (Invitrogen). Resolved
243  proteins were transferred to a nitrocellulose membrane (GE Healthcare) and
244 immunoblotted with the following antibodies at a 1/1,000 dilution: p53 (#554293, BD
245  Biosciences) and GAPDH (#MAB374, Merck Millipore).

246

247  Human cell line generation

248 RPE-1 TP53 wild-type cells were obtained from Professor Jonathon Pines and utilised
249  for generation of the RPE-1 TP53XC cells as described previously (Chiang, le Sage,
250  Larrieu, Demir, & Jackson, 2016). The TP53 wild-type and TP53X° RPE-1 cells were
251 transduced with a lentiviral vector encoding Cas9 and a blasticidin resistance cassette
252  to facilitate the isolation of Cas9-expressing clones. Limiting dilution of the transduced
253  population enabled isolation of monoclonal cell lines. Cas9 expression was validated
254 by western blot and Cas9 editing efficiency was assayed by transducing clones with a
255 lentiviral vector encoding GFP, BFP, and a sgRNA for GFP (obtained from Dr
256  Emmanouil Metzakopian, UK Dementia Research Institute, Cambridge, UK).
257 Transduced and non-transduced cells were subjected to FACS sorting using an
258 LSRFortessa (BD Biosciences) flow cytometer. The Cas9 editing efficiency for each
259 clone was calculated by comparing the percentage of BFP-(i.e. edited) cells to the

260  GFP/BFP- cells (i.e. total transduced population) using FlowJo.

13


https://doi.org/10.1101/2020.02.20.957746
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.20.957746; this version posted February 20, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY 4.0 International license.

261

262  Statistical software used

263  Statistical analyses were performed in Python (3.7.5), using the following packages in
264  particular:

265 e MAGeCK (0.5.9.2)

266 e jupyterlab (1.1.4)

267 e matplotlib (3.1.1)

268 e seaborn (0.9.0)

269 e pandas (0.25.0)

270 e numpy (1.16.4)

271 e scipy (for t-tests & Fisher’s exact test, 1.3.0)

272 e scikit-learn (for PCA, 0.21.2)

273 e statsmodels (for linear regression and multiple testing correction, 0.10.1)
274

275 CRISPR screen re-analyses
276 Data files containing guide abundances were downloaded from

277  https://www.ncbi.nlm.nih.gov/geo/query/acc.cqgi?acc=GSE128210.

278  See Supplementary Table 5 for full details of data used. Where multiple timepoints
279  were available, the day 18 timepoint was used. Guides targeting genes not present in
280  our DDR library were removed from the abundance tables, and MAGeCK (0.5.9.2)
281 was used to obtain significance values for depletion and enrichment of genes. The
282 command line arguments “remove-zero-threshold=10" and “remove-zero=control”

283  were used.
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284 LFC normalisation

285 LFCs were normalised by subtracting the mean of the olfactory receptor (OR) genes

286  from all values, and then dividing all values by the SD of the OR genes.

287

288 Resampling

289 To simulate smaller sequencing runs, guide abundances were resampled by N
290 random draws using the initial abundances as weights. N was set to yield expected
291 median abundances ranging between 10 and 1000. MAGeCK was used to obtain
292  significance values as above. 5 replicate draws were performed per sample.

293

294  Pathway analysis

295  Genes within the library were annotated according to KEGG (Kyoto Encyclopedia of
296  Genes and Genomes) pathway. Selection of relevant pathways within the library was
297 based on classifications by Pearl et al. (L. H. Pearl, Schierz, Ward, Al-Lazikani, &
298  Pearl, 2015). The enrichment of genes with p < 0.05 in these pathways was evaluated

299 using Fisher’s exact test. Genes that were depleted over time, or enriched, were tested

300 separately.

301

302
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Additional comparisons between wild-type and TP53“° CRISPR-Cas9 screens.

(A) Mean log, fold change (LFC) in guide abundance per gene, and significance of this change, from day 3 to

day 15 of the experiment. g-values calculated using MAGeCK. (B) Number of core essential genes with p value

less than the range of values given on the x-axis. (C) Mean LFC of guides targeting core essential and not core

essential genes (Day 15 samples). Paired t-tests were used to test core essential or not essential genes
433 between cell lines, unpaired t-tests were used within a cell line.
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in the wild type (WT) compared to TP53%° screens. Genes were categorised according to KEGG pathways and
significance of enrichment and depletion values determined by Fisher’s exact test.
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The effect on detection of core essential genes at different sequencing read depths in our screen,

shown by resampling read abundances to different levels and analysing with MAGeCK.

Cumulative proportion of core essential genes with depletion —log10(p) greater than values given on the y axis.
439 The mean proportions across 5 replicate resamplings are given.
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