CANCER RESEARCH | GENOME AND EPIGENOME

CRISPR/Cas9-Induced DNA Damage Enriches for
Mutations in a p53-Linked Interactome: Implications for

CRISPR-Based Therapies
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Inactivating p53 mutations are the most abundant genetic altera-
tions found in cancer. Here we show that CRISPR/Cas9-induced
double-stranded DNA breaks enrich for cells deficient in p53 and in
genes of a core CRISPR-p53 tumor suppressor interactome. Such
enrichment could predispose to cancer development and thus pose a
challenge for clinical CRISPR use. Transient p53 inhibition could
suppress the enrichment of cells with these mutations. The level of
DNA damage response induced by an sgRNA influenced the
enrichment of p53-deficient cells and could be a relevant parameter
in sgRNA design to limit cellular enrichment. Furthermore, a

Introduction

The p53 protein, encoded by the TP53 gene in humans and Trp53
in mice, plays a central role in the cellular response to DNA
damage (1, 2). Its activity is often attributed to its role as a
transcription factor, controlling the expression of cell cycle
and apoptosis-related genes, but also to other, transcription-
independent mechanisms (3). The importance of p53 is highlighted
by the fact that acquired TP53 mutations are found in more than
50% of human cancers, and that humans and mice with congenital
mutations in TP53/Trp53 have a strong susceptibility for cancer
development (3-5).

CRISPR is a diverse set of molecular biology tools developed from
prokaryotic origins (6). A commonly used application for CRISPR is to
inactivate or modify genes (7, 8). This is achieved by delivering a single
guide RNA (sgRNA), designed to give specificity for the gene of
interest and the Cas9 endonuclease into the nucleus of cells, resulting
in double-stranded DNA breaks at the targeted genomic site. Accord-
ingly, CRISPR molecular biology tools are considered to have immense
potential for clinical gene therapy use (9). Disease-causing mutations
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dataset of >800 human cancer cell lines identified additional factors
influencing the enrichment of p53-mutated cells, including strong
baseline CDKN1A expression as a predictor for an active CRISPR-
p53 axis. Taken together, these data provide details about p53
biology in the context of CRISPR-induced DNA damage and
identify strategies to enable safer CRISPR use.

Significance: CRISPR-mediated DNA damage enriches for cells
with escape mutations in a core CRISPR-p53 interactome, which
can be suppressed by transient inhibition of p53.

in, for example, congenital monogenic disorders affecting the hemato-
poietic system are apparent candidates, and CRISPR-based clinical
trials for sickle cell anemia and [3-thalassemia are ongoing where the
patient hematopoietic stem and progenitor cells are modified ex vivo
and subsequently returned to the patient (10, 11). CRISPR-mediated
modifications of cells used for chimeric antigen receptor (CAR)-based
immunotherapy is another clinical setting where CRISPR is likely to
have a large impact (12).

Early gene therapy trials have resulted in cancer development (13),
and safety concerns related to CRISPR-based gene therapy are being
addressed at multiple levels. This predominately relates to CRISPR off-
target activity, where, for example, sgRNA design with low off-target
activity (14), development of high fidelity Cas9 versions (15), and
methods for the evaluation of off-target mutations (16) have been an
intense research focus. Another proposed, but less studied, risk is that
the CRISPR-mediated DNA damage could give cells with mutations in
TP53 a selective advantage and thereby be enriched in a cell population
exposed to CRISPR as a part of a therapeutic protocol (17, 18). Notably,
TP53 mutations are seen in human embryonic stem cell lines (19),
early in the development of certain cancers affecting e.g., skin (20),
esophagus (21), and lung (22), and also contribute to clonal
hematopoiesis (23, 24) showing that premalignant TP53 mutations
can be found in different cell populations of relevance for clinical
CRISPR use. In addition, multiple viruses have evolved mechanisms
to suppress p53 (25), and thus could potentially interfere with
CRISPR use. Here, we present findings showing that cells with
mutations in p53 and a CRISPR-p53 interactome are indeed
enriched by CRISPR-induced DNA damage. Importantly, we show
that the enrichment can be suppressed by transient p53 inhibition,
and identify several parameters that influence the enrichment,
enabling safe CRISPR use.

Materials and Methods

Additional details are found in Supplementary Materials and
Methods, as well as Supplementary Tables S1 (reagents), S2 (sgRNAs
and primers), S3 (CRISPR library), and S4 (NGS primers).
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Cells

The Hox cell line was generated by transducing bone marrow cells of
C57BL/6 Cas9" GFP™ mice with an estrogen inducible retroviral
construct expressing Hoxb8 as described in refs. 26, 27. Hox cells are
immortalized by estrogen-regulated Hoxb8 (ER-Hoxb8) and display a
granulocyte-monocyte progenitor (GMP) phenotype, as described in
Supplementary Figs. S1A and S1B. No cell line authentication was
performed to Hox cells.

B16-F10 cell line (mouse melanoma) was purchased from ATCC
that performs authentication and used at a low passage number. Cas9
expressing cells were generated by transducing B16-F10 cells with
lentiCas9-Blast lentiviral particles. All cells were confirmed Mycoplas-
ma negative before culture.

Trp53 KO Hox and B16-F10 cells were generated by electroporation
or transfection, respectively, of a Trp53 targeting sgRNA (Supplemen-
tary Table S2, Genomic Location 11:69479559-69479578). To limit
artefacts due to selection of specific clones, cells were used as a mixed
population strongly dominated by +1 and +2 insertions, and a >95%
KO score.

Viral preparation and transduction

Lentiviral particles were generated by transfecting HEK293T cells
with transfer plasmids (lentiCas9-Blast; or LentiGuide-Puro-P2A-
EGFP_mRFPstuf), as well as pMD2.G, and psPAX2. ER-Hoxb8
retrovirus particles were generated by transfecting HEK293T cells
with ER-Hoxb8 and the EcoPac gag-pol-env. Hox or B16 cells were
spin-infected and subsequently selected using Puromycin or Blastici-
din to remove the noninfected cells.

sgRNA design, electroporation, and transfection

sgRNAs were designed using the Green Listed software (28, 29)
utilizing sgRNA design from the Doench mouse library (14). 2’-O-
methyl and phosphorothioate stabilized sgRNAs (Supplementary
Table S2) were ordered from Sigma-Aldrich or Synthego.

For sgRNA delivery, the Neon Transfection System was used for
Hox cells, and Lipofectamine 2000 for B16 cells. The Trp53 siRNA was
typically delivered in the same reaction as the sgRNAs.

CRISPR KO genotyping

Purified PCR amplicons were sequenced by Eurofins Genomics.
The Sanger sequencing data were analyzed by ICE (https://ice.
synthego.com).

Growth curve characterization

Hox cells were cultured with the following interventions: electro-
poration with a GFP targeting sgRNA, etoposide, or AMG232. Cells
were counted each day by flow cytometry (BD Accuri) with CountB-
right Absolute Counting Beads.

Real-time PCR

RNA was extracted using Direct-zol RNA MiniPrep Kit, and was
converted into cDNA using High Capacity RNA-to cDNA Kit. The
expression of indicated genes was quantified with a CFX 384 Real-
Time PCR machine (Bio-Rad) using TagMan gene expression FAM
assays for Cdknla, Bbc3, Pmaipl, Isgl5, and Irf7. Expression was
normalized by TagMan gene expression VIC assays for B-actin and
gene expression was quantified using the ddCT method.

Apoptosis TUNEL assay

Cells were collected and fixed by PFA at different time points, and
the FlowTAC Apoptosis Detection Kit was used to stain apoptotic cells
for analysis by flow cytometry (BD Accuri).
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Cloning of sgRNAs into lentiviral transfer plasmid and CRISPR
screens

sgRNAs with overhangs for the LentiGuide transfer plasmid
(Supplementary Table S3) were designed using the Green Listed
software (28, 29) using sgRNA design from the Doench mouse
library (14) and, for intergenic controls, the Wang mouse
library (30). The sgRNA library was ordered from CustomArray
as a DNA oligo pool. Cloning, library preparation, and screens
were performed as described in Supplementary Materials and
Methods. Screens were evaluated by next-generation sequencing
(Illumina MiSeq v3 run, 2x75bp reads), and the raw FASTQ data
were analyzed by MAGeCK (31). Read counts from CRISPR
screens are found in Supplementary Tables S5 and S6.

JAK1/STAT1 signaling assay

Hox cells were cultured with or without mouse Interferon Beta and
the Jak1 inhibitor Solcitinib for 7 days. Cells were counted on day 7 by
flow cytometry (BD Accuri) using CountBright Absolute Counting
Beads.

Competitive coculture assay

Trp53 KO and WT cells were mixed at 1:4 ratio, and subsequently
exposed to different interventions: CRISPR - electroporated with
sgRNA or transduced with lentivirus and culture for 7 days;
or exposed to etoposide or AMG232 and cultured for 7 days;
or cultured with Cobalt(I) chloride (CoCl,) for 7 days.
For hypoxia experiments, Hox cells were cultured in 1% O, for
7 days in a Baker InvivO2 Physiological Cell Culture Work-
stations. For in vivo experiments, B16 cells were transfected with
a Ccrl targeting sgRNA (Supplementary Table S2) or control,
and directly injected subcutaneously into C57BL/6 mice, and
tumors collected after 21 days. The proportion of Trp53 KO
cells was subsequently quantified by sequencing as described in
“CRISPR KO genotyping.” The used p53 related inhibitors
are described in Supplementary Materials and Methods and
Supplementary Table SI.

Flow cytometry analysis

Fresh bone marrow cells from C57BL/6 Cas9" GFP* mice and Hox
cells were stained with antibodies described in Supplementary Mate-
rials and Methods and Supplementary Table S1. After 30 minutes of
staining, the cells were washed and analyzed by flow cytometry (BD
FACSVerse). FACS FCS files were analyzed by FlowJo version 10
(Flow]Jo, LLC).

Analysis of data from the depmap portal

sgRNA enrichment [CRISPR (Avana) Public 20Q4 release],
mutation profile (Mutation Public 20Q4 release), drug sensitivity
(PRISM Repurposing Primary Screen 19Q4 release), and mRNA
expression levels (Expression Public 20Q4 release) was extracted
December 13, 2020, from the Depmap portal (https://depmap.org/
portal/; refs. 32, 33). Connectivity maps, tSNE plots, and transcrip-
tion factor binding sites were generated as described in Supple-
mentary Materials and Methods.

Statistical analysis

Graphpad Prism versions 8 and 9 were used as indicated
in figure legends. Correlation analysis related to the Depmap
data were performed with the integrated Depmap data explorer
tool.
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Results

CRISPR-mediated DNA damage enriches for cells with
mutations in Trp53

DNA damage activates p53, which can result in apoptosis and cell-
cycle arrest. To study different aspects of how CRISPR-induced DNA
damage affects cells, we established an experimental model system
comparing CRISPR with a pulse of etoposide (a topoisomerase II
inhibitor causing DNA damage and p53 activation; ref. 34), or
AMG232 (activating p53 by interfering with the MDM2-p53 inter-
action; ref. 35; Fig. 1A). Using a cell line derived from mouse
hematopoietic stem cells of Cas9" GFP* mice (Hox cells; Supple-
mentary Figs. S1A-S1D), we observed that the CRISPR event resulted
in partially delayed cell growth (Fig. 1B), apoptosis induction
(Fig. 1C), and transcription of Cdknla (also known as p21, linked
to DNA damage-induced cell-cycle arrest; ref. 36; Fig. 1D), as well as
Bbc3, and Pmaip1 (also known as Puma and Noxa, respectively, linked
to DNA damage-induced apoptosis; ref. 37; Supplementary Figs. SIE-
S1F), although at a lower magnitude compared with treatment with
AMG232 or etoposide.

To explore if the relatively mild phenotype induced by CRISPR was
sufficient to give a selective advantage to cells with mutations in Trp53,
we established a competitive assay, where Trp53 KO and WT cells were
mixed at a 1:4 ratio and subsequently exposed to CRISPR (electro-
poration or lentiviral delivery of sgRNA), again comparing it to
pharmacologic p53 activation with AMG232 or etoposide, as well as
to hypoxia, also known to activate p53 (Fig. 1E; ref. 38). Sequencing the
Trp53 locus after seven days in culture revealed that the proportion of
Trp53 KO cells in the population did not expand significantly by only
being in culture, or by being transduced by nontargeting control
(NTC) lentiviral particles. However, the proportion of Trp53 KO cells
significantly expanded after being exposed to CRISPR, AMG232,
etoposide, or hypoxia (Fig. 1F-G; Supplementary Figs. S1G and
S1H, and S2A and S2B). Similar results were obtained by analyzing
the Trp53 mutation spectrum of subcutaneous B16 tumors isolated
from mice 21 days after injection of B16 cells treated &= CRISPR
(Fig. 1H; Supplementary Figs. S2C-S2F). We concluded that
CRISPR, as well as other p53 activating interventions, gives cells
with mutations in Trp53 a selective advantage in a mixed cell
population, resulting in enrichment.

The level of DNA damage response induced by an sgRNA
influences the enrichment of Trp53 KO cells

The level of enrichment of Trp53 KO cells mirrored the severity of
the cellular phenotype as presented in Fig. 1B-D; Supplementary Figs.
S1E and S1F, with both etoposide and AMG232 causing a significantly
higher Trp53 KO enrichment concomitant with a more pronounced
delay in cell growth, apoptosis, and upregulation of Cdknla, Bbc3, and
Pmaipl compared with CRISPR treatment. On the basis of this, we
hypothesized that the level of the DNA damage response (DDR)
induced by sgRNAs could be a parameter affecting the enrichment
of Trp53 KO cells. We designed a set of sgRNAs with different off-
target activity and used them alone or in combination at equimolar
concentrations (Fig. 2A; Supplementary Figs. S3A and S3B). We found
that the level of early CRISPR-induced Cdknla transcription was
linked to the expected amount of induced DNA damage, based on
off-target calculations, and by sgRNAs combined to increase the DDR
in a predictable manner (Fig. 2B; Supplementary Fig. S3C). In
addition, comparing the Cdknla transcription 2 hours after sgRNA
electroporation to the enrichment of Trp53 KO sequences 7 days later,
we found that the level of early CRISPR-induced CdknIa transcription

38 Cancer Res; 82(1) January 1, 2022

correlated with the enrichment of Trp53 KO cells (Fig. 2C), and that
thelevel of enrichment could be predicted on the basis of the calculated
off-target activity for one, or a combination, of sgRNAs (Fig. 2D).
Notably, the GFP sgRNA consistently had a higher KO efficiency than
the Ccrl sgRNA (Supplementary Figs. S3D and S3E), despite causing
less Trp53 KO enrichment. We concluded that the level of DDR
induced by sgRNAs, as measured by Cdknla upregulation, affects the
enrichment of Trp53 KO cells without direct correlation to the KO
efficiency, and thus could be a relevant parameter in sgRNA selection.

CRISPR-mediated enrichment of mutations in 7rp53 can be
inhibited

Since the enrichment of cells with inactive p53 could pose a
challenge to the clinical use of CRISPR, we set out to identify strategies
to suppress the enrichment. We hypothesized that transient inhibition
of p53 or proteins playing an important, nonredundant role in the p53
pathway could be a viable strategy. To this end, we pretreated cells with
a selection of potentially relevant inhibitors followed by exposure to
CRISPR (Fig. 3A). Using the Hox cells, we found that treating the cells
with a Trp53 siRNA completely inhibited the enrichment of cells with
Trp53 mutations, whereas use of the other inhibitors did not show any
significant activity (Fig. 3A). Similar results were found with B16 cells,
although the ATM inhibitor, KU55933, additionally showed partial
inhibition of the enrichment (Fig. 3B). Importantly, the inhibition of
the enrichment was not explained by the Trp53 siRNA negatively
impacting the KO efficiency, as shown targeting GFP (Supplementary
Fig. S4A), as well as Ccr1 (Supplementary Figs. S4B-S4E), where the
KO efficiency was equivalent (GFP) or even slightly higher (Ccr1) with
the Trp53 siRNA addition. We also noted that that the Trp53 siRNA
normalized the growth characteristics of cells treated with sgRNAs
(Supplementary Fig. S4F). The Trp53 siRNA was additionally able to
significantly suppress the enrichment of cells with Trp53 mutations in
response to AMG232 and etoposide, although not at the same level as
for CRISPR, in line with the stronger DDR response induced by
AMG232 and etoposide (Supplementary Figs. S4G and S4H). Notably,
the pan-caspase inhibitor Z-VAD, often used as an apoptosis inhibitor,
did not significantly suppress the enrichment of cells with Trp53
mutations (Supplementary Fig. S41). However, the addition of siRNAs
targeting both Bax and Bakl, pro-apoptotic members of the Bcl-2
family (39), partly inhibited the enrichment of Trp53 mutated cells,
while siRNAs targeting only Bax or Bakl did not inhibited the
enrichment, showing the expected redundancy of these two genes in
the apoptosis pathway (Supplementary Figs. S5A and S5B). Similar
results were found using Bax and Bakl KO cells (Supplementary Figs.
S5C and S5D), taken together showing that apoptosis is partly involved
in the CRISPR-mediated enrichment of Trp53 mutated cells, and that
Z-VAD is not sufficiently suppressing the response in the used setting.
We concluded that transient inhibition of p53 can limit enrichment of
cells with mutations in Trp53 while retaining, or even increasing, the
KO efficiency.

CRISPR enriches for low-frequency mutations in tumor
suppressor genes

Next, we set out to identify p53-linked genes playing a nonredun-
dant role in the CRISPR-induced DDR. Such genes could represent
additional drug targets to modify the CRISPR-p53 response, and,
importantly, cells with mutations in such genes could be enriched by
CRISPR-mediated DNA damage. We applied a custom CRISPR screen
library targeting 395 DNA damage-related genes and controls, with
1640 sgRNAs (Supplementary Table S3) to WT and Trp53 KO cells
(Hox and B16 cells). Initially relying on the DDR induced by the
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Figure 1.

CRISPR-mediated DNA damage enriches for cells with mutations in Trp53. A, Model describing how CRISPR and pharmacologic p53 activation used in the study are
expected to affect targeted cells. B, Growth characteristics of Hox expanded bone marrow cells (from Cas9™ GFP™ mice), exposed to CRISPR (electroporated with a
control or GFP targeting sgRNA; sgGFP), or pulsed for 8h with AMG232, or etoposide (ETOP). C, Kinetic analysis of apoptosis by flow cytometry-based TUNEL assay
of Hox cells exposed to CRISPR (electroporated with sgGFP) or etoposide. D, Kinetic gPCR analysis of Cdknla expression of Hox cells exposed to
CRISPR (electroporated with GFP sgRNA) or etoposide. E, Model describing experimental setup. F, WT and Trp53 KO Hox cells (Cas9" and GFP™) were mixed
and subjected to CRISPR [electroporated with sgGFP, or transduced with nontargeting ctrl (NTC) virus, sgGFP virus, CRISPR library virus], or an 8 hours pulse
with etoposide or AMG232. After 7 days in culture, cells were sequenced, and the fraction of Trp53 KO sequences determined. G, WT and Trp53 KO Hox cells
were mixed and cultured for seven days in a hypoxia chamber. H, WT and Trp53 KO B16 cells (Cas9") were mixed, electroporated with control or a
Ccrl targeting sgRNA (sgCcr1), and injected subcutaneously into C57BL/6 mice. Day 21 tumors were collected and analyzed for Trp53 mutations. Data are
shown as mean + SEM, n = 3 (B=D), mean and individual values, n = 3 (F=H). Data are combined from three independently performed experiments (B=D and
F-H). **, P < 0.01; ***, P < 0.001; n.s., nonsignificant by two-way ANOVA and Tukey posttest (B=D), one-way ANOVA and Tukey posttest (F=H).

delivered sgRNA in the Cas9" cells, as used previously (17, 40), we  Chek2, Trp53, and Cdknla (Fig. 4D). Notably, AMG232 also enriched
corroborated that Trp53 sgRNAs were enriched and that Mdm2  for mutations in Statl, and Eif2ak2, two genes related to type I IFN
sgRNAs were depleted in a p53-dependent manner, in both Hox and  signaling (Fig. 4C), again highlighting this pathway in Hox cells. Upon
B16 cells (Supplementary Figs. S6A-S6D). In this regard, Mdm2 more detailed analysis of Hox cells, we found that AMG232 caused a
behaved as an essential gene in Trp53 WT cells, where mutated cells  significant upregulation of IFN-stimulated genes (Isg15, Irf7) in a p53-
were rapidly lost over time, which was further accelerated by sgRNA  dependent manner, linking p53 activation to Type I IFN production in
delivery (Supplementary Fig. S6E). We also noted that the Hox cells  these cells (Supplementary Fig. S7A). Focusing on the ATM-CHEK2-
(both Trp53 WT and KO) enriched for sgRNAs relating to type [IFN  p53-CDKN1A pathway, that links double-stranded DNA damage to
signaling (Statl, Jakl, and Ptprc), and, in line with this, were sensitive  cell-cycle arrest (1, 2, 36), we found that CRISPR caused a significant
to induced type I IFN signaling (Supplementary Figs. S6F-S6I; Sup-  enrichment of sgRNAs targeting all these genes when comparing WT
plementary Table S7). and Trp53 KO cells (Fig. 4E-H). Furthermore, a Trp53 siRNA could

We additionally performed a screen using the same sgRNA library,  significantly suppress the enrichment of cells with mutations in Chek2,
but this time culturing the cells for 14 days after the introduction of the ~ Trp53, and Cdknla, but not for Atm (for which the enrichment
library into the Hox cell population, and then applied a controlled  phenotype was the weakest; Fig. 4I; Supplementary Fig. S7B). We
CRISPR DNA damage event by electroporation with sgGFP (Fig. 4A).  did not observe any enrichment of sgRNAs targeting genes related to
In this way, we could separate the studied CRISPR event from the  apoptosis (Fig. 4]; Supplementary Fig. S7C). However, in line with our
introduction of the CRISPR library, and also include control groups  observations in Supplementary Figs. SSA-S5D, we found that CRISPR
treated with AMG232 or etoposide. Comparing the different inter-  could enrich for cells with Bax mutations when performed on a Bakl
ventions to control-treated cells, we identified that CRISPR enriched =~ KO background (but not on a Bakl WT background, or a Bak1/Trp53
for cells with mutations in Chek2, Trp53, and Cdknla (Fig. 4B); DKO background), again highlighting the involvement, but redundant
AMG?232 enriched for cells with mutations in Trp53 and Cdknla  nature of individual genes in the apoptosis pathway (Supplementary
(Fig. 4C); and etoposide enriched for cells with mutations in Atm,  Figs. S7TD-S7H).
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The level of DDR induced by an sgRNA influences the enrichment of Trp53 KO
cells. A, Information about sgRNAs used in the figure. Off-target indicates
number of targets with 0, 1, 2, 3, and 4 mismatches to the mouse genome as
identified by Cas-OFFinder. B, Hox cells (Cas9" and GFP™) were electroporated
with indicated sgRNAs, and Cdknla expression analyzed by gqPCR at different
time points. C, Comparison of the Cdknla expression by gqPCR 2 hours after
electroporation with indicated sgRNAs and enrichment of Trp53 KO sequences
day 7. D, Trp53 KO and WT Hox cells (Cas9" and GFP™) were mixed 1:4 and
electroporated by different sgRNAs at the indicated doses (pmol x 100). Seven
days later, cells were collected and sequenced to determine the percentage of
Trp53 KO sequences. Data presented as heatmap based on the average signal,
n=3(B),mean £ SEM, n =3 (C), ormean and individual data, n = 3 (D). Data are
combined from three independently performed experiments (B-D). *, P < 0.05;
** P<0.07;***, P< 0.007; n.s., nonsignificant by Pearson r correlation and simple
linear regression line (C), or one-way ANOVA and Tukey posttest (D).

We concluded that (i) the ATM-CHEK2-p53-CDKN1A path-
way plays a nonredundant role in the CRISPR-mediated DDR
(Fig. 4K), (ii) cells with mutations in these tumor suppressor genes

A

could be enriched in a cell population as CRISPR is applied, and (iii)
a Trp53 siRNA can suppress the enrichment of the mutated cells to
a large degree.

Enrichment of sgRNAs targeting TP53 and a CRISPR-p53
interactome in full genome CRISPR screens of >800 human
cancer cell lines.

To expand our understanding of which mutations could be enriched
in a cell population as CRISPR is applied, we used the Depmap portal,
containing full genome CRISPR screen data of 808 human cell lines
(Public 20Q4 release), as well as baseline gene expression, mutation
status, and drug sensitivity data for a large proportion of the same cells.
Exploring the CRISPR screen data, we found that 103 of the 808
included cell lines (12.7%) enriched for TP53 sgRNAs as defined by an
enrichment score >1. Stratifying these cells based on TP53 mutation
status (WT or any type of mutation, making up 32.3% and 67.7% of the
cell lines respectively), we found that 94 of the 103 cell lines (91.3%)
that enriched for TP53 sgRNAs were confined to the TP53 WT group
(Fig. 5A). Anecdotally, we also noted that the cell line with the
strongest enrichment for TP53 sgRNAs, of the 808 included cell lines,
was a version of the RPE-1 cell line (Supplementary Table S8), which
has been used in a significant portion of previous publications related
to p53 and CRISPR (17, 40-42). We compared the TP53 sgRNA
enrichment to the sensitivity of the cells to p53 modulating drugs. We
found a clear correlation between TP53 sgRNA enrichment and the
sensitivity to AMG232 (Fig. 5B and C), as well as to Nutlin-3 and
CMGO097 (both with a similar mode of action as AMG232), but not, for
comparison, to the p53 inhibitor Pifithrin-yu (Supplementary Figs.
S8A-S8C). Taken together, we concluded that TP53 sgRNA enrich-
ment in the Depmap dataset could be used to identify cells where the
CRISPR-p53 pathway is active, and, as a consequence, that correlation
to TP53 sgRNA enrichment could identify factors relevant for the
pathway. Further supporting this concept, we found that TP53 sgRNA
enrichment correlated strongly with MDM2 sgRNA depletion, in line
with their opposing functionality (Fig. 5D). Performing the same type
of correlation analysis, but on a full genome basis, we identified a list of
genes where sgRNA enrichment (+) or depletion (—) correlated with
TP53 sgRNA enrichment (Fig. 5E; Supplementary Fig. S8D; Supple-
mentary Table S9). The gene list validated those we had identified in
our experimental data, as well as identified additional genes playing a
nonredundant TP53-related role in the CRISPR-mediated DDR.
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Figure 3.

CRISPR-mediated enrichment of mutations in Trp53 can be inhibited. A, Left, inhibitors used in A and B. Right, WT and Trp53 KO Hox cells (Cas9" and GFP™) were
mixed and transduced with a sgGFP virus in the presence of inhibitors. Cells were then cultured for 7 days, followed by quantification of the frequency of Trp53
mutations by sequencing. B, WT and 7Trp53 KO B16 cells were mixed and transduced with sgGFP virus in the presence of a selection of inhibitors. Cells were then
cultured for 7 days, followed by quantification of the frequency of Trp53 mutations by sequencing. Data are shown as mean and individual values, n = 4 (A and B).
Data are combined from two independently experiments performed in two duplicates (A and B). ***, P < 0.001 by one-way ANOVA and Tukey posttest (A and B).
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Figure 4.

CRISPR enriches for low-frequency mutations in tumor suppressor genes. A, Model d

escribing experimental setup. B=D, Hox cells (Cas9™ and GFP ') were transduced

witha custom CRISPR library and cultured for >14 days. Cells were then either exposed to CRISPR (sgGFP electroporation; B), AMG232 8 hours pulse (C), or etoposide
8 hours pulse (D). Cells were subsequently cultured for 7 days, the sQRNA representation analyzed by next-generation sequencing, and enrichment/depletion

deconvoluted by MAGeCK. E-H, Z scores of individual sgRNAs (n = 4/gene) for

Atm (E), Chek2 (F), Trp53 (G), and Cdknla (H) in WT and Trp53 KO Hox cells

treated with mock (electroporation without sgRNA), CRISPR (electroporation with sgGFP), AMG232, or etoposide (ETOP). I, Z scores of individual sgRNAs
(n = 4/gene) in Hox cells treated with Trp53 siRNA at the same time as being electroporated with sgGFP as described in A. J, Z scores of individual sgRNAs

(n = 4/gene) for genes linked to apoptosis. K, Model indicating genes playing a

nonredundant role in the DDR. Data presented as volcano plots with Z score

(log,-fold change) and adjusted P values (B=D) as calculated by MAGeCK, or mean and individual values for four sgRNAs from the exploratory screen (E=J).

*, P < 0.05; n.s., nonsignificant by Mann-Whitney test.

Analyzing the top 10 enriched and depleted genes using geneMANIA,
we noted a high level of physical interaction between the linked
proteins (Fig. 5E). Importantly, using an alternative analysis approach;
identifying genes where sgRNA enrichment/depletion correlated with
the TP53 mutation status of the cell lines (instead of TP53 sgRNA
enrichment, as in Fig. 5E), resulted in a list of genes with a large level of
overlap with the list in Fig. 5E (Supplementary Fig. S9; Supplementary
Table S10). On the basis of the overlap of these lists, and the
experimental data we highlight TP53, TP53BP1, CHEK2, ATM,
CDKN1A, USP28, UBE2K, XPO7 as a core CRISPR-p53 tumor
suppressor interactome, where cells with inactivating mutations or
silencing of these genes (something that is commonly found in cancers;
Supplementary Fig. S10; refs. 3, 4, 43-47) could be enriched in cell
populations as CRISPR is applied. Furthermore, cells with copy
number amplifications, overexpression, or activating mutations of
MDM2, PPM1D, MDM4, DDX31, USP7, PPM1G, WDR89, and TERFI
also observed in cancer (48-53), could similarly be enriched by
CRISPR. Further analysis additionally identified that mutations in
the CRISPR-p53 interactome are not mutually exclusive in a given cell,
and that the number of mutations of mutations of these genes are

AACRJournals.org

significantly enriched in cell lines that do not show TP53 sgRNA
enrichment. (Supplementary Fig. S11; Supplementary Table S11).

Gene expression patterns predicting if the CRISPR-p53 axis is
active in a cell

Finally, we explored if specific gene expression patterns could
predict if the CRISPR-p53 axis is active in a cell, and thus if the cell
would enrich for TP53 sgRNAs. On the basis of our data identifying a
central, nonredundant role for CDKNIA in the CRISPR-induced
response, we used the Depmap dataset to test if a strong baseline
expression of CDKNIA could predict if cells would enrich for TP53
sgRNAs. We found that cells that enrich for TP53 sgRNAs, with a few
exceptions, had a strong baseline CDKN1A expression (Fig. 6A and B),
whereas, for example, TP53 expression itself did not predict cells that
would enrich for TP53 sgRNAs (Fig. 6C and D). Correlating strong
baseline gene expression with TP53 sgRNA enrichment resulted in a
list of genes that, to a large extent, were identified as transcription
target genes for p53 (Fig. 6E; Supplementary Table S12), and these
genes were shown using geneMANIA to display a strong co-expression
pattern (Supplementary Figs. S12A-S12D). Notably, the gene set we
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Figure 5.

Enrichment of sgRNAs targeting TP53 and a CRISPR-p53 interactome in full
genome CRISPR screens of >800 human cancer cell lines. A, Enrichment score of
TP53 sgRNAs in 808 cell lines, stratified on the basis of the presence or absence
of any mutation in TP53. B, Correlation between the enrichment of TP53 sgRNAs
and AMG232 sensitivity. TP53 WT cells are indicated in red. C, Sensitivity to
AMG232 in cell lines stratified on the basis of 7P53 sgRNA enrichment.
D, Correlation between the enrichment of TP53 sgRNAs and MDM2 sgRNAs.
E, Left, top 10 genes with the strongest positive (+) and negative (—) correlation
with TP53 sgRNA enrichment from full genome CRISPR screens of 808 cell lines.
*, genes identified as transcription factor target genes for p53. Bold indicates
genes identified experimentally in Fig. 4. Right, physical interactions of genes in
E (left) defined by geneMANIA. + indicates genes that positively correlate, and
— indicates genes that negatively correlate with TP53 sgRNA enrichment. Data
include all available data in the Depmap CRISPR (Avana) 20Q4, Expression
Public 20Q4, as well as drug sensitivity (PRISM Repurposing Primary Screen)
19Q4 releases. Each dot represents one cell line (A-D), and the data are based on
n =808 (A, D, and E) n = 408 (B and C). Statistical analysis based on unpaired
t test (A and C), Pearson r correlation and simple linear regression line (D), and
calculated in Depmap (E).

identified by analyzing the 800 cell lines largely overlapped with
published gene expression patterns induced by CRISPR-mediated
DNA damage in specific cell lines (18, 54), as well as genes upregulated
in cancers WT for TP53 (55), including ZMA T3 linked to the activity of
p53 in c-Myc and Kras-driven tumors (56, 57). Furthermore, a tSNE
dimensional reduction analysis based on the expression of the top
10 genes identified that cells broadly clustered on the basis of TP53
mutation status and TP53 sgRNA enrichment (Fig. 6E; Supplementary
Fig. S12E). Interestingly, most of the cell lines that enriched for TP53
sgRNAs despite having TP53 mutations, as identified in Fig. 5A, also
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clustered with the TP53 WT cells based on the expression of the top
10 genes, suggesting that the specific mutations in those cell lines
do not abrogate the p53 function sufficiently to cause a phenotype,
or that they are misrepresented. Apart from CDKNIA, and partly
ZMATS3, the expression gene set list (Fig. 6E) does not overlap with
genes identified to play a nonredundant role in the CRISPR-p53
response (Fig. 5E; Supplementary Table S9). Also, knockout cells
of the two top hits; Eda2r and Ptchd4, behaved similarly to WT cells
in response to CRISPR in a mixed cell population (Supplementary
Figs. S12F and S12G). Taken together, these suggest that the
upregulated genes are predominately an indication of active
p53-mediated transcription in the cell, and not directly involved
in the CRISPR response.

Discussion

In this study, we set out to improve the potential clinical use of
CRISPR by exploring if, and how, cells with inactive p53 mutations are
enriched as CRISPR is applied to a cell population. In line with studies
by Happaniemi and colleagues (17) and Thry and colleagues (18), we
showed that cells with mutations in p53 are enriched as CRISPR is
applied (Fig. 1F), and additionally identified that the enrichment
correlates to the level of the induced DDR (Fig. 2), highlighting the
induction of CDKNIA expression as a relevant parameter in sgRNA
selection.

On the basis of our experimental data and analysis of the
Depmap database, we could expand the number of proteins playing
a nonredundant role in the CRISPR-induced DDR beyond p53, and
identify a core CRISPR-p53 interactome, with genes that display a
large level of physical interaction (Fig. 5E). This is of importance,
since mutations or duplications of the identified genes, most of
which are directly linked to cancer (44-53), have the potential to be
enriched as CRISPR is applied. It should also be noted that cells
infected with viruses that can suppress the p53 pathway also could
gain a competitive advantage in the CRISPR setting. Our findings,
thus, identify a set of genes that should be monitored in the clinical
CRISPR setting and represent potential drug targets to modify the
CRISPR-p53 response.

We observed that genes traditionally linked to p53-induced apo-
ptosis were not identified to play a significant nonredundant role in the
enrichment phenotype in either our experimental data, or the Depmap
data set. However, we found that the use of siRNAs/sgRNAs to target
pro-apoptotic Bakl and Bax simultaneously, could partly suppress the
enrichment of cells with TP53 mutations, but not when targeting
only one of the two genes (Supplementary Fig. S5), thus showing the
expected redundancy of these genes (39). In the CRISPR screen
setting, where one gene is targeted in each cell, only genes that play a
nonredundant role in a phenotype are identified, whereas processes
where multiple redundant genes performing similar functionality
are not identified. This could be seen as a drawback of our study,
and for any traditional CRISPR or KO study. However, redundant
genes are unlikely to be relevant as drug targets, and would not be
enriched by CRISPR, and are thus of less relevance for the scope of
this study.

Transient p53 inhibition has been proposed as a strategy to increase
CRISPR efficiency (17, 18) and to retain the functionality of targeted
cells (54, 58), without affecting genomic stability in the CRISPR
context (54). Importantly, we identify that transient p53 inhibition
using an siRNA, even when delivered at the same time as sgRNAs, can
limit the enrichment of mutations in the CRISPR-p53 tumor sup-
pressor interactome, including Chek2, Trp53, and Cdknla (Fig. 41). As
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Figure 6.

Gene expression patterns predicting if the CRISPR-p53 axis is active in a cell.
A, Correlation of TP53 sgRNA enrichment with baseline CDKNIA expression.
TP53 WT cells are indicated in red. B, Baseline CDKNIA expression in cells
stratified on the basis of the enrichment of TP53 sgRNAs. C, Correlation of TP53
sgRNA enrichment with baseline TP53 expression. TP53 WT cells are indicated in
red. D, Baseline TP53 expression in cells stratified on the basis of the enrichment
of TP53 sgRNAs. E, Left, top 10 genes with expression correlating with enrich-
ment of TP53 sgRNAs. *, genes identified as transcription factor target genes for
p53. Right, tSNE dimensionality reduction analysis of cell based on expression of
the 10 genesin E (left). Data include all available overlapping data in the Depmap
CRISPR (Avana) 20Q4, Expression Public 20Q4. Each dot represents one cell line
(A-D and E), n = 800. Statistical analysis based on unpaired t test (B and D) and
calculated in Depmap (E). n.s., nonsignificant.

such, our data adds an additional argument supporting the use of
transient p53 inhibition in the CRISPR setting. None of the other
tested inhibitors showed a robust ability to suppress the enrichment
of cells with Trp53 mutations, including Pifithrin-u and cyclic
Pifithrin-a, branded as p53 inhibitors. Several explanations for the
absence of activity of the Pifithrin inhibitors exist, include potential
stability issues, which could not be controlled for in our studies.
Still, our observation is in line with a growing concern challenging
the notion of Pifithrin molecules as broad p53 inhibitors (59).
Accordingly, there is a need to develop improved p53 inhibitors
for experimental and clinical use.
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Using the Depmap data sets with extensive characterization of >800
human cancer cells lines, we were additionally able to identify a diverse
baseline gene expression profile that predicted cells with an active
CRISPR-p53 axis (as defined by cells that enriched for TP53 sgRNAs in
a CRISPR screen setting, Fig. 6E). Interestingly, the baseline gene
expression pattern also discriminated p53 WT cells and cells with p53
mutations with unexpected resolution. In contrast to the genes iden-
tified in the CRISPR-p53 interactome (Fig. 5E), that have a large
degree of physical interaction, the genes identified to be upregulated in
cells WT for p53, as well as enriching for TP53 sgRNAs, showed a low
level of physical interaction and instead an extensive level of co-
expression and p53 transcriptional control. Taken together this sug-
gests that the expression of a panel of p53 target genes could be used as
a potentially relevant assay to predict how specific cells will respond to
p53-activating interventions.

The original observations leading to the identification of p53 were
related to transformation induced by the SV40 polyomavirus (60).
Although most focus in p53 research relates to cancer, it is noteworthy
that SV40 and other viruses have evolved mechanisms to suppress the
activity of p53, highlighting the diverse roles of p53. In this regard,
we found it interesting that our CRISPR studies in Hox bone
marrow cells suggested a role for type I IFN signaling, central to
antiviral responses, in the triggered DDR. Although not fully
explored here, we additionally identified that AMG232, and to
some extent CRISPR, triggers the upregulation of type I IFN
response genes in a completely p53 dependent matter (Supplemen-
tary Fig. S7A), which taken together experimentally links p53-
dependent DDR and stereotypical antiviral responses.

In conclusion, the presented study data provide important details
about p53 biology in the context of CRISPR-induced DNA damage
and identify strategies that could be implemented to enable safer
CRISPR use.
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