iIScience

¢? CellPress

OPEN ACCESS

Sex-biased genome-editing effects of CRISPR-
Cas? across cancer cells dependent on p53 status

—_—

p53

MDM2
MYC

«— CRISPR-Cas9

[ SOX9 FOXO4 (chrX) RYBP/PRC1 LEF1 jTF

l

\N:128 genes

s N
SUV39H1 APC2 PIK3CA
KDM4E KAT2B DNASET1 POLB

FANCB TLR7 FMR1

Enriched in perinuclear regionj

W

Sex-biased
Cas9 effect

a
updates.

Mengbiao Guo,
Yuanyan Xiong

guomengbiao@gmail.com
(M.G))
xyyan@mail.sysu.edu.cn (Y.X.)

Highlights

Large sex-biased
difference of Cas9
activities between cell
lines with wildtype and
mutant p53

>100 genes (including
MYC and PIK3CA) showed
knockout sex bias in
CRISPR-Cas9 screens

Four TFs (SOX9, FOXO4,
LEF1, and RYBP)
responsible for sex bias
effects of CRISPR-Cas9

Guo & Xiong, iScience 26,
107529

September 15, 2023 © 2023
The Authors.
https://doi.org/10.1016/
j.isci.2023.107529



mailto:guomengbiao@gmail.com
mailto:xyyan@mail.sysu.edu.cn
https://doi.org/10.1016/j.isci.2023.107529
https://doi.org/10.1016/j.isci.2023.107529
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.107529&domain=pdf

iIScience ¢? CellP’ress

OPEN ACCESS

Sex-biased genome-editing
effects of CRISPR-Cas? across
cancer cells dependent on p53 status

Mengbiao Guo'* and Yuanyan Xiong'?*

SUMMARY

The CRISPR-Cas9 system has emerged as the dominant technology for gene edit-
ing and clinical applications. One major concern is its off-target effect after the
introduction of exogenous CRISPR-Cas9 into cells. Several previous studies
have investigated either Cas9 alone or CRISPR-Cas9 interactions with p53.
Here, we reanalyzed previously reported data of p53-associated Cas9 activities
and observed large significant sex differences between p53-wildtype and p53-
mutant cells. To expand the impact of this finding, we further examined all
protein-coding genes for sex-specific dependencies in a large-scale CRISPR-
Cas9 screening dataset from the DepMap project. We highlighted the p53-
dependent sex bias of gene knockouts (including MYC, PIK3CA, KAT2B,
KDMA4E, SUV39H1, FANCB, TLR7, and APC2) across cancer types and potential
mechanisms (mediated by transcriptional factors, including SOX9, FOXO4,
LEF1, and RYBP) underlying this phenomenon. Our results suggest that the
p53-dependent sex bias may need to be considered in future clinical applications
of CRISPR-Cas9, especially in cancer.

INTRODUCTION

CRISPR-Cas9, an emerging powerful genome-editing system originated form bacteria, is known to interact
with p53."° This system can inactivate genes in a precise manner, relying on DNA breaks and repair, which
are mostly guarded by p53. Enache et al.® have recently demonstrated that the protein Cas9 alone can acti-
vate the p53 pathway and select for p53-inactivated mutants. Briefly, they investigated the effects of Cas?
introduction on cells at the mRNA and protein levels, especially for the p53 pathway, and they further
studied the differential Cas9 activities in cell lines with a wildtype (WT) or mutant (MUT) p53. They found
that Cas9 introduction will activate the p53 pathway and select p53-inactivating mutations in examined
cell lines. However, the potential sex bias of Cas? introduction has not been considered yet. p53 is
differentially regulated in both healthy and cancer samples between females and males.” Our recent
work also shows that p53 regulates the active X chromosome dosage compensation, but with different
effect sizes between sexes.® Importantly, some vital genomic regulators interacting with p53 are
encoded by genes on chromosome X, which contributed to the sex bias of p53 activity, especially in
cancer.” Here, we evaluated the potential sex bias of both Cas9 alone and CRISPR-Cas9 across cell types
systematically.

RESULTS "Key Laboratory of Gene
Engineering of the Ministry of

We found that the largest effects of many results shown by Enache et al. were from cell lines from female Education, Institute of

donors, including the largest fold-change of p53 activation (BT159: female), more DNA damage foci Healthy Aging Research,

X . s . . o School of Life Sciences, Sun
(MCF7: female), and the largest TP53-inactivating subclonal mutations expanding or shrinking (293T, Yat-sen University,
HCC1419, and OVK18: female, Figure 1A). In contrast, the difference of Cas? activity between p53-WT Guangzhou 510006, China
(wildtype) and p53-MUT (mutant) cells was larger in male (two-sided t-test, p = 3.1E-5, difference 2| ead contact
14.85%) than female lines (two-sided Wilcoxon-test, p = 0.021, difference 7.46%). The difference was *Correspondence:
much larger (p-value < 2e-16, see STAR Methods) in male compared with female cell lines (Figures 1B (Qih;l’%”‘)e”gb"aO@gma"l-com
and 1C). These observations clearly demonstrated significant sex bias of Cas9 functions in mammalian xyyan@mail sysu.edu.cn (Y.X)
cells. These results possibly reflect the sex-biased effects of Cas9? due to the differential functions and hitps://doi.org/10.1016/} isci.
regulations of p53 between sexes. 2023.107529
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Figure 1. Sex-biased activities of Cas9 across cell lines are dependent on p53 status
(A) TP53 allele fraction differences (y axis) after Cas9 introduction in various cell lines (x axis), colored by sexes.

(B) Comparison of Cas9 activities (y axis) between p53-WT and p53-MUT (x axis) in male cell lines (right) and in female cell lines (left).

Male

(C) Boxplots showing sex-biased (x axis) Cas9 activity difference (y axis) between p53-WT and p53-MUT cell lines shown in (B). (B and C) Data are represented
as median £ IQR in boxplots (bar, median; box, 25th and 75th percentile; whiskers, 1.5 times the interquartile range (IQR) of the lower and upper quartiles;

points, individual cell lines). Two-sided Wilcoxon-test.

Due to the potentially large-scale clinical usage of CRISPR-Cas? in the future in patients with various dis-
eases, sex-specific effects should be studied carefully and considered beforehand. However, we have
found no report discussing sex-biased CRISPR-Cas? knockout (KO) effects to date. We thus investigated
the potential p53 status-dependent sex bias in the CRISPR screening data from the DepMap’ project
(22Q4, https://depmap.org/portal/). Our rational is that if the CRISPR-Cas9 KO effect of a gene shows sig-
nificant sex bias and is p53 status-dependent, two scenarios may occur: (1) this sex difference can only be
detected within either p53-WT or p53-MUT cell lines; (2) the sex difference can be detected in both p53-WT
and p53-MUT cell lines but their magnitudes differ significantly. This study only aimed to propose the
concept of p53 status-dependent sex bias in CRISPR-Cas9 editing and provide basic evidence; therefore,
the second scenario was not considered here because it was more complex, although we believe it may
provide more significant genes and thus more insight.

First, we obtained a list of 65 genes showing significant p53-dependent sex-bias of KO effects (defined by
the depletion of guide RNAs [gRNA] after CRISPR-Cas? introduction into cells) by comparing CRISPR-Cas9
editing effect scores (calculated by the DepMap project) on genes between cell lines from male and female
donors for each tissue (Tables 1 and S1). Examples include DNASE1 (Deoxyribonuclease 1, female-biased),
POLB (DNA Polymerase Beta, male-biased), DFFA (DNA Fragmentation Factor Subunit Alpha, male-
biased), FANCB (Fanconi Anemia Group B Protein involved in DNA repair, female-biased), APC2 (Adeno-
matosis Polyposis Coli 2, female-biased), KAT2B (Histone Acetyltransferase PCAF, female-biased), and
KDMA4E (Lysine (K)-Specific Demethylase 4E, male-biased) (Figures 2A-2G). Eight of these 65 genes were
only identified by using genes (gene set 1, with less burden of multiple testing correction) whose products
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Table 1. PCSB genes that show significantly sex-biased effects in CRISPR-Cas9 screening experiments

p53 status Gene set Sex bias

Significant genes

WT PPI-p53 M
F

All M

MUT PPI-p53

ILK, PSMC4, RANBP2

AIFM1, CAPN6, EDA2R, FGF13, MYC, PIK3CA, PPEF1,
SUV39H1, TLR7

C170rf80, CCDC71, CCK, CCNL1, CLCN1, CLDN19, CNPY3,
CYP3A4, DCP1B, GPN2, JADE2, KDM4E, MOGAT3, MYL3,
NCK2, NFKBIL1, OSTN, PELI2, PHTF1, POLB, PTPA, SDCT1,
SIT1, SPRYD7, STRN4, TMEM178B, UGT1A5, ZNF138
ADGRG2, AKAP14, AKAP4, APLN, ARHGAP24, ARHGEF®6,
ARHGEF9, ART4, ASB11, AWATZ2, BEX1, CITED1, CNGAZ2,
COL4A5, COL4A6, CTPS2, CXCR6, CYLC1, DDX55,
DGAT2L6, DOHH, FAM210A, FANCB, FHL1, FKBPL, FMOS5,
FMR1, GUCY2F, GYG2, IL13RA2, INTS6L, IRS4, LHFPLT,
MAGEA8, MAGEC3, MANBAL, MAOB, MFF, MID1,
NEUROD4, NRK, NSMCE1, NUP153, PDZD11, PIR, PLP1,
PLPP4, PORCN, PRR32, PSG6, RAB39B, RAP2C, RMI1, RTL4,
RTL5, SAP30, SASH3, SH3BGRL, SLC25A28, SSX1, SSX3,
SYAP1, SYCEITL, SYTL5, TBC1D25, TENM1, TEDP3, TRPV2,
TXLNG, USE1, VPS53, ZNFA41

BAZ2B, DFFA, DUSP26, FEN1, PRKRA

DNASE1, KAT2B

All CFHR3, ECRG4, MEX3D, RHD

m T L

APC2, H2AC16, MID2, NACA2, SLC6A14

M: Male, F: Female.

with p53 protein-protein interactions (PPI, from the STRING database https://string-db.org/, see STAR
Methods for details), but not by using all protein-coding genes (gene set 2). Only eight of the 65 genes
were located on the X chromosome. Moreover, only 13 of the 65 genes were significant in p53-MUT
samples, including H2AC16 (HIST1H2AL, H2A Clustered Histone 16, female-biased), APC2, DFFA,
DNASE1, PRKRA (Protein Activator Of Interferon Induced Protein Kinase EIF2AK2/PKR, male-biased),
KAT2B, FEN1 (Flap Structure-Specific Endonuclease 1, male-biased). Moreover, we found sex-biased
KO effects in both p53-WT and p53-MUT cells, but not for TP53 (however, note that its negative regulator
MDM2 had a suggestive p-value of 0.0016 (two-sided t-test; male-biased) only in brain cells, which may help
explain the p53 activation results in brain tumor BT159.° Of note, the FANCB of the Fanconi Anemia (FA)
pathway has been identified to play a key role in CRISPR-Cas9 editing.'”

Moreover, we conducted a cross-tissue investigation of sex-biased gene editing effects after controlling for
tissue types, which resulted in another 64 significant genes (CNGA2 [Cyclic Nucleotide Gated Channel
Subunit Alpha 2] was also identified in single-tissue analysis above, female-biased), such as MYC (Myc
Proto-Oncogene Protein, female-biased), SUV39H1 (SUV39H1 Histone Lysine Methyltransferase, also
known as KMT1A, female-biased), FMR1 (Fragile X Messenger Ribonucleoprotein 1, female-biased),
PIK3CA (PtdIns-3-Kinase Catalytic Subunit Alpha, female-biased), and TLR7 (Toll Like Receptor 7,
female-biased) (Figures 2H-2K; Tables 1 and S1). Notably, only 3 out of 64 genes, MID2 (Midline 2,
RING-Type E3 Ubiquitin Transferase), CFHR3 (Complement Factor H Related 3), and SLC6A14 (Solute Car-
rier Family 6 Member 14), were identified as significant in p53-MUT samples (Figure 2K, note that DDX3X,
EIF1AX, RPS4X, ZFX, MAGEH1, and VBP1 were excluded because they were identified as significant in both
p53-WT and p53-MUT samples), consistent with the single-tissue analysis results above. In contrast to
single-tissue analysis, 52 out of 64 genes were located on chromosome X (Table S1). Interestingly, p53
can regulate MYC in various ways and vice versa.''~'® The function of MYC was controlled by the androgen
receptor (AR)/p53 axis,'® and by DDX3Y in male of MYC-driven lymphomas with DDX3X-inactivation.'”
Additionally, MYC is a direct target of APC (WNT Signaling Pathway Regulator), the paralog of APC2

from the 64 genes.”
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Figure 2. Sex-biased gene editing effects by CRISPR-Cas9 in cancer cells are dependent on p53 status
(A-G) Boxplots showing PCSB genes with sex-biased KO effects in CRISPR-Cas9 screening in a specific cancer cell type with (TP53-MUT) or without (TP53-
WT) p53-inactivating mutation. Dots represent samples and were colored by sex. Two-sided t-test. Data are represented median + IQR in boxplots (bar,
median; box, 25th and 75th percentile; whiskers, 1.5 times the IQR of the lower and upper quartiles; points, individual cell lines). Two-sided Wilcoxon-test.
(H-K) Volcano plots showing significantly sex-biased CRISPR-Cas9 KO effects (y axis: p-values, x axis: gene editing effect differences) across cancer types
with TP53-MUT (H, J) or TP53-WT (I, K), based on genes encoding proteins interacting with p53 only or all protein-coding genes. The ten most promising
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Figure 2. Continued

genes to show sex bias, ranked by nominal p-values, were labeled. Dashed blue lines represent significance cutoff after multiple testing correction by
false discovery rate (FDR).

(L) Barplots showing the significance of enrichment in targets of four transcription factors (TFs, including RYBP, SOX9, FOXO4, and LEF1) or in perinuclear
regions for p53-dependent sex-biased genes of CRISPR-Cas9 editing.

To further reveal the potential mechanism of p53 regulating Cas? activities in human cells, we performed
functional enrichment analysis for all these 128 significant genes with p53-dependent CRISPR-Cas? sex bias
(termed PCSB genes). We observed that they were enriched in perinuclear regions (p = 5.0e-6, reported by
the webserver of ToppGene,”’ https://toppgene.cchmc.org/enrichment jsp) and in target genes of four
transcription factors (TF): LEF1 (p = 3.7e-5, reported by the webserver of ToppGene; Lymphoid Enhancer
Binding Factor 1), FOXO4 (p = 1.9e-4; Forkhead Box O4), SOX9 (p = 3.0e-4; SRY-Box Transcription Factor
9), and RYBP (p = 4.4e-4; RING1 And YY1 Binding Protein) (Figure 2L). We believe these TFs are potential
drivers of the sex bias studied in this work.

Three of the four TFs were directly linked to sex or sex chromosomes. First, the gene encoding FOXO4 is
located on chromosome X. FOXO4 has PPl interaction with p53?>?® and also MDM2 (Mouse Double Minute
2), the prime E3 ligase for p53.7“?® Moreover, PIK3CA is the catalytic subunit of PI3K and FOXO4 is a down-
stream effector of the PI3K/AKT pathway.”® Second, RYBP is a component of the Polycomb group (PcG)
protein complex 1 (PRC1) that mediates the histone modification of H2AK119ub and is required for X chro-
mosome inactivation (XCl) in females.”” RYBP can stabilize p53 by modulating MDM2.7% Third, SOX9 on
chromosome 17 is a direct target of SRY (Sex-Determining Region Y) and, together with its distal enhancer,
is critical in mammalian sex determination.”” SOX9 can regulate MYC expression by interacting with
FOXC1.%° The remaining TF, LEF1, can be induced by MYC to activate the WNT pathway and sustain
cell proliferation.’ LEF1 can also activate MYC or CCND1 to enhance pancreatic tumor cell
proliferation. >

Of note, p53 can negatively regulate SUV39H1 to remodel H3K9me3-marked constitutive heterochromatin
by recruiting HP1,*** while SUV39H1 is functionally linked with PRC1.>* MYC is also an important interactor
with another PRC1 subunit YAF2 (YY1 Associated Factor 2).>” Consistently, a recent study reported higher
activity of CRISPR-Cas9 in active chromatin than in heterochromatin regions,* therefore, it is possible that
p53-dependent sex-biased CRISPR-Cas? activity was mediated by chromatin remodelers, such as PRCT,
SUV39H1, KAT2B, and KDM4E.

Finally, a recent report reported both CRISPR-specific differentially essential positive (CDE+) and CDE-
genes dependent on TP53 or KRAS.*” We found that PCSB genes were in both TP53-dependent CDE+
genes (CCNL1, FAM210A, MOGAT3, and FKBPL) and CDE-genes (NEURODA4), and in KRAS-dependent
CDE-genes (PELI2, NACA2, and RMI1) reported by Sinha et al.>” More importantly, we have detected
sex bias in genes of potential CRISPR-selected cancer drivers (CCD) similar to TP53 from the same studyiw
These genes include PIK3CA (FDR = 3.2e-29 as reported by Sinha et al.) and the paralog of APC2 (APC,
FDR = 0.1) from our PCSB genes. Interestingly, SOX9 (FDR = 2.5e-9 as reported by Sinha et al., one of
the four TFs with targets enriched in our PCSB genes) was also among their CCD genes.

DISCUSSIONS

We summarized our findings and proposed potential mechanisms that p53 can affect CRISPR-Cas9 effects
in mammalian cells (Figure 3). Collectively, our work demonstrates the potential sex-biased gene editing
effects both at the genome-wide level based on Cas9 itself and for specific genes based on CRISPR-
Cas9 screening results. We suggest that the sex bias effect may need to be considered in future clinical
applications (e.g., targeting MYC, PIK3CA, APC2, FANCB, KAT2B, KDM4E, TLR7, and SUV39H1 from our
PCSB genes), especially in cancer, when using CRISPR-Cas? and potentially other Cas protein systems.

Limitations of the study

Although this analysis presents many interesting new findings based on large-scale screening datasets of
Cas? alone or the CRISPR-Cas? system, we did not perform experimental work to support our findings.
Moreover, we note considerable difference between analysis results based on two recent versions of
DepMap, 20Q4 and 22Q2, which may reflect both the impact of dramatic expanding the number of cell
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Figure 3. The proposed working model showing potential mechanisms p53 status can affect CRISPR-Cas9 editing
effects differently between sexes in mammalian cells

p53 may affect CRISPR-Cas9 in a sex-dependent way either directly by regulating some of the sex-biased genes or
indirectly by regulating four TFs, SOX9, FOXO4, RYBP, or LEF1, which may in turn be mediated by MDM2 or MYC.

lines and the large heterogeneity of cell lines within each lineage, and therefore, experimental follow-up
work is needed.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Deposited data

CRISPR-Cas9 gene KO effects DepMap, 22Q4 https://depmap.org
Genes with p53 PPI STRING database https://string-db.org

Software and algorithms

Rv3.6.3 R project https://cran.r-project.org

ggpubr v.0.4.0 N/A https://rpkgs.datanovia.com/ggpubr

ggplot2 v3.3.0 N/A https://ggplot2.tidyverse.org

ToppGene Cincinnati Children’s Hospital https://toppgene.cchme.org/enrichment.jsp
Medical Center

limma v3.42.2 Gordon Smyth http://bioinf.wehi.edu.au/limma

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact Yuanyan Xiong (xyyan@mail.sysu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® This paper analyzes existing, publicly available data. These accession numbers for the datasets are listed
in the key resources table. All datasets are available within the article or its supplemental information.
DepMap data were downloaded from https://depmap.org/. Protein-protein interactions with TP53
were downloaded from STRING (http://string-db.org/).

® This paper does not report original code. Any additional information required to reanalyze the data re-
ported in this paper is available from the lead contact upon reasonable request.

METHOD DETAILS

Data collection, preprocessing, and summary

We obtained processed data of gene editing KO effects for CRISPR screening, gene mutations from Can-
cer Cell Line Encyclopedia (CCLE), and all cell line information from the DepMap project (22Q4, https://
depmap.org/portal/). CRISPR KO effects were defined by the depletion of guide RNAs (gRNA) after
CRISPR-Cas? introduction into cell lines followed by sequencing and were calculated by comparing
gRNA numbers in the initial cells at the beginning with those in the cells cultured for a period of time.
Cell lines (excluded if with ‘unknown’ sex information) were separated into two groups by p53 status,
p53-WT and p53-MUT (with p53 non-silent mutations as defined in the Enache et al. study). For both
p53 groups, cell lineages with >10 samples (at least 3 samples for both males and females) were retained
for downstream analysis. First, we tested the sex-biased KO effects in each cell lineage for a list of 2,007
genes (termed ‘gene set 1) encoding proteins interacting with p53, obtained from the PPl database
STRING (https://string-db.org/) by requiring interaction confidence scores larger than 400. Then, we
extended the test to all genes (n = 17,454, termed ‘gene set 2') screened by DepMap. Differential KO
effects between sexes for each tissue were compared by two-sided t-test. Cross-tissue sex-biased KO
effects were obtained by applying limma"® to KO effects of all cell lines (excluding those from sex-specific
tissues: breast, cervix, ovary, prostate, uterus) at the same time, with sex and tissue type as covariables.
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Of note, seven genes (EDA2R, MYC, PIK3CA, PPEF1, PSMC4, SUV39H1, and TLR7) were identified as sig-
nificant based on both ‘gene set 1" and 'gene set 2', and only annotated as genes whose protein products
with p53 PPIl. Moreover, five genes (DDX3X, EIF1AX, RPS4X, ZFX, MAGEH1, and VBP1) showed significant
CRISPR-Cas? sex bias in both p53-WT and p53-MUT samples and were excluded. Among them, DDX3X,
EIF1AX, and ZFX are functionally linked with their paralogs encoded by the Y chromosome in males
(DDX3Y, EIF1AY, and ZFY, respectively)“'42 and escape X inactivation in females.”® The potential loss of
chromosome Y in some male samples or reactivation of chromosome X in some female samples may
explain these results.

Number of cell lines for each tissue used in the CRISPR-Cas? analysis were as following: bile_duct (n = 20),
blood (n = 49), bone (n = 25), central_nervous_system (n = 66), colorectal (n = 46), esophagus (n = 30), eye
(n =7), gastric (n = 27), kidney (n = 20), liver (n = 22), lung (n = 125), lymphocyte (n = 34), pancreas (n = 41),
peripheral_nervous_system (n = 24), plasma_cell (n = 18), skin (n = 52), soft_tissue (n = 27), thyroid (n = 13),
upper_aerodigestive (n = 51), urinary_tract (n = 28). The subgroup numbers regarding to p53 status (WT or
MUT) and sex (male or female) were shown in Table S2.

Enrichment analysis

Functional enrichment analysis of significant genes with sex bias of CRISPR-Cas9 editing (PCSB genes) was
performed by using the web server of ToppGene (https://toppgene.cchmc.org/enrichment.jsp), which
used 26,918 and 20,915 genes as the background for enrichment of “transcription factor binding sites”
and “cellular component”, respectively, by default.”’

QUANTIFICATION AND STATISTICAL ANALYSIS

Throughout this study, p-values were corrected for multiple testing by the Benjamini & Hochberg (or false
discovery rate, FDR) correction® by using the R function p.adjust. Adjusted p-values smaller than 0.2 were
considered significant and raw p-values less than 2e-3 were considered suggestive. All analysis and visual-
izations were performed using R language (http://www.r-project.org/). Data are presented as median +
interquartile range (IQR). The level of significance was indicated by the p value. Bootstrapping was used
to assess significance of the sex-bias of Cas9 activity differences between MUT and WT p53 cell lines. A
total of 100 random samples were obtained from Cas9 activities of cell lines, and Cas9 differences for
each sex between MUT and WT p53 were calculated for each random sample.
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