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CRISPR-Cas9-mediated genome editing in sheep is of great use
in both agricultural and biomedical applications. While tar-
geted gene knockout by CRISPR-Cas9 through non-homolo-
gous end joining (NHEJ) has worked efficiently, the knockin
efficiency via homology-directed repair (HDR) remains lower,
which severely hampers the application of precise genome
editing in sheep. Here, in sheep fetal fibroblasts (SFFs), we opti-
mized several key parameters that affect HDR, including ho-
mology arm (HA) length and the amount of double-stranded
DNA (dsDNA) repair template; we also observed synchroniza-
tion of SFFs in G2/M phase could increase HDR efficiency.
Besides, we identified three potent small molecules, RITA,
Nutlin3, and CTX1, inhibitors of p53-MDM2 interaction,
that caused activation of the p53 pathway, resulting in distinct
G2/M cell-cycle arrest in response to DNA damage and
improved CRISPR-Cas9-mediated HDR efficiency by 1.43- to
4.28-fold in SFFs. Furthermore, we demonstrated that genetic
knockout of p53 could inhibit HDR in SFFs by suppressing
the expression of several key factors involved in the HDR
pathway, such as BRCA1 and RAD51. Overall, this study
offers an optimized strategy for the usage of dsDNA repair
template, more importantly, the application of MDM2 antago-
nists provides a simple and efficient strategy to promote
CRISPR/Cas9-mediated precise genome editing in sheep pri-
mary cells.
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INTRODUCTION
The clustered regularly interspaced short palindromic repeats/
CRISPR-associated protein 9 nuclease (CRISPR-Cas9) system has
recently emerged as a powerful tool that allows targeted and efficient
modification of eukaryotic genomes, which drives a revolution in bio-
logical research and holds immense promise to transform biotech-
nology, medicine, and agriculture.1 This system is composed of a
Cas9 endonuclease and a bifunctional single guide RNA (sgRNA),
This is an open access article under the CC BY-NC-
which directs the Cas9 protein to the complementary target site
located upstream of a requisite 50-NGG protospacer adjacent motif
(PAM) sequence. Binding of the PAM and a matching target then
triggers Cas9 nuclease activity, leading to a site-specific genomic dou-
ble-stranded break (DSB) in many eukaryotic organisms.2–4 The re-
sulting DSB can be repaired by one of the two major DNA damage
repair (DDR) pathways: the error-prone non-homologous end
joining (NHEJ) or the error-free homology-directed repair (HDR)
pathway. The NHEJ pathway generates stochastic insertions or dele-
tions (indels) at the DSB, which is an effective and useful way of dis-
rupting a gene of interest. However, NHEJ-mediated genome editing
is not a reliable technique to generate precise genomic modifications
because indels are unpredictable byproducts of it. Alternatively, the
HDR pathway occurs in the presence of a homologous chromosome
or exogenous DNA template at the DSB site, leading to precise dele-
tions, insertions, or point mutations of interest. Such seamless mod-
ifications are desired for precise genome editing.5–8 Unfortunately,
unlike NHEJ, which can operate throughout all phases of the cell cy-
cle, HDR is largely restricted to late S and G2 phases when a sister
chromatid is present, which can be used as the repair template to
restore the lost genetic information.9 Moreover, NHEJ and HDR
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are competing processes, and in most conditions, NHEJ usually tri-
umphs over HDR. The efficiency of gene knockout mediated by
CRISPR-Cas9 can now reach up to 100% in mammalian cells and
embryos.10,11 By contrast, the efficiency for the CRISPR-Cas9-medi-
ated precise introduction of an exogenous fragment varies widely be-
tween loci and cell types. For instance, in hematopoietic stem and
progenitor cells (HSPCs), human pluripotent stem cells (hPSCs),
and T cells, many groups achieved >40% of gene knockin effi-
ciency.12–17 However, in some cell types, such as the primary fibro-
blasts, the HDR efficiency was typically quite low.8,18 Therefore, there
is still a tremendous interest in further improving CRISPR-Cas9-
mediated precise genome editing.

Multiple strategies have been developed to enhance the CRISPR-
Cas9-mediated HDR efficiency. Genetic or chemical suppression of
the key molecules in the NHEJ pathway such as KU70, KU80, and
DNA ligase IV by short hairpin RNA (shRNA)-mediated gene
silencing or inhibiting DNA-PKcs using small molecules has been
shown to stimulate CRISPR-Cas9-mediated HDR.19–22 As an alterna-
tive strategy to inhibiting the NHEJ pathway, the administration of
RS-1 or over-expression of RAD51, which is crucially involved in
HDR, also had a considerable effect.23,24 In addition, several studies
developed a high-throughput chemical screening platform to identify
potential small molecules capable of enhancing precise genome edit-
ing, enabling an approximately 3-fold increase of efficiency for large
fragment insertions and point mutations.25,26 Likewise, recent studies
have identified that HDR could be enhanced by optimizing the design
of the donor DNA template, particularly the use of single-stranded
oligo DNA nucleotide (ssODN) rather than dsDNA as a donor
template, or a double cut HDR donor, which is flanked by sgRNA-
PAM sequences and is released after CRISPR-Cas9 cleavage.27,28

Moreover, other approaches such as the use of a targeted marker
gene, use of NHEJ for integration, use of the Cas9-avidin/biotin-
donor DNA system, and over-expression of a key gene that regulates
apoptosis also enable precise genetic modifications to be achieved
more efficiently.29–32

Sheep are one of the most economically important forms of livestock,
offering various high-quality products. Beyond wool, meat, and milk,
genetically modified sheep have often been chosen as a large animal
model in biomedical research due to their anatomy, physiology,
and immunology being similar to those of humans, including for hu-
man vaccine development, asthma pathogenesis and treatment, the
study of neonatal development, and the optimization of drug delivery
and surgical techniques.33 In this study, we intended to select MSTN
and FGF5 as target genes to conduct in-depth studies on CRISPR-
Cas9-mediated genome editing due to their significance for affecting
muscle and wool of sheep. MSTN is a member of the transforming
growth factor b (TGF-b) superfamily that negatively regulates muscle
mass. Naturally and manually induced mutations of MSTN cause an
approximately 20% increase of muscle mass in many species, such as
cattle,34 dog,35 and mice.36 FGF5 is a member of the fibroblast growth
factor (FGF) superfamily that negatively regulates hair growth. Natu-
rally occurring FGF5mutations in cat,37 donkey,38 and human39 have
310 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
been shown to cause a pronounced increase in hair growth. Although
the CRISPR-Cas9 system has recently provided a robust approach for
sequence-specific gene knockout through NHEJ in the sheep genome,
for the HDR-mediated precise manipulation of the sheep genome,
there is a problem of inefficiency to be overcome,40 limiting the devel-
opment of sheep breeding and the application of sheep models for
human disease research. Therefore, in this study, to enhance HDR,
enabling more efficient precise genome editing in sheep fetal fibro-
blasts (SFFs), which are the major nuclear donors in the generation
of genetically modified cloned sheep through somatic cell nuclear
transfer (SCNT),41 we optimized several key parameters that affect
HDR, such as the homology arm (HA) length and the amount of
dsDNA repair template; we also assessed the impact of cell-cycle stage
on HDR. Moreover, we tested three potent small molecules, RITA,
Nutlin3, and CTX1, antagonists of the E3 ubiquitin ligase MDM2,
which binds to the N-terminal transactivation domain of p53, inhib-
iting p53 transcriptional activity, or targeting p53 for proteasome-
mediated degradation.42,43 We found that treatment with these
antagonists could activate the p53 pathway and improve HDR effi-
ciency by up to 4.28-fold, providing a simple and efficient strategy
for precise genome editing in SFFs.

RESULTS
Establishing an efficient transfection system and determining

the cleavage efficiencies of MSTN and FGF5 sgRNAs in SFFs

The low transfection efficiency of primary cells has always restricted
genome editing research in large animals. In this study, to achieve
higher transfection efficiency, we compared two different transfection
strategies, lipofection and nucleofection. At 48 h after transfection
with the pEGFP-N1 plasmid, the transfection efficiency of conven-
tional lipofection of the SFFs was only 10.67% ± 0.15% as determined
by flow cytometry, while the efficiency of nucleofection was as much
as 95.07% ± 0.29% (Figures 1A and 1B). In addition, the viability of
SFFs subjected to nucleofection did not show any significant differ-
ence compared with the lipofection group (Figure S1A). Thus, we
chose the nucleofection method for the follow-up experiments.

In this study, for the third exon of the sheep MSTN and FGF5 genes,
we designed one sgRNA each (Figures 1C and 1D) and then cloned
the two sgRNA sequences into the pX330 plasmid. After the SFFs
had been nucleofected with the pX330-MSTN or pX330-FGF5
plasmid, TA cloning and Sanger sequencing assays revealed that
the mutation rates were 14.7% and 25% (Figures 1E, 1F, S1B, and
S1C), respectively, suggesting that the designed MSTN and FGF5
sgRNAs work well.

Optimizing conditions and identifying potential enhancers for

efficient HDR in SFFs

We next aimed to optimize several key parameters that affect HDR,
such as the HA length and the amount of repair template, for
enhancement of HDR efficiency at the MSTN locus in SFFs. To
evaluate the HDR efficiency, we constructed a fluorescent reporter
knockin system in SFFs (Figure 2A). In brief, after 48 h of co-trans-
fection (pX330-MSTN plasmid and MSTN-T2A-EGFP repair
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Figure 1. Establishing an efficient transfection system and determining the cleavage efficiencies of MSTN and FGF5 sgRNAs in SFFs

(A) Fluorescence expression in SFFs transfected with the pEGFP-N1 plasmid by the indicated methods. (B) Determination of the efficiencies of lipofection and nucleofection

by flow cytometry at 48 h post transfection. (C and D) Schematic of sgRNAs specific to exon 3 of the sheepMSTN and FGF5 loci. The CRISPR RNA (crRNA) sequences are

indicated in red typeface and the PAM in blue. Primers #1 and #2were designed for PCR amplification of the region around the targeted sites to detect the indel frequencies of

MSTN and FGF5 genes, respectively. (E and F) TA cloning and Sanger sequencing analysis of the mutation types and efficiencies detected in the pX330-MSTN or pX330-

FGF5 plasmid-transfected SFFs. Deletions are indicated by a dashed line (�), and newly added nucleotides are highlighted in green. The colony numbers are surrounded by

brackets.

www.moleculartherapy.org
template), sequencing results confirmed the correct integration of
T2A-EGFP at theMSTN locus in SFFs (Figures 2B and S2A); flow cy-
tometry results verified the effectiveness of the fluorescent reporter
system. In other words, the EGFP+ cell population did not represent
auto-fluorescent dead/dying cells (Figure S2C). What’s more, while
maintaining a constant amount of repair template (1 pmol), with
the increase of HA from 50 to 500 bp, the HDR efficiency remained
low, and a further increase to 750 and 1,000 bp led to significant in-
creases in HDR efficiency (Figures 2C, 2D, and S2D), suggesting that
a minimumHA length of 750 bp is required for efficient HDR in SFFs.
While maintaining a constant HA length (500 bp), the HDR effi-
ciency was not proportional to the amount of repair template. In
fact, the HDR efficiency initially elevated as the amount of repair tem-
plate increased, with highest efficiency at 6 pmol, and then almost re-
mained unchanged afterward (Figures 2E, 2F, and S2E), suggesting
that the optimal amount of repair template is 6 pmol for efficient
HDR in SFFs.

Besides optimization of the aforementioned conditions affecting
HDR, we also sought to find a simple and efficient strategy to improve
the HDR efficiency. Several small molecules have been reported as
HDR-mediated precise genome editing enhancers through different
mechanisms,21,24,25 such as SCR7. We thus investigated whether
SCR7 has a notable effect in SFFs as well and tried novel small
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 311
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molecules to enhance HDR efficiency. In this study, we investigated
three kinds of potential enhancers, including chemical inhibitors of
NHEJ (SCR7, PIK-75,44 SF-2523,45 CC-11546), an inhibitor of p53
(pifithrin-b47,48), and several compounds, or cytokines that promote
DDR (nicotinamide,49 interleukin-10 [IL-10],50 Ca2+51). We also used
the T2A-EGFP system to evaluate the effect of the above-mentioned
eight potential enhancers on CRISPR-Cas9-mediated HDR efficiency
(Figure 2A). After transfection of the MSTN-T2A-EGFP with
1,000 bp HA (6 pmol) and the pX330-MSTN plasmid, varying con-
centrations of these eight potential enhancers were added into the cul-
ture medium. After 48 h of administration, flow cytometry analysis
showed that the HDR efficiency in the presence of 10 mM SCR7
was improved. However, nicotinamide, Ca2+, IL-10, SF2523, CC-
115, and PIK-75 did not show significant improvement in HDR
efficiency (Figures 2G, 2H, and S2F–S2H). Interestingly, the HDR ef-
ficiency had even declined remarkably when dealing with various
concentrations of pifithrin-b (p53 inhibitor), suggesting that p53
may be functionally involved in the HDR pathway in SFFs.

MDM2 antagonists promote CRISPR-Cas9-mediated precise

genome editing in SFFs

The HDR-weakening effect of p53 inhibitor aroused our curiosity,
and we hypothesized that the activation of p53 could potentially
improve HDR efficiency. To test this idea, we chose three small-mole-
cule inhibitors of the p53-MDM2 interaction, including RITA, which
binds the MDM2-interacting N terminus of p53 to prevent MDM2-
mediated degradation, and Nutlin3 and CTX1, which directly bind
MDM2 to prevent p53-MDM2 complex formation,42,43 and we
used the T2A-EGFP system to conduct precise genome editing in
SFFs at the MSTN and FGF5 loci to investigate their effects on
CRISPR-Cas9-mediated HDR (Figures 2A and 3A). First, we deter-
mined the cell viability of the pX330-MSTN plasmid and MSTN-
T2A-EGFP with 1,000 bp HA repair template-transfected SFFs after
exposure to different concentrations of RITA, Nutlin3, and CTX1 to
assess the cytotoxicity of the three MDM2 antagonists. MTT results
showed that Nutlin3 and CTX1 exhibited relatively mild cytotoxicity,
and RITA demonstrated relatively severe cytotoxicity in high concen-
tration (Figure S3A). Next, 10 mM pifithrin-b, 10 nM RITA, 10 mM
Nutlin3, and 1.5 mMCTX1 were added into the culture medium indi-
vidually or in combination after SFFs were transfected with the
pX330-MSTN/FGF5 plasmid and MSTN/FGF5-T2A-EGFP with
1,000 bp HA repair template. qPCR was performed at 24 h post trans-
fection to detect the mRNA levels of two key factors of the p53
pathway, including p21 (up-regulation) and Cdc25C (down-regula-
tion),52 to examine whether the p53 pathway was activated in the
Cas9/MSTN sgRNA/HDR/MDM2 antagonist-treated cells. The re-
sults showed that the expression level of p21 mRNA was obviously
improved in RITA-, Nutlin3-, and CTX1-treated cells (Figure 3B),
suggesting that the p53 pathway was activated upon MDM2 antago-
nist treatments in SFFs. Besides, as expected, Cdc25C mRNA expres-
sion was remarkably reduced in Nutlin3- and CTX1-treated cells,
whereas RITA treatment slightly up-regulated Cdc25C mRNA
expression in SFFs, which might result from these three molecules
binding to different target sites and triggering different signal trans-
312 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
duction pathways. Furthermore, at 48 h post transfection, we
observed that T2A-EGFP was precisely inserted into the FGF5 locus
in SFFs (Figures S2B and S3B). We also found that, similar to Fig-
ure 2H, flow cytometry results showed that pifithrin-b, the p53 inhib-
itor, decreased the efficiency of T2A-EGFP insertion by about 25%
compared with that in DMSO-treated control cells at the MSTN
and FGF5 loci. Conversely, MDM2 antagonists significantly increased
the efficiency of T2A-EGFP insertion in SFFs. In particular, treatment
with the mixture of RITA, Nutlin3, and CTX1 greatly improved the
HDR efficiency by 3.25-fold (Figures 3C–3F, S3C, and S3D). Mean-
while, we further performed karyotype analysis and whole-genome
sequencing (WGS) in the Cas9/MSTN sgRNA/HDR/MDM2 antago-
nist-treated SFFs to detect the potential genotoxic activity of RITA,
Nutlin3, and CTX1 and observed that the number (54), morphology,
and integrity of chromosome were all normal (Figure S4A); the num-
ber of single-nucleotide polymorphisms (SNPs) and indels did not
show obvious increase following treatments with RITA, Nutlin3,
and CTX1 alone or the small-molecule mixture (Figure S4B). Collec-
tively, these results suggest that MDM2 antagonists can promote
HDR in SFFs without genotoxic effect.

MDM2 antagonists promote CRISPR-Cas9-mediated

generation of knockin SFF lines

Encouraged by the HDR-enhancing effect of MDM2 antagonists, we
applied them for the generation of mCherry knockin SFF lines without
drug selection (Figure 4A). After nucleofection of the pX330-MSTN
plasmid and CMV-mCherry-pA with the 1,000 bp HA donor tem-
plate, SFFs were firstly incubated with RITA (10 nM) and Nutlin3
(10 mM) for 48 h, then 576 single cells were picked up and cultured
in 96-well plates with fresh medium. After 15 days of cell culture,
we identified the occurrence of knockin at the MSTN locus by the
observation of mCherry-positive single-cell colonies and genotyping
(Figures 4C and 4D). DMSO-treated cells were used as control. We
found that combined use of RITA and Nutlin3 could generate 7.45%
of mCherry knockin SFF lines, and there was a 4.28-fold increase
compared with the DMSO-treated group (1.74%). Interestingly, treat-
ment with pifithrin-b (10 mM), the inhibitor of p53, decreased the
knockin efficiency (1.06%) once again (Figure 4B). These results sug-
gest that MDM2 antagonists have a prominent application in the effi-
cient generation of knockin SFF lines using the CRISPR-Cas9 system.

Effect of cell-cycle stage on HDR efficiency in SFFs

The tumor suppressor p53 is a powerful transcription factor that plays
a central role in the regulation of cell cycle, which mainly determines
the choice of the DSB repair pathway.8,53 In light of this, we next as-
sessed whether treatment withMDM2 antagonists trigger cell-cycle ar-
rest, as well as the effect of cell-cycle phase on CRISPR-Cas9-mediated
HDR in SFFs. After co-transfection of the pX330-MSTN plasmid and
MSTN-T2A-EGFP with the 1,000 bp HA donor template, SFFs were
treated with 10 mM pifithrin-b, 10 nM RITA, 10 mM Nutlin3, and
1.5 mMCTX1, respectively, and we analyzed the cell-cycle distribution
by flow cytometry at 24 h post transfection. Compared with the mock
group, treatment with MDM2 antagonists induced distinct G2/M
phase arrest upon CRISPR-Cas9-mediated DNA damage in SFFs,
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Figure 2. Optimizing conditions and identifying potential enhancers for efficient HDR in SFFs

(A) Schematic of the targeting strategy for knockin T2A-EGFP with HA in the length range of 50–1,000 bp to the sheepMSTN locus. The T2A-EGFP repair dsDNA templates

were amplified from the MSTN donor plasmid by PCR. (B) Sanger sequencing of the 50 and 30 junction regions (T2A-EGFP) upon correct targeting at the MSTN locus. The

intentionally added cytosine (C) is marked in gray, and the termination codon (TAA) of EGFP gene is marked in brown. (C) FACS analysis of EGFP-positive cells at 48 h after

transfection of the pX330-MSTN plasmid andMSTN-T2A-EGFP with 50, 100, 300, 500, 750, or 1,000 bp HA repair template into SFFs. A representative FACS result of each

length is shown. The cells transfected with the pX330-MSTN plasmid alone, or with MSTN-T2A-EGFP with the 0 bp HA repair template alone, were used as a negative

control. (D) Effect of the HA length on HDR efficiency at the MSTN locus in SFFs. (E) FACS analysis of EGFP-positive cells at 48 h after transfection of the pX330-MSTN

plasmid and different amounts of MSTN-T2A-EGFP with the 500 bp HA repair template into SFFs. A representative FACS result of each amount is shown. The cells

transfected with the pX330-MSTN plasmid alone, or with MSTN-T2A-EGFP with the 500 bp HA repair template (1 pmol) alone, were used as a negative control. (F) Effect of

the amount of repair template on HDR efficiency at theMSTN locus in SFFs. (G) FACS analysis of EGFP-positive cells at 48 h after transfection of the pX330-MSTN plasmid

andMSTN-T2A-EGFPwith 1,000 bp HA (6 pmol) into SFFs. Representative HDR efficiency of samples treated with 0.1%DMSO, 20 mMnicotinamide, 1.4mMCa2+, 5 ng/mL

IL-10, 10 mMpifithrin-b, 0.2 mMSF2523, 10 mMSCR7, 0.2 mMCC-115, and 0.05 mMPIK-75 are shown. DMSO-treated cells were used as a control. pX330-MSTN plasmid-

transfected cells andMSTN-T2A-EGFPwith the 1,000 bpHA repair template-transfected cells were used as negative control. (H) Effects of varying concentrations of different

potential enhancers on HDR efficiency in SFFs. n = 3 biological replicates. Error bars represent SD. Significance was calculated using Tukey’s multiple comparison test or

Student’s t test: *p < 0.05, **p < 0.01.
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Figure 4. MDM2 antagonists promote CRISPR-Cas9-mediated generation of knockin SFF lines

(A) Schematic of the targeting strategy for knockin CMV-mCherry-pA with 1,000 bp HA to the sheep MSTN locus. The insertion of the exogenous donor template was

detected by PCR (primer #3), and the size of the amplified band was 1,342 bp. Primer #3F was an internal forward primer in the SV40 poly(A) signal, while #3R was designed

outside of the flanking arm. (B) Summary of generation of mCherry knockin SFF lines via the CRISPR-Cas9 system. After 48 h of small-molecules treatments, the cells

transfected with the pX330-MSTN plasmid and CMV-mCherry-pA with the 1,000 bp HA donor template were singly picked into 96-well plates. After 15 days of cell culture,

each of the mCherry-positive single-cell colonies were partly lysed and then identified the occurrence of correct integration by PCR. (C) Genotyping results of the mCherry-

positive single-cell colonies using primer #3 (+, mCherry knockin; �, wild type). Lanes P and N served as positive (genomic DNA was extracted from the pX330-MSTN

plasmid and CMV-mCherry-pA with the 1,000 bp HA donor template-transfected SFFs) and negative (genomic DNA was extracted from wild-type SFFs) controls,

respectively. (D) Fluorescence expression in mCherry knockin and mCherry-negative SFF lines. Significance was calculated using c2 test: *p < 0.05, **p < 0.01.
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accompanied by a significant reduction in the S phase (Figures 5A and
5B). Besides, we also checked the cell-cycle distribution of SFFs after
exposure to small molecules without co-transfection at 24 h post treat-
ment as control and observed similar effects of Nutlin3 and CTX1 on
G2/M cell-cycle arrest (Figures S5A and S5B). Next, we used three
small molecules to enrich SFFs in the G1 (lovastatin), S (aphidicolin),
and G2/M (nocodazole) phases (Figure S5C). Treatment with lova-
statin for 17 h showed robust G1 cell phase enrichment (74.13% ±

0.16%) compared with that in untreated cells (46.10% ± 1.72%). Treat-
mentwith nocodazole for 17 h had similar results, with 67.04%± 1.22%
of SFFs being synchronized in the G2/M phase. Moreover, after two
sequential treatments with aphidicolin, 74.74% ± 1.40% of SFFs were
Figure 3. MDM2 antagonists promote CRISPR-Cas9-mediated precise genom

(A) Schematic of the targeting strategy for knockin T2A-EGFP with 1,000 bp HA to the sh

Cdc25C genes in the Cas9/MSTN sgRNA/HDR/MDM2 antagonist-treated cells at 24

transfection of the pX330-MSTN/FGF5 plasmid and MSTN/FGF5-T2A-EGFP repair tem

with 0.1%DMSO, 10 mMpifithrin-b, 10 nMRITA, 10 mMNutlin3, 1.5 mMCTX1 alone, or t

antagonists on HDR efficiency at the MSTN and FGF5 loci. DMSO-treated transfected

Significance was calculated using Student’s t test: *p < 0.05, **p < 0.01.
arrested at entry into the S phase (Figures 5C and 5D). Subsequently,
we transfected the pX330-MSTN plasmid and MSTN-T2A-EGFP
with the 1,000 bp HA repair template into the same number of syn-
chronized cells, and we also used fluorescence-activated cell sorting
(FACS) to evaluate HDR efficiency.We found that nocodazole resulted
in a 70.9% increase in HDR efficiency, lovastatin resulted in a 13.6%
decrease in HDR efficiency, and aphidicolin treatment had no signifi-
cant increase or decrease in HDR efficiency relative to that in the un-
synchronized cells (Figures 5E and 5F). Collectively, these results sug-
gest that MDM2 antagonists block SFFs at G2/M cell-cycle phase in
response to CRISPR-Cas9-induced DSBs, and HDR is most active in
this stage in SFFs.
e editing in SFFs

eep FGF5 locus. (B) Detection of the relative mRNA expression levels of the p21 and

h post transfection. (C and E) FACS analysis of EGFP-positive cells at 48 h after

plate with 1,000 bp HA into SFFs. Representative FACS results of samples treated

heMDM2 antagonist mixture are shown. (D and F) Effects of p53 inhibitor andMDM2

cells were used as a control. n = 3 biological replicates. Error bars represent SD.
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Figure 5. Effect of cell-cycle stage on HDR efficiency in SFFs

(A and B) Cell-cycle distribution of co-transfected SFFs after treatment with DMSO, 10 mM pifithrin-b, 10 nM RITA, 10 mM Nutlin3, and 1.5 mM CTX1 for 24 h. Samples were

stained by PI and analyzed by FACS. (C and D) Analysis of SFFs with different cell-cycle blocks by PI staining and flow cytometry. (E) FACS analysis of the HDR efficiency upon

transfection with the pX330-MSTN plasmid and MSTN-T2A-EGFP with the 1,000 bp HA repair template into SFFs in different phases of the cell cycle. (F) Effects of different

cell-cycle blocks onHDR efficiency. DMSO-treated cells served as a control. n = 3 biological replicates. Error bars represent SD. Significance was calculated using Student’s t

test: *p < 0.05, **p < 0.01.
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p53 mutation suppresses CRISPR-Cas9-mediated precise

genome editing in SFFs

Higher HDR efficiency was achieved in the presence of MDM2 antag-
onists in wild-type SFFs. To further explore the HDR-enhancing ef-
fect of p53, we designed two sgRNAs targeting exons 1 and 3 of the
316 Molecular Therapy: Nucleic Acids Vol. 31 March 2023
p53 gene to establish p53�/� SFF lines (Figure 6A). We constructed
two pX458 plasmids (pX458-p53-sgRNA1 and pX458-p53-sgRNA2)
and transfected them into SFFs individually or in combination, and
an approximately 493 bp deletion at the p53 locus would occur if
the two sgRNAs worked well. A total of 576 EGFP-positive single cells
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Figure 6. p53 mutation suppresses CRISPR-Cas9-mediated precise genome editing in SFFs

(A) Schematic diagram of the p53 gene, with mutation in exons 1 and 3. The crRNA sequences are indicated in red typeface and the PAM in blue. The indels in the p53 locus

were detected by PCR (primer #4), and the predicted product sizes are 1,055 (wild type [WT]) and 562 bp (double knockout [dKO]). Primer #5 was designed for reverse

transcription PCR (RT-PCR) to detect the mutation of p53 mRNA in SFFs. The predicted amplicon sizes are shown at the right side. (B) Summary of generation of p53

knockout SFF lines using the CRISPR-Cas9 system. sgRNA1 and sgRNA2 target exons 1 and 3 of the p53 gene, respectively. (C) Genotyping results of p53 gene knockout

single-cell colonies selected in the sgRNA1 + sgRNA2-induced gene targeting using primer #4 (�, KO allele; I, whether this allele is mutated needs further verification by

sequencing). Colonies with gene KO in at least one allele are marked in blue (I/�), and the biallelic mutation colonies are marked in red (�/�: C7, C16, and C23). (D) Sanger

(legend continued on next page)
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were isolated by flow sorting from the three kinds of transfected cells,
and 50 well-grown single-cell colonies were analyzed by PCR geno-
typing and Sanger sequencing (Figure 6B). Genotyping with primer
#4 indicated that one 562 bp band was homozygous p53 knockout
colonies (C7, C16, and C23) and two bands (562 and 1,055 bp)
were heterozygous colonies (Figure 6C). Since the anti-p53 antibody
could not bind to the p53 protein extracted from wild-type SFFs
(Figures S6A and S6B), the biallelic disruption at the p53 locus in
the three homozygotes colonies was further confirmed by Sanger
sequencing and reverse transcription (RT)-PCR (Figures 6D and
6E). In addition, we determined by sequencing that all of the detected
cell colonies contained mutations at the p53 locus, suggesting that
highly efficient gene knockout can be achieved by enrichment of
genetically modified cells through flow sorting.

Having generated the p53�/� SFF lines, we decided to assess whether
the loss of p53 would affect the HDR efficiency. Accordingly, we
compared the capacity of CRISPR-Cas9-mediated precise genome
editing in same number of p53+/+ and p53�/� SFFs by co-transfecting
the pX330-MSTN plasmid and MSTN-T2A-EGFP with the 1,000 bp
HA repair template. We first checked the cell viability by MTT assay
after co-transfection and found that there was an obvious reduction in
cell death in p53�/� SFFs, which reconfirmed that p53 function was
impaired in p53�/� SFFs (Figure S6C). Furthermore, we observed
that as expected, normal p53+/+ SFFs showed more efficient targeted
knockin at the MSTN locus than p53�/� SFFs (Figures 6F and 6G).
Considering the heterogeneity of each locus, the effect of p53 loss
on HDR was repeatedly assessed at another target site. Similar
to the MSTN locus, FACS analysis showed that p53 loss resulted
in 74% reduction in successful insertions at the FGF5 locus
(Figures 6H and 6I). In addition, we also detected the relative
mRNA levels of 12 key regulatory genes involved in the HDR pathway
between p53+/+ and p53�/� SFFs and found that the expression of
these genes were down-regulated in the p53�/� SFFs compared
with that in the p53+/+ SFFs. In particular, greater than 5-fold in-
creases in BRCA1, BRCA2, and RAD51 gene expression were observed
in p53+/+ SFFs (Figures 6J and 6K). Taken together, these data indicate
that p53 loss dramatically decreases the capacity of HDR in SFFs.

DISCUSSION
Precise genome editing mediated by HDR is of great utility in animal
breeding and holds great promise for the generation of large-animal
models of human disease. However, HDR efficiency is inherently low
in some cell types, typically primary fibroblasts,54,55 which is one of
the main barriers to engineering targeted modifications in their
sequencing analysis of the three screened p53�/� colonies. Nucleotide deletions are ind

using primer #5. (F and G) Determination of the HDR efficiency by flow cytometry at theM

plasmid and MSTN-T2A-EGFP with the 1,000 bp HA repair template. The MSTN donor-

efficiency by flow cytometry at the FGF5 locus in p53+/+ and p53�/� SFFs at 48 h after t

repair template. The FGF5 donor-transfected cells were used as a negative control. (J a

involved in the HDR pathway at 24 h after transfection of the pX330-MSTN plasmid and

The data were normalized to b-actin, and p53�/� SFFs were used as a control. n = 3

Student’s t test: *p < 0.05, **p < 0.01.
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genome via CRISPR-Cas9. The HDR efficiency is restricted by
many factors, of which the structure of the repair template is one of
the most crucial factors.28,56 Several studies have reported that the
use of ssODN as the repair template exhibits higher HDR efficiency
than dsDNA.27,57 However, such a strategy is limited to the introduc-
tion of short edits (<50 nt). In contrast, dsDNA is suitable for intro-
ducing large sequence changes and insertions, which broadens the
range of applications. Hence, in this study, we focused on optimizing
the use of dsDNA as the repair template. We first investigated the ef-
fect of HA length on the HDR efficiency due to its playing an impor-
tant role in repair template design.58We found that increasing the HA
length from 50 to 1,000 bp contributed to an increase in HDR effi-
ciency, and we conclude that longer HA (>750 bp) is beneficial for
precise genome editing in SFFs. In addition, increasing the amount
of repair template did not lead to a sustained increase in HDR effi-
ciency; thus, we identified the optimal amount of repair template
(6 pmol) in SFFs. Together, these findings provide an optimized
strategy for the usage of a dsDNA repair template to maximize
HDR efficiency in SFFs.

The administration of small-molecule inhibitors or agonists has been
shown to increase the efficiency of HDR-mediated precise genome
editing in many mammalian cells.19–26 For example, by transient sup-
pression of the key enzymes of the NHEJ pathway such as DNA ligase
IV and DNA-PKcs through treatment with various inhibitors, DSB
repair can be biased in favor of HDR. SCR7, an inhibitor of DNA
ligase IV that targets the DNA-binding domain, increased the HDR
efficiency by 1.8- to 19-fold in epithelial (A549) and melanoma
(MelJuSo) cells.19,21 Similarly, NU7441, an inhibitor of DNA-PKcs
that plays a critical role in initiating the NHEJ pathway, improved
the HDR efficiency by 2- to 4-fold in human induced pluripotent
stem cells (iPSCs) and HEK293T cells.20,22 Unfortunately, in our
study, SCR7 only slightly increased the HDR efficiency by 14.7%;
what’s more, treatment with three novel DNA-PKcs inhibitors
(PIK-75, SF-2523, and CC-115) did not appear to consistently
enhance HDR in SFFs. Intriguingly, other studies also reported the
unimpressive effects of DNA ligase IV (SCR7) and DNA-PKcs
(NU7441 and NU7026) inhibitors on HDR in human iPSCs, mouse
embryonic stem cells (ESCs), and rabbit embryos.24,28,59 Moreover,
the opposite effect of small molecules on HDR can also be observed
even under the same experimental condition. For example, the activa-
tion of CtIP, a core HDR factor, with MLN4924, which prevents its
neddylation, resulted in HDR efficiency increases in human ESCs
and iPSCs, whereas it decreased HDR efficiency in non-pluripotent
human cells, such as immortalized cell lines (HEK293 and K562)
icated by a dashed line (�). (E) RT-PCR results of theWT, C7, C16, and C23 cell lines

STN locus in p53+/+ and p53�/� SFFs at 48 h after transfection of the pX330-MSTN

transfected cells were used as a negative control. (H and I) Determination of the HDR

ransfection of the pX330-FGF5 plasmid and FGF5-T2A-EGFP with the 1,000 bp HA

nd K) Detection of the relative mRNA expression levels of the key regulatory genes

MSTN-T2A-EGFP with the 1,000 bp HA repair template in p53+/+ and p53�/� SFFs.

biological replicates. Error bars represent SD. Significance was calculated using
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and primary cells (human epidermal keratinocytes [HEKa] and CD4+

T cells).22 Cell-type-specific reliance on different DSB repair path-
ways could be one explanation for the discrepancy between these
studies,8,22,28,59 which suggests the necessity of screening robust small
molecules for the enhancement of HDR in the specific cell type of in-
terest. Thus, we continued to identify more specific and potent small
molecules targeting other key elements of the DSB repair pathway
that can enhance HDR in SFFs. Recently, two studies reported that
p53 activation inhibits CRISPR-Cas9 engineering in human ESCs,
iPSCs, and retinal pigment epithelium cells (RPE1).48,60 As such,
we reasoned that p53 could be a potential target. In addition, due
to p53 protein’s expression level and transcriptional activity often be-
ing inhibited by E3 ubiquitin ligase MDM2, we therefore focused on
assessing the effects of small molecules targeting the p53-MDM2
interaction on HDR in SFFs. Interestingly, after the administration
of pifithrin-b, an inhibitor of p53 protein, the HDR efficiency kept
decreasing instead of increasing. Conversely, treatment with RITA,
Nutlin3, or CTX1 alone, which neutralizes MDM2 inhibition
rescuing p53 activity, or the small molecule mixture consistently
increased HDR efficiency by 1.43- to 4.28-fold in SFFs. Furthermore,
p53+/+ SFFs showed more efficient HDR activity than p53�/� SFFs at
MSTN and FGF5 loci, providing further evidence that p53 promotes
HDR-mediated precise genome editing in SFFs.

HDR is a complex process and depends on many variables, such as
the cell type, chromatin state of the target DNA, and cell cycle,8 of
which the cell cycle largely determines the choice between HDR
and NHEJ in the response to DSBs.61 It has been shown to signifi-
cantly increase HDR efficiency by chemically synchronizing cells to
arrest them in the G2/M phase followed by timed delivery of Cas9-
guide RNA ribonucleoprotein (RNP) complexes.62 Generating a
fusion protein of Cas9 linked to the N-terminal region of human gem-
inin to control the presence of Cas9 protein during the G2/M phase of
the cell cycle but its absence during the G1 phase also showed a
similar promoting effect.63,64 HDR is also regulated by multiple
genes.63,64 As the “guardian of the genome” involved in maintaining
genomic stability, p53 exerts a crucial role in the DNA damage
response.65 However, the effect of p53’s function on HDR remains
controversial. Apart from the aforementioned two studies, which
observed that mutation of the p53 gene could enhance HDR in human
ESCs, iPSCs, and RPE1 cells,48,60 recently, Schiroli et al. reported that
transient inhibition of p53 also could increase HDR-mediated inte-
gration in human HSPCs.12 Interestingly, some previous studies sug-
gested that p53 mutation did not impact HDR in mouse pancreatic
cells and T lymphocytes66 and a human pre-B cell line (Nalm-6).67

And in this study, we found that p53 gene knockout suppressed
CRISPR-Cas9-mediated HDR in sheep fibroblasts. This discrepancy
calls attention to the possibility that the impact of p53 on HDR is
cell-type specific. Alternatively, several studies revealed that different
types of mutations in the p53 gene (e.g., null versus a point mutation)
have different effects on HDR,66 which may be another explanation
for the discrepancy. The complex relationship between p53 and
HDR deserves further investigation. Regardless of the discrepancy, af-
ter DSB formation, p53 controls the G2/M cell-cycle checkpoint and
mediates reversible growth arrest, which is thought to provide time
for activating either the NHEJ or the HDR pathway to complete
DNA DSB repair, thus preventing mutations from being propagated
through DNA replication and mitosis.68,69 In the HDR pathway, DSB
can be recognized by the MRE11/RAD50/NBS1 (MRN) complex,
which recruits and activates ATM to phosphorylate the MRN-inter-
acting protein CTIP and BRCA1, thereby triggering the initiation of
DNA end resection, followed by removing nucleotides at the 50

ends near DSBs and generating 30 overhangs of single-stranded
DNA (ssDNA) on both sides of DSB. After resection, these nascent
ssDNAs are coated and stabilized by the RPA complex induced by
exonuclease 1 (EXO1) and BLM helicase. Subsequently, RAD51 is
phosphorylated by CHK1, resulting in the displacement of RPA
from the 30 ssDNA overhangs and assembly of RAD51 nucleoprotein
filaments mediated by BRCA2 and then searching for homologous
donor DNA to achieve strand invasion.6,70,71 Our results indicate
that treatment with inhibitors of the p53-MDM2 interaction further
delay cell-cycle progression, causing G2/M cell-cycle arrest where
HDR is observed to be most active, which contributes to increasing
the HDR efficiency in SFFs. Moreover, almost all the key factors
involved in the HDR pathway are highly suppressed in the absence
of p53, which may explain why p53 is shown to enhance HDR-medi-
ated precise genome editing in the sheep primary somatic cells.

In brief, our study optimized two key parameters in the use of dsDNA
as the repair template and identified three potent small molecules to
improve HDR efficiency in sheep primary cells. Yet, it is worth noting
that some studies revealed that RITA (2 mM) and Nutlin3 (20 mM)
could induce DNA damage in human and mouse cancer cell lines
(HCT116, H460, and AJ02-NM0), characterized by the phosphoryla-
tion of H2A.X at Ser-139 and RPA32 at Ser-33 to form gH2A.X and
RPA32pS33 (DNA damage markers),42,72 which may lead to genomic
mutations/instability. In light of this, we further examined the integ-
rity of the genome of the CRISPR-Cas9-engineered sheep primary
cells through karyotype analysis and WGS and observed that RITA,
Nutlin3, and CTX1 treatments did not cause obvious genomic muta-
tions/instability. Maybe the adverse/non-adverse effects of these
small molecules are cell-type and drug-concentration dependent. In
summary, this study provides a simple, efficient, and safe strategy
to promote CRISPR-Cas9-mediated precise genome editing in sheep
primary cells, which may contribute to the application of CRISPR-
Cas9-engineered sheep in agricultural and biomedical research.

MATERIALS AND METHODS
Plasmid construction

The Cas9 and U6-sgRNA co-expression vector backbones pX330 and
pX458 were purchased from Addgene (plasmid ID: 42230 and
48138). Sheep MSTN, FGF5, and p53 sgRNAs were designed using
CRISPR Design Tool (http://tools.genome-engineering.org). To
avoid targeting the conserved sequences of the TGF-b and FGF super-
families, MSTN and FGF5 sgRNAs were designed in the third exon of
the sheep MSTN and FGF5 genes. Four sgRNAs were used in this
study: MSTN sgRNA (gacatctttgtaggagtacagcaa), FGF5 sgRNA
(aggttcccctttccgcacct), p53 sgRNA1 (gaagaatcgcaggcagaact), and
Molecular Therapy: Nucleic Acids Vol. 31 March 2023 319
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p53 sgRNA2 (gcaactacggtttccgtctc). Two complementary guide
sequence oligos were synthesized, annealed, and cloned into the
pX330 or pX458 backbone vector to form the functional co-expres-
sion plasmids.73

To construct donor plasmid for the sheep MSTN gene, 1 kb left and
right HAs were amplified from the sheep genome by PCR and cloned
into the pUC57 vector. The T2A-EGFP sequence (a cytosine was
intentionally added ahead of the T2A sequence to ensure the correct
reading frame at the MSTN locus) and the CMV-mCherry-pA
sequence were subsequently inserted between the right and left
HAs. The FGF5 donor plasmid also contained 1 kb left and right
endogenous HAs and the T2A-EGFP exogenous sequence. For the
MSTN/FGF5-T2A-EGFP fluorescent reporter knockin system, pre-
cise insertion resulted in fusion of MSTN/FGF5 and EGFP mediated
by the T2A self-cleaving peptide, and the EGFP expression would be
driven by the MSTN/FGF5 endogenous promoter.

Cell culture and transfection

SFFs were isolated from a 30-day-old Dorper fetus and cultured
in Dulbecco’s modified Eagle medium: Nutrient Mixture F-12
(DMEM/F12; Gibco) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1% penicillin/streptomycin (Gibco) at 37�C with
5% CO2.

The SFFs were transfected using lipofection or nucleofection. For lip-
ofection, Lipofectamine 3000 Reagent (Invitrogen) was used in accor-
dance with the manufacturer’s instructions. For nucleofection, the
Lonza Nucleofector 2b Device with Amaxa Basic Nucleofector Kit
for Primary Fibroblasts (Lonza) was used as outlined in the manufac-
turer’s instructions. In brief, the mixture of 1.5 � 106 SFFs and DNA
was resuspended in 100 mL nucleofector solution and nucleofected us-
ing program A-033. For the comparison of transfection efficiency
experiment, 15 mg pEGFP-N1 plasmid (Clontech) was used. For
knockout experiments, 15 mg individual plasmid (pX330-MSTN,
pX330-FGF5, pX458-p53-sgRNA1, pX458-p53-sgRNA2) and mixed
plasmid (pX458-p53-sgRNA1 + pX458-p53-sgRNA2) were used. For
knockin experiments, pX330 plasmid and repair dsDNA template
amplified from the donor plasmid were prepared as follows: 15 mg
pX330-MSTN and 1 pmol MSTN-T2A-EGFP with 50, 100, 300,
500, 750, and 1,000 bp HAs; 0.5, 1, 2, 4, 6, 8, 10, and 12 pmol
MSTN-T2A-EGFP with 500 bp HA; 6 pmol MSTN-T2A-EGFP
with 1,000 bp HA; 6 pmol MSTN-CMV-mCherry-pA with
1,000 bp HA; and 15 mg pX330-FGF5 and 6 pmol FGF5-T2A-
EGFP with 1,000 bp HA. After nucleofection, cells were transferred
into 6-well plates for further culture and analysis.

HDR potential enhancers and MDM2 antagonist treatments

For MSTN/FGF5-T2A-EGFP knockin assays, co-transfected cells
were treated with 0.1% DMSO (Sigma); 4, 20, and 40 mM nicotin-
amide (Beyotime); 0.4, 1.4, and 4.2 mM Ca2+ (Sigma); 1, 5, and
10 ng/mL IL-10 (PeproTech); 0.5, 2, and 10 mM pifithrin-b (MCE);
10, 50, and 100 mMSCR7 (Selleck); 0.05, 0.2, and 0.5 mMSF2523 (Sell-
eck); 0.05, 0.2, and 0.5 mM CC-115 (Selleck); 0.01, 0.05, and 0.1 mM
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PIK-75 (Selleck); 10 nM RITA (MCE); 10 mM Nutlin3 (MCE); or
1.5 mM CTX1 (MCE) for 48 h, followed by determining the HDR
efficiency of each treatment through flow cytometry.

For cytotoxicity evaluation assay, co-transfected cells were treated
with 0.1% DMSO; 2, 10, 15, and 30 nM RITA; 0.5, 2, 10, and
20 mM Nutlin3; and 0.5, 1, 1.5, and 3 mM CTX1 for 48 h, followed
by measuring cell viability through MTT.

For detecting activation of p53 pathway, co-transfected cells were
treated with 0.1% DMSO, 10 nM RITA, 10 mM Nutlin3, and
1.5 mMof CTX1 for 24 h, followed by determining the mRNA expres-
sion levels of p21 and Cdc25C by qPCR.

For CMV-mCherry-pA knockin assay, co-transfected cells were
treated with 0.1% DMSO, 10 mM pifithrin-b, and 10 nM RITA +
10 mM Nutlin3 for 48 h, followed by picking single cells into
96-well plates.

For cell-cycle detection assay, co-transfected cells or wild-type cells
were treated with 0.1% DMSO, 10 mM pifithrin-b, 10 nM RITA,
10 mM Nutlin3, or 1.5 mM of CTX1 for 24 h, followed by analyzing
cell-cycle distribution through flow cytometry.

Determination of indel frequency and PCR genotyping

For MSTN and FGF5 gene knockout assays, primers #1 and #2 were
used for PCR amplification of the region around the targeted sites to
detect the indel frequencies, respectively. Genomic DNA was ex-
tracted using the Takara MiniBEST Universal Genomic DNA Extrac-
tion Kit in accordance with the manufacturer’s instructions. With
10–50 ng DNA in 50 mL reactions, the PCR amplification was per-
formed using Q5 High-Fidelity DNA Polymerase (NEB), and PCR
products with mutations were subcloned into a pEASY-Blunt Zero
Cloning Vector (TransGen Biotech). Thirty-four (MSTN) and
forty-four (FGF5) individual bacterial colonies from each sample
were picked randomly for Sanger sequencing.

For CMV-mCherry-pA knockin assay, primer #3 was used for detec-
tion of on-target insertions. For p53 gene knockout assay, primer #4
was used for detection of the p53�/� SFF lines. In brief, part of each
cell colony was lysed in lysis buffer containing 4% Tris-HCl (1 M,
pH = 8.0), 0.9% Triton X-100, 0.9%NP-40, and 0.4 mg/mL proteinase
K under the following conditions: 65�C for 30 min, followed by
95�C for 15 min, and held at 4�C. The lysate was directly used as
template for PCR genotyping. PCR products were analyzed on a 1%
agarose gel.

The detailed DNA sequences used for PCR primers are listed in
Table S1.

Determination of transfection/HDR efficiency and cell sorting

To evaluate the transfection efficiency and CRISPR-Cas9-mediated
HDR efficiency, transfected cells were trypsinized and resuspended
in 200 mL PBS with 1% FBS. Data were acquired using a BD
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FACSVerse flow cytometer. Live cells were gated using forward-scat-
ter area and side-scatter area, and single cells were gated using for-
ward-scatter width versus forward-scatter area.28,59,74 EGFP-positive
cells were quantified by gating the appropriate channel using EGFP-
negative cells as control. All of the flow cytometry data were analyzed
with FlowJo (BD Biosciences).

For the generation of p53�/� cell lines, transfected cells were
also trypsinized and resuspended, followed by sorting EGFP-positive
single cells into 96-well plates using a BD FACSAria III flow
cytometer.

Karyotype analysis and WGS

For the karyotype analysis, the procedure has been described previ-
ously.75 For the WGS, genomic DNA was extracted using the Takara
MiniBEST Universal Genomic DNA Extraction Kit. Libraries were
sequenced using the Novaseq platform (Illumina) at Allwegene, Bei-
jing, China. Sheep reference genome assembly ARS-UI_Ramb_v2.0
was download from NCBI. FastQC (v.0.11.9) was used to obtain
clean reads. Burrows-Wheeler Alignment tool (BWA-v.0.7.17)
and SAMtools (v0.1.19) were used to map reads to the reference
genome with the command “mem -t 10 -M”. Picard was used to re-
move duplicated reads. Genome Analysis Toolkit (GATK-v.4.1.3.0)
HaplotypeCaller, GenotypeGVCFs, and SelectVariants module
were used to call variants. DMSO-1 sample was used as a control
to count the SNPs and indels. All the WGS data have been
deposited to Sequence Read Archive (SRA) at the National Center
for Biotechnology Information (NCBI) under accession number
NCBI: PRJNA905859.

Determination of cell viability and cell-cycle distribution

Cell viability was determined by MTT using the Cell Proliferation Kit
I (Roche) in accordance with the manufacturer’s instructions. Cell-
cycle distributions were analyzed by flow cytometry after 24 h of
exposure to pifithrin-b, RITA, Nutlin3, and CTX1, with or without
co-transfection. In short, cells were harvested using 0.25% trypsin
(Gibco) and fixed in cold 70% ethanol for 30 min, then washed twice
with cold PBS, centrifuged at 2,000 RPM for 5 min, resuspended in
1 mg/mL RNAse (Takara) with 50 mg/mL propidium iodide (Sigma),
and incubated for 30 min at 37�C. After incubation, cells were filtered
through a 40 mm cell strainer (Falcon) and analyzed on a BD
FACSCalibur flow cytometer.

Cell-cycle synchronization

Before cell synchronization, it is important to ensure that SFFs are
maintained at <70% confluence. Synchronization of cells in the G1
and G2/M phases were achieved by treatment with 40 mM lovastatin
(MCE) and 200 ng/mL nocodazole (MCE) for 17 h, respectively. Syn-
chronization of cells in S phase required two sequential treatments:
cells were first treated with 2 mg/mL aphidicolin (Abcam) for 17 h,
then released in aphidicolin-free medium for 4.5 h and again treated
with a second dose of drugs for 17 h. DMSO was used as a control.
After cell synchronization, cell-cycle distributions were analyzed by
flow cytometry as described above.
Fluorescence microscopy

pEGFP-N1 plasmid-transfected cells and mCherry knockin SFFs
(and negative control cells) were cultured in 6-well plates and
8-well glass chamber slides (Millipore), respectively. In brief, cells
were fixed with 4% paraformaldehyde for 15 min at room tempera-
ture, followed by washing with PBS three times for 5 min each time
and staining with DAPI (Beyotime) for 2 min at room temperature.
Images were taken using a Nikon Eclipse Ti microscope (EGFP)
and Nikon A1 confocal microscope (mCherry).

RT-PCR and quantitative real-time PCR

Total RNA was extracted using the RNeasy Micro kit (Qiagen) in
accordance with the manufacturer’s instructions. cDNA was synthe-
sized using the PrimeScript RT reagent kit (Takara) following the
manufacturer’s protocol. b-Actin was used as a representative
house-keeping gene for normalization. For the RT-PCR assay,
primer #5 was used for detection of the mutation of p53 mRNA
in SFFs. For the qPCR assay, each 20 mL sample for the qPCR reac-
tion contained 2 mL cDNA, 0.4 mM of both of the forward and
reverse primers, 0.4 mL Rox Reference Dye II, and 10 mL SYBR Pre-
mix Ex Taq II (Takara). The qPCR reactions were run on the
Mx3000P instrument (Agilent Technologies) with the following
conditions: 95�C for 30 s, followed by 40 cycles of 95�C for 5 s,
60�C for 30 s, and 72�C for 30 s. The data were analyzed using
Mx3000P software. The relative expression was determined using
the comparative 2�DDCT method.

The detailed DNA sequences used for RT-PCR and qPCR primers are
listed in Table S1.

Statistical analysis

The data were analyzed by Student’s t test or c2 test for comparisons
between two groups and Tukey’s multiple comparison test for
multiple groups (SAS). All values are presented as mean ± SD. The
differences were considered statistically significant at *p <0.05 and
**p <0.01.
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