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Simple Summary: Clustered regularly interspaced short palindromic repeats (CRISPR) ribonucleo-
protein (RNP)-mediated precise genome editing can modify a specific targeted gene to establish cell
models and improve animal traits, thus playing a significant role in animal breeding. However, the
efficiency of precise gene editing is low, which limits its widespread use. To overcome this problem
in porcine cells, we used small molecules to improve the efficiency of CRISPR RNP-mediated precise
genome editing in porcine fetal fibroblasts (PFFs). We demonstrated that a single small molecule
including L-189, NU7441, SCR7, L755507, RS-1, and Brefeldin A increased the efficiency of homology-
directed repair (HDR) during precise gene editing in PFFs, respectively. These results provided
methodological support for the establishment of an efficient and precise gene editing system in pigs.

Abstract: The aim of this study was to verify whether small molecules can improve the efficiency
of precision gene editing using clustered regularly interspaced short palindromic repeats (CRISPR)
ribonucleoprotein (RNP) in porcine cells. CRISPR associated 9 (Cas9) protein, small guide RNA
(sgRNA), phosphorothioate-modified single-stranded oligonucleotides (ssODN), and different small
molecules were used to generate precise nucleotide substitutions at the insulin (INS) gene by
homology-directed repair (HDR) in porcine fetal fibroblasts (PFFs). These components were in-
troduced into PFFs via electroporation, followed by polymerase chain reaction (PCR) for the target
site. All samples were sequenced and analyzed, and the efficiencies of different small molecules
at the target site were compared. The results showed that the optimal concentrations of the small
molecules, including L-189, NU7441, SCR7, L755507, RS-1, and Brefeldin A, for in vitro-cultured PFFs’
viability were determined. Compared with the control group, the single small molecules including
L-189, NU7441, SCR7, L755507, RS-1, and Brefeldin A increased the efficiency of HDR-mediated
precise gene editing from 1.71-fold to 2.28-fold, respectively. There are no benefits in using the
combination of two small molecules, since none of the combinations improved the precise gene
editing efficiency compared to single small molecules. In conclusion, these results suggested that a
single small molecule can increase the efficiency of CRISPR RNP-mediated precise gene editing in
porcine cells.

Keywords: pig; CRISPR/Cas9; small molecule; precise gene editing; HDR

1. Introduction

As an important livestock in agriculture, pigs are high-quality meat sources for peo-
ple in many countries and have been genetically modified to present desirable traits of
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economic importance [1]. Precise gene editing can obtain gene modifications at specific
genome loci to improve the traits of pigs, such as the myostatin (MSTN) gene for meat pro-
duction and CD163 gene for porcine reproductive and respiratory syndrome virus (PRRSV)
resistance [2,3]. Precise gene editing can also establish a cellular model for studying the
mechanism of single nucleotide polymorphism (SNP)-related loci, which are significantly
associated with production traits in genetic breeding [4].

CRISPR/Cas9-mediated gene editing intentionally produces site-specific DNA dou-
ble strand breaks (DSBs) to modify the genomic sequence [5,6]. The DSB is repaired
by endogenous DNA repair pathways, either nonhomologous end joining (NHE]) or
homology-directed repair (HDR). The predominant and error-prone NHE] pathway often
results in small nucleotide insertions or deletions that can be used to construct knockout
alleles [5]. Alternatively, HDR activity can result in precise modification, incorporating
exogenous DNA fragments into the cut site [6].

The DNA template used in HDR can be double-stranded DNA or single-stranded
DNA. SsODNSs represent an attractive option as an HDR donor template for small, con-
trolled mutations or insertions. Today, ssODNs are widely used in biotechnology [7],
cellular and animal model generation [8], and therapeutic applications using Fok1-based
nucleases and CRISPR/Cas9 [9,10]. The main advantages of ssODN templates include
affordable and scalable production, relatively low toxicity, and a reduced risk of integration
by ligation mechanisms. Repair from dsDNA donors is relatively inefficient in most cell
types and is assumed to utilize a repair mechanism that parallels meiotic homologous
recombination [11]. In contrast, SSTR is highly effective in human cells (>20% of alleles)
and broadly conserved among metazoans [12]. While ssODN can be cotransfected with
nuclease in the form of plasmid DNA [13] and mRNA [14], the most promising results have
been achieved with ssODN paired with Cas9 RNP [15,16]. In a comprehensive study by
Schubert et al., knock-in activity mediated by Cas9 RNP with HDR efficiency was tested at
254 genomic loci in Jurkat cells and 239 genomic loci in HAP1 cells, achieving up to a 50%
HDR rate for selected experimental conditions and genomic loci [16].

Multiple strategies have been developed to increase the efficiency of HDR in mam-
malian systems [17]. Cell-permeable small molecules are a promising approach to enhance
CRISPR/Cas9 genome-editing efficiency owing to their intrinsic properties, such as re-
versibility and low immunogenicity. Furthermore, small molecules are easier to store
and produce on a commercial scale compared with the production and purification of
proteins. Several small molecules have been identified to modulate CRISPR-Cas9-induced
genome editing [18]. The mechanisms of action of these small molecule compounds in-
clude improving the efficiency of precise gene editing by inhibiting nonhomologous end
joining; enhancing precise gene editing by using a DNA ligase IV inhibitor; increasing the
efficiency of precise gene editing by promoting homologous recombination; increasing
homologous directed repair by synchronizing the cell cycle; and improving the efficiency of
homologous directed repair by an unknown mechanism [19]. Although chemical strategies
have great applications in stem cell biology and regenerative medicine [20], it remains to be
confirmed which small molecule compounds can improve the efficiency of ssDNA template-
mediated precise gene editing methods and how much the recombination efficiency can be
improved [17].

Porcine insulin gene (INS) is mainly expressed in the pancreas and plays an important
role in carbohydrate and lipid metabolism [21]. Pig insulin differs from human insulin
by one amino acid (alanine in pigs and threonine in humans) at the carboxy terminus of
the B chain (i.e., position B30) at the protein level [22]. The main objective of this study
is to perform precise gene editing on this base site in the coding region of INS gene, and
generate base substitution in pig cells.

To more accurately determine which small molecules can improve the efficiency
of ssDNA donors in mediating CRISPR RNP-induced homologous recombination in
porcine fetal fibroblasts, we investigated the effects of six small molecules, namely L-189,
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NU7441, SCR7, L755507, RS-1, and Brefeldin A, on CRISPR/Cas9-mediated HDR with
ssDNA donors.

2. Materials and Methods
2.1. Cell Culture

The porcine fetal fibroblasts (PFFs) used in this study were obtained from Large White
pigs at the Northeast Agricultural University Embryo Engineering Laboratory Experimental
Pig Base. All animal-related procedures followed the guidelines set forth by the Institutional
Animal Care and Use Committees (IACUCs) of Northeast Agriculture University. The
PFF culture method has been previously published [23]. Briefly, PFFs were isolated from
a 33-day-old foetus and cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco,
New York, NY, USA) supplemented with 15% foetal bovine serum (FBS, HyClone, New
York, NY, USA), 1% penicillin-streptomycin (Gibco, New York, NY, USA), 1% nonessential
amino acids (Gibco, New York, NY, USA), and 2 mmol/L L-glutamine (Sigma, New York,
NY, USA). The cells were passaged every two days using 0.25% trypsin-EDTA (Gibco,
New York, NY, USA). The small molecules L-189 (CAS No. HY-15588), NU7441 (CAS
No. HY-11006), SCR7 (CAS No. HY-12742), L755507 (CAS No. HY-19334), RS-1 (CAS No.
HY-19793), and Brefeldin A (CAS No. HY-16592) were sourced from Med Chem Express
Company (Monmouth Junction, NJ, USA). The small molecules were added in cell culture
medium after CRISPR RNP electroporation at different concentrations.

2.2. Design of gRNAs and ssODNs

Pig gene INS was chosen to design CRISPR targets against, with one sgRNA per INS
gene. The sgRNA sequence was 5-CAC GCC CAA GGC CCG TCG GG-3. The PAM site was
AGG. To introduce the base modification, 116 bp ssODNs as donor DNA were introduced
into the target using HDR-mediated precise gene editing. The ssODN sequences are shown
in Supplementary Table S1. The sgRNA and ssODN templates with thiomodification were
synthesized by GenScript (Nanjing, China).

2.3. Oligonucleotide and Ribonucleoprotein Electroporation

After trypsin digestion of the PFFs, the digestion was terminated by adding twice
the volume of pancreatic enzyme culture medium. The cells were counted by the trypan
blue dye exclusion assay. Briefly, the cells were diluted in suspension with 0.4% trypan
blue solution in 1:1 ratio, the cells were counted in four 1 X 1 mm squares of one chamber
of hemocytometer under a microscope, and 1 x 10° cells were used. To prepare the
ribonucleoprotein (RNP) mixture, for 1 x 10° cells, we premixed 10 pg of Cas9 protein
(GenScript, Nanjing, China) with 100 pmol of sgRNA (GenScript, Nanjing, China) being
added for 10 min at room temperature. Then, we added 200 pmol of ssODN (GenScript,
Nanjing, China) and supplemented it to a final volume of 20 pL with OptiMEM (Thermo,
Shanghai, China). We then resuspended the cell pellet containing 1 x 10° cells with the RNP
mixture, gently pipetted the mixture to obtain a uniform cell suspension, and transfered it
to the electroporation cuvette. The cells were electroporated and transfected according to
the established procedure using an electroporation instrument. Following electroporation,
the transfected cells were seeded into appropriate petri dishes and cultured as needed.

2.4. Cell Viability Assay

To evaluate cell viability, the Enhanced Cell Counting Kit-8 (Beyotime, Shanghai,
China) was used with the following steps: Seed cells into a 96-well plate at a density of
approximately 50%. After 24 h, replace the culture medium with small molecule-containing
medium and incubate for an additional 24 h. Add 20 uL of the enhanced CCK-8 solution to
each well and incubate in a cell culture incubator for 0.5-4 h. The absorbance was measured
at 450 nm using a microplate reader. The cell viability was calculated using the A450
value obtained.
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2.5. DNA Extraction and PCR

Genomic DNA was extracted from harvested cells with a Universal Genomic DNA
Extraction Kit (Takara, Dalian, China) using standard procedures. Then, 200-300 bp DNA
fragments containing the targeted region were amplified by high-fidelity DNA polymerase,
and the DNA fragments were purified from gels by a gel extraction kit (Takara, Dalian,
China). The primer sequences were 5'-CCG GCC CAG GCC TTC GTG AAC CA-3" and
5-GGC TTC TCG AGC GGG ACC GGG-3'.

2.6. Deep Sequencing (Deep-Seq) and Analysis

The PCR amplicons were deep sequenced commercially (Annoroad Gene Technology,
Hangzhou, China). [llumina-compatible adapters with unique barcodes were ligated onto
each sample during library construction. Libraries were pooled in equimolar concentrations
for multiplexed sequencing on the Illumina MiSeq platform with 2 x 150 run parameters.
Indel rates were determined by the CRISPResso02 tool [24].

2.7. Statistical Analysis

SPSS 16.0 Statistical Software was used to conduct statistical analysis (SPSS, Inc.,
Chicago, IL, USA). All results are represented as the mean =+ SE of at least three distinct re-
peated experiments. The t-test was used to compare the differences. Statistical significance
of the difference was defined as a value of p < 0.05.

3. Results
3.1. The Effect of Different Concentrations of Small Molecules on Cell Viability

To verify small molecules that can improve the efficiency of ssODN-mediated CRISPR/
Cas9 precision editing in PFFs, we searched the literature and relevant databases (ChEMBL) [25]
and identified the molecules that interact with repair proteins listed in the REPAIRtoire
database [26]. Six small molecules were tested. Three small molecules, including L-189,
NU7441, and SCR7, can block NHE]/alternative NHE]. Three other small molecules,
L755507, RS-1, and Brefeldin A, can enhance the efficiency of CRISPR-mediated homolo-
gous recombination repair (Figure 1A,B).

To examine the toxic effect of small molecules on PFFs, different concentrations of six
small molecules were used to conduct cytotoxicity experiments, and the needed concentra-
tions of small molecules for precise gene editing were determined. L-189 had no effect on
cell viability when the concentration was between 1 and 5 uM, but the cell viability rapidly
decreased after 5 uM (Figure 2A). There was no change in cell viability for NU7441 when
the concentration was between 0.5 and 2 uM, and it began to decrease after 2 uM (Figure 2B).
The addition of SCR7 caused a decrease in cell viability, and when the concentration was
5 uM, the cell viability decreased to approximately 85% (Figure 2C). The cell viability began
to decrease with the addition of L755507, and when the concentration was 5 uM, the cell
viability decreased to approximately 85% (Figure 2D). When the RS-1 concentration was
between 1 and 5 uM, there was no change in cell viability, but it decreased to approximately
90% when the concentration was 10 uM (Figure 2E). Brefeldin A had no effect on cell
viability when the concentration was 0.1 uM, but the cell viability began to decrease to
approximately 85% when the concentration was 0.5 uM (Figure 2F).

The required concentrations of small molecules for precise gene editing were deter-
mined through cytotoxicity experiments and a literature review, which were based on the
effect of small molecule concentrations on cell viability and CRISPR-mediated gene editing
efficiency [19,27]: L-189 at 5 uM; NU7441 at 1 uM; SCR7 at 10 uM; L755507 at 5 uM; RS-1 at
10 uM; and Brefeldin A at 0.5 uM (Figure 2).
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Figure 1. Small molecules described to target key proteins of NHE] and HDR. (A) Proteins are
labelled with black text, and inhibitors and enhancing small molecules are marked in red and green,
respectively. NU7441, L-189, and SCR7 have been described to inhibit DNA-PK and DNA ligase
IV, respectively. RS-1 has been described to enhance RAD51. L755507 and Brefeldin A have been
described to enhance ATM. For simplicity, some proteins and protein interactions are not depicted.
(B) Molecular formula and chemical structure of six small molecules.
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Figure 2. Effects of the different small molecules on the cell survival in PFFs. Resazurin assay for cell
survival in PFF cells 3 days after treatment with different concentrations of (A) L-189, (B) NU7441,
(C) SCR7, (D) L755507, (E) RS-1, and (F) Brefeldin A. Error bars show the SEM of three replicates for
PFF cells. * p < 0.05.

3.2. The Effect of Individual Small Molecules on the Efficiency of CRISPR RNP Mediated Precise
Genome Editing

The target gene for this experiment was INS, and the sgRNA-INS was designed and
synthesized in vitro (Figure 3A). The INS gene target sequence can be obtained through PCR
amplification (Figure 3B). The premixed RNP and single-stranded oligodeoxynucleotide
template ssODN-INSA54T-M were cotransfected into porcine fibroblasts via electropora-
tion, with different small molecules being added during the culturing. After 2 days of
culturing, the cells were collected to detect the gene editing efficiency (Figures 3C and S1).

The sequencing analysis results showed that the percentage of correctly edited cells via
HDR were 25.21% in the DMSO group, 43.10% in the L-189 group, 57.47% in the NU7441
group, 47.64% in the SCR7 group, 48.15% in the L755507 group, 52.94% in the RS-1 group,
and 48.15% in the Brefeldin A group (Figure 3D). Compared to the DMSO group, the small
molecules L-189, NU7441, SCR7, L755507, RS-1, and Brefeldin A increased the precise
gene editing efficiency by 1.71-fold, 2.28-fold, 1.89-fold, 1.91-fold, 2.10-fold, and 1.87-fold,
respectively (Figure 3E).
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Figure 3. Effects of different small molecules on the efficiency of HDR in PFF. (A) Schematic of INS
gene structure and sgRNA-INS target site. Replacement base and amino acid sites are indicated in
green and yellow, respectively. (B) PCR amplification of the INS gene target sequence. (C) Schematic
of the evaluation of the genome editing efficiencies of INS with Cas9 protein in PFF cells by small
molecules. (D) Genome editing efficiencies of INS with Cas9 protein in PFF cells with different
small molecules. (E) Histogram showing genome editing efficiencies of INS with Cas9 protein in
PFF cells treated with the different small molecules. Small molecules were added for 3 days after
editing. HDR, homology-directed repair; Imperfect HDR, homology-directed repair with indels;
NHE], nonhomologous end joining. Error bars show the SEM of three replicates for PFFs. * p < 0.05.

3.3. The Effect of Combining of Two Small Molecules on the Efficiency of CRISPR RNP Mediated
Precise Genome Editing

To investigate the effect of the combined use of small molecules on CRISPR-mediated
precise gene editing, double small molecule combinations were designed. The combina-
tions of SCR7 with different NHE] inhibitors were as follows: SCR7 (10 uM) + L755507
(5 uM), SCR7 (10 uM) + RS-1 (10 uM), and SCR7 (10 uM) + Brefeldin A (0.5 uM). The
sequencing analysis results showed that the percentages of correctly edited cells via HDR
were 47.89% in the SCR7 + L755507 group, 50.16% in the SCR7 + RS-1 group, and 47.14%
in the SCR7 + Brefeldin A group (Figures 4A and S2). Compared to the DMSO group,
the small molecule combinations SCR7 + L755507, SCR7 + RS-1, and SCR7 + Brefeldin A
resulted in increased precise gene editing efficiencies by 1.90-fold, 1.99-fold, and 1.87-fold
(Figure 4B).
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Figure 4. Effects of HDR on the efficiency of HDR in PFF by combining SCR7 + L755507, SCR7 + RS-1,
and SCR7 + Brefeldin A. (A) Genome editing efficiencies of INS with Cas9 protein in PFF cells
with the combination of two small molecules, SCR7 + L755507, SCR7 + RS-1, SCR7 + Brefeldin
A, L-189 + L755507, L-189 + RS-1, L-189 + Brefeldin A, NU7441 + L755507, NU7441 + RS-1, and
NU7441 + Brefeldin A. (B) Histogram showing genome editing efficiencies of INS with Cas9 protein
in PFF cells treated with the combination of two small molecules, SCR7 + L755507, SCR7 + RS-
1, SCR7 + Brefeldin A, L-189 + L755507, L-189 + RS-1, L-189 + Brefeldin A, NU7441 + L755507,
NU7441 + RS-1, and NU7441 + Brefeldin A. Small molecules were added for 3 days after editing.
HDR, homology-directed repair; Imperfect HDR, homology-directed repair with indels; NHE],
nonhomologous end joining. Error bars show the SEM of three replicates for PFFs. * p < 0.05.

The combinations of L-189 with different NHE] inhibitors were as follows: L-189
(5 uM) + L755507(5 uM), L-189 (5 uM) + RS-1 (10 uM), and L-189 (5 uM) + Brefeldin A
(0.5 pM). The sequencing analysis results showed that the percentage of correctly edited
cells via HDR were 45.63% in the L-189 + L755507 group, 47.64% in the L-189 + RS-1
group, and 45.12% in the L-189 + Brefeldin A group (Figures 4A and S2). Compared to
the DMSO group, the small molecule combinations L-189 + L755507, L-189 + RS-1, and
L-189 + Brefeldin A increased the precise gene editing efficiencies by 1.81-fold, 1.89-fold,
and 1.79-fold (Figure 4B).

The combinations of NU7441 with different NHE] inhibitors were as follows: NU7441
(1 uM) + L755507 (5 uM), NU7441 (1 uM) + RS-1 (10 pM), and NU7441 (1 uM) + Brefeldin
A (0.5 uM). The sequencing analysis results showed that the percentages of correctly edited
cells via HDR were 49.91% in the NU7441 + L755507 group, 53.19% in the NU7441 + RS-1
group, and 51.17% in the NU7441 + Brefeldin A group (Figures 4A and S2). Compared
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with the DMSO group, the small molecule NU7441 + L755507, NU7441 + RS-1, and NU7441
+ Brefeldin A combinations increased the precision gene editing efficiencies by 1.98-fold,
2.11-fold, and 2.03-fold (Figure 4B).

4. Discussion

Despite the versatility and stable use of CRISPR/Cas9, some issues limit its application.
For example, the precise gene modification efficiency mediated by CRISPR/Cas9 is lower in
several mammalian cells. The main reason for the low efficiency of precision gene editing is
that HDR and NHE] compete in the DSB repair process. One of the important requirements
for precise gene editing using CRISPR is to improve the efficiency of HDR in a simple and
repeatable way. Improving HDR’s efficiency not only facilitates the use of precise gene
editing in therapeutic environments but also facilitates biomedical and drug discovery
research from model generation to disease mutation [19]. With more understanding of how
the HDR repair pathway is suppressed in the G1 phase of the cell cycle and stimulated
in the S/G2 phases, methods can be developed to selectively disrupt error-prone repair
pathways, particularly NHE], thereby promoting precise HDR; directly promoting HDR
repair over NHEJ; or providing a favourable cellular environment for HDR (S5/G2 phase,
pairing Cas9-induced DSBs with DNA template) [28].

Compared to previous studies targeting factors in the repair pathway or building
related Cas9 fusion proteins, the advantages of HDR methods that use small molecules to
direct DSB repair pathways lie in their ease of application in cell lines, reversibility, and
rapid mode of action [29]. Therefore, the use of small molecule compounds to enhance
CRISPR/Cas9 activity seems to be a promising approach. In this study, NU7441 inhibited
DNA-PKcs, a key factor involved in the DNA NHE] repair pathway [30]. L-189 and SCR7
are small molecule drugs that inhibit Ligase IV, another key factor involved in the DNA
NHE] pathway [31]. RS-1 is a small molecule drug that enhances RAD51, a key factor
involved in the DNA HDR repair pathway [32]. L-755507 can improve the efficiency of
CRISPR-mediated homologous recombination repair [33]. Brefeldin A is a small molecule
drug that inhibits cell transport from the endoplasmic reticulum to the Golgi apparatus,
that improves the efficiency of homologous recombination repair, and that is an enhancer
of CRISPR-mediated HDR [33,34]. Therefore, using small molecules to improve CRISPR-
mediated precise gene editing remains the best choice currently.

Comparing networks of genes involved in HDR from different donor templates (ss-
Donor vs. plasmid dsDonor) revealed that many DNA repair factors are shared between
SSTR and HR [6,11,12,26]. It was noted that the repair proteins needed for SSTR in screen-
ing human cell lines revealed a very different set of necessary repair proteins, specifically
multiple components of the Fanconi anaemia (FA) pathway [35]. The FA pathway is
primarily associated with repairing interstrand crosslinks in the genome but also with
protecting stalled replication forks [36]. In this study, small molecules such as L-189, SCR7,
and NU7441 inhibited nonhomologous end joining in DNA repair processes, while RS-1,
Brefeldin A, and L755507 enhanced the homologous recombination repair process in DNA
repair. These small molecules also improve the efficiency of CRISPR-mediated precise
gene editing with ssDonor. This is because the early steps of HDR may be similar for the
templated repair of a Cas9 break with ssDonor or dsDonor, but the downstream stability
and incorporation of different donor templates requires different factors. Future work
could expand this platform to genome-wide screens or focus more narrowly on the FA
pathway to determine whether different FA subcomplexes act specifically during SSTR or
HR [35].

The general link between HDR stimulation and the cell cycle illustrates that HDR-
boosting treatments can be a balancing act between desired and undesired outcomes.
It is tempting to wish for a treatment that increases HDR to 100% efficiency, no matter
the mechanism. Nevertheless, the combination of HDR-promoting small molecules with
different modes of action may be a way to overcome the cell-type and gene-specificity
limitations of single inhibitors. Furthermore, small molecule combinations that act on both
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HDR and NHE] pathways simultaneously are more likely to be a method for improving
the efficiency of precise gene editing. However, it was found that the combined treatment
of SCR7 and RS-1 in MCF?7 cells resulted in a slight but not significant increase in the gene
editing efficiency of each compound [37]. The combination therapy of SCR7 and RS-1 in
zebrafish also failed to demonstrate a significant increase over single molecule use [38]. In
this study, small molecule combinations did not show efficiencies that were higher than
the highest efficiency obtained when two small molecules were used alone. This suggests
that dual targeting (inhibiting NHE] while increasing HDR) may have strong limitations.
The microtubule poison nocodazole boosts HDR in some contexts via G2/M arrest but
also increases aneuploidy and the frequency of failed mitoses. Similarly, inappropriately
activating DNA repair during mitosis leads to chromosome fusions [39]. A recent study
defined a combination of four drugs called “CRISPY”, two known single-drug enhancers
(NU7026 and trichostatin A) and two drugs with limited and inconsistent effects on gene
editing efficiency when used alone (MLN4924 and NSC15520), which increased the gene
editing efficiency by 7.2-fold [40]. This is also an important direction for future research.

Although many small molecules have been validated in animal models, their use has
not yet become a standard procedure for CRISPR genome editing; this may be related to
adverse reactions that small molecules may cause, such as off-target mutations, immune
reactions, chromosomal translocations, and genetic toxicity. For instance, inhibitors and
enhancers of proteins that play a critical role in the DNA damage response can improve
the genome editing efficiency of CRISPR/Cas9, but they may also affect off-target effects
related to members of the protein family [10,41]. Small molecules targeting CRISPR/Cas9
exhibit cell type- and cell state-dependent effects, which may be due to the repair signal
response of DNA damage [42]. In addition to classical NHE] (c(NHE]) and HDR, other DNA
repair pathways are also essential for the DNA damage response, especially in cNHE]- and
HDR-defective cells. For example, single-strand annealing (5SA), break-induced replication
(BIR), and microhomology-mediated template switching have complementary roles in
DSB-induced repair and are always considered error-prone pathways, which may lower
the efficiency of HDR [43].

The advantages of using small molecules to pharmacologically guide DSB repair
pathway selection towards HDR methods include their ease of application in cell lines,
reversibility, and fast action mode. Therefore, small molecules are a promising method
for precisely controlling and enhancing CRISPR/Cas9 genome editing, especially when
combined with other methods. For example, CRISPR/Cas9-mediated genome editing
treated with small molecules exhibits different enhancement or inhibition effects when
delivered by the electroporation, lipid transfection, or nuclear transfection of Cas9-RNP
complexes [15,41]. Meanwhile, small molecules can effectively regulate CRISPR/Cas9
activity in various cell types and other CRISPR/Cas-based systems (such as CRISPR/Cpf1,
CBE) and may become a major editing tool in the future [44]. However, more work is
needed to reveal the precise interaction between small molecules and Cas9 endonuclease
and to expand the application of small molecules in CRISPR/Cas9 gene editing.

5. Conclusions

In conclusion, this study validated the small molecules L-189, NU7441, SCR7, L755507,
RS-1, and Brefeldin A, which can improve the precision of CRISPR RNP-mediated precise
gene editing in pig fibroblasts. The combination of two small molecules is not significantly
different from the addition of a single small molecule. These results provide methodological
support for the establishment of new strategies to increase the precision and efficacy of
gene editing workflows in PFFs.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani14050719/s1, Figure S1: The deep sequence results of INS
gene precise editing in PFF cells treated with single small molecule L-189, NU7441, SCR7, L755507,
RS-1 and Brefeldin A; Figure S2: The deep sequence results of INS gene precise editing in PFF cells
treated with the combination of two small molecules, L.-189 + L755507, L-189 + RS-1, L-189 + Brefeldin
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A, SCR7 + L755507, SCR7 + RS-1, SCR7 + Brefeldin A, NU7441 + L755507, NU7441 + RS-1, and
NU7441 + Brefeldin A; Table S1: ssODN synthesized in this paper.
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