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Targeted mutagenesis in model organisms is key for gene functional annotation and biomedical research. Despite techno-
logical advances in gene editing by the CRISPR-Cas? systems, rapid and efficient introduction of site-directed mutations re-
mains a challenge in large animal models. Here, we developed a robust and flexible insertional mutagenesis strategy,
homology-independent targeted trapping (HIT-trapping), which is generic and can efficiently target-trap an endogenous
gene of interest independent of homology arm and embryonic stem cells. Further optimization and equipping the
HIT-trap donor with a site-specific DNA inversion mechanism enabled one-step generation of reversible and conditional
alleles in a single experiment. As a proof of concept, we successfully created mutant alleles for 21 disease-related genes in
primary porcine fibroblasts with an average knock-in frequency of 53.2%, a great improvement over previous approaches.
The versatile HIT-trapping strategy presented here is expected to simplify the targeted generation of mutant alleles and
facilitate large-scale mutagenesis in large mammals such as pigs.

[Supplemental material is available for this article.]

Following the completion of animal genome sequencing projects,
rapid and efficient mutagenesis strategies are needed for analyzing
gene function and for creating human disease models. Gene trap-
ping is a high-throughput mutagenesis strategy whereby random
vector insertion can be achieved across the mouse genome. A typ-
ical gene-trap vector contains a promoter-less reporter/selection
gene flanked by an upstream splice acceptor (SA) and a down-
stream poly(A) signal. Upon insertion into an intron of a gene,
the vector both inactivates the trapped gene and enables the
gene-specific expression of a reporter gene (Gossler et al. 1989;
Stanford et al. 2001). To date, gene-trapping approaches have
been successfully applied toward large-scale mutagenesis in mouse
embryonic stem cells (mESCs) and generation of gene knockout
mice (Skarnes et al. 2004). The main drawback of random gene
trapping is that gene-trap alleles are not specifically engineered
to target genes of interest in advance. Therefore, methods to
streamline the introduction of predesigned, site-specific modifica-
tions into the genome by homologous recombination would rep-
resent a significant technological advance. Previously, a hybrid
approach combining gene targeting and gene trapping (targeted
trapping) enabled mutation of expressed genes in mESCs with
high efficiency, using a gene-trap construct flanked by homolo-
gous sequences of the target locus (Friedel et al. 2005). Also, ho-
mologous recombination is commonly used for creating
conditional alleles, which is essential to avoid embryonic lethality
and to study the stage- and tissue-specific functions of genes
(Branda and Dymecki 2004). However, both standard gene trap-
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ping and targeted trapping are only suitable for genes expressed
in embryonic stem (ES) cells. Furthermore, construction of target-
ing donor vectors with homology arms is labor intensive and cost-
ly, and the low efficiency of homologous recombination is also a
rate-limiting step for gene targeting in mammalian genomes.

Recently, by taking advantage of precise genomic double-
strand breaks (DSBs) created by the clustered regularly interspaced
short palindromic repeats (CRISPR)-associated protein 9 (Cas9)
system (Ran et al. 2013; Doudna and Charpentier 2014; Hsu
et al. 2014), homology-directed repair (HDR) efficiency was sub-
stantially enhanced (Porteus and Carroll 2005), and even donors
with short homology arms (Orlando et al. 2010) or single-stranded
DNA oligonucleotides (Chen et al. 2011; Quadros et al. 2017) were
found to be compatible with site-specific integration. However,
each targeting donor for HDR still needs to be customized with
gene-specific homology sequences. Because of the lack of ES cells
for certain animals such as pigs, sheep, and cattle, the genome
must be edited either in a zygote embryo or in a somatic cell for
somatic cell nuclear transfer (SCNT) (Reddy et al. 2020). It is still
not feasible to achieve large-scale insertional mutagenesis includ-
ing conditional knockouts in these important species with ran-
dom gene trapping or HDR-based methods. Also, the problem of
genetic mosaicism in embryo editing remains unresolved
(Mehravar et al. 2019), prompting a need for technological ad-
vances to accelerate genetic modification in somatic cells.

© 2021 Lu et al. This article is distributed exclusively by Cold Spring Harbor
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Targeted mutagenesis by HIT-trapping

Alternatively, the generally more efficient nonhomologous
end joining (NHEJ) pathway has been exploited for site-specific in-
sertion of exogenous DNA by simultaneous cleavage of both donor
plasmid and genome using programmable nucleases (Cristea et al.
2013; Maresca et al. 2013; Brown et al. 2016; SuzuKki et al. 2016;
Sawatsubashi et al. 2018). In contrast to HDR-based strategies,
NHEJ-mediated insertions do not require gene-specific homology
arms, enabling diverse sites to be targeted with a universal donor
vector. Therefore, we speculated that a gene-trap cassette could
be inserted into a specific locus easily through this mechanism
in any cell type.

Here, by combining NHEJ-mediated knock-in and gene trap-
ping, we developed a strategy for targeted mutagenesis, especially
in somatic cells with low HDR activity, referred to as HIT-trapping.
By using a universal donor, this strategy allows us to (1) create null
alleles, (2) produce a fluorescent reporter signal that could poten-
tially allow cells with null alleles to be identified very quickly,
and (3) produce reversible and conditional alleles that would be
very helpful to have in most animal models but are often cumber-
some to create.

Results

Establishment of a CRISPR HIT-trapping method

We designed a modular HIT-trapping system that uses the NHE]
pathway for targeting and trapping endogenous genes. Briefly,
this system consists of three components: Cas9 protein, sgRNA ex-
pressing plasmids, and a universal gene-trap donor (HIT-trap-1C).
Within the HIT-trap donot, an SA sequence followed by a promot-
er-less IRES-GFP reporter and a poly(A) signal (SA-IRES-GFP-pA)
serves as a gene-trap cassette; a selection cassette constitutively ex-
pressing the puromycin-resistance gene (SV40-Puro-pA) is used to
enrich target-trapped cells; and a RNU6-1 promoter expressing a
sgRNA (termed sgA; against tiall in zebrafish) is used to target
the donor itself (Lackner et al. 2015). We placed the sgA recogni-
tion site between the RNU6-1-sgA and the gene-trap cassette that
allows Cas9/sgA ribonucleoproteins (RNPs) to cleave the donor
DNA in vivo. With concurrent cleavage of the donor plasmid
and the selected targeting site by Cas9 RNPs, the NHE] repair
mechanism is expected to result in HIT-trap donor integration at
the genomic DSB site. The inserted gene-trap cassette then gener-
ates a loss-of-function mutation and reports the expression of the
target gene (Fig. 1A).

The HIT-trapping method was first examined by targeting
the X-linked Hprt gene in XY mESCs, because targeting events of
Hprt can be rapidly and stringently tested through 6-thioguanine
(6-TG) treatment in culture (Doetschman et al. 1987). We thus gen-
erated three sgRNAs (sg-mTh1-3) against the first intron of Hprt
(Supplemental Fig. S1A). The donor (HIT-trap-1C) and Cas9-ex-
pressing plasmid (pM3-Cas9) were cotransfected with sg-mThl,
mTh2, or mTh3 into mESCs and followed by puromycin selection.
GFP-positive clones (Fig. 1B) were selected and expanded for geno-
typing by genome-donor junction PCR and Sanger sequencing.
The results showed that we were able to obtain multiple correct
target-trapped clones at all of the selected positions (Fig. 1C), albeit
indels were created around the junctions (Supplemental Fig. S1B).
Also, we obtained target-trapped clones at the Sall4 and Tetl
loci by identifying GFP-positive clones using the HIT-trapping
approach (Supplemental Fig. S2A,B). In summary, the average
efficiency of target-insertion of the HIT-trap donor was 51.6% at
these three loci in mESCs (Supplemental Fig. S2C). We were able

to obtain target-trapping events from a small number of clones
(no more than nine clones per target site), indicating that most of
the GFP-positive clones were correct knock-ins of the HIT-trap
donors.

To assess the mutagenicity of the HIT-trap insertions, HIT-
trap clones Th1-1, Th2-4, and Th3-5 were subjected to qPCR,
western blot, and toxicity analyses. In parallel, we also generated
conventional knockout clones bearing indels at exon 2 (indel
clones hk2/8/12) (Supplemental Fig. S1B) as a control group.
Results showed that both strategies could efficiently abolish Hprt
protein expression (Fig. 1D) and confer 6-TG resistance to the cells
(Supplemental Fig. S1C). Consistent with previous studies (Reber
et al. 2018), transcription levels of the target gene in the trapped
clones were significantly decreased compared with traditional
knockout cells (Fig. 1E). These results showed that HIT-trap donors
can be effectively inserted into the target loci and disrupt endoge-
nous genes in mESCs.

Systematic assessment of HIT-trapping method in various
mammalian cells

To investigate the general applicability of the HIT-trapping strat-
egy, we developed a defined workflow and applied it to target-
trap Hprt, Sall4, and Tet] in mESCs; ACTBand HPRT1 in human em-
bryonic kidney 293T and melanoma A375 cells; and ROSA26 and
THY1 in porcine fetal fibroblasts (PFFs), all of which are expressed
in the indicated cell types. Because the successful insertion of the
gene-trap cassette results in the expression of GFP driven by the
promoter of the trapped gene, the targeted-trapping events could
be directly quantified via flow cytometry. Three days after cotrans-
fection with HIT-trap-1C/Cas9/genome-sgRNA plasmid mixtures,
the cells were subjected to puromycin selection for 5 d to enrich tar-
geted-trapping events, followed by expansion for an additional 3 d
for further analysis (Fig. 2A). Flow cytometry results showed that
antibiotic selection cultures contained a high percentage of GFP-
positive cells in all of the HIT-trapping experiments, ranging
from 22.2%-68.4%, whereas fewer GFP-positive cells were detected
in the control experiments (without genome-sgRNAs) (Fig. 2B;
Supplemental Fig. S3). We did not detect any targeted insertion
event in the control experiments (Supplemental Fig. S4), suggest-
ing that the puromycin-resistant cells were produced by random in-
tegrations via spontaneous NHE] rather than Cas9-induced NHE]J.
The probability of spontaneous integration of the gene-trap vector
into a transcribed site across the genome was low, resulting in a low-
er percentage of GFP-positive cells after selection. Moreover, in the
absence of genome-sgRNAs, the number of puromycin-resistant
cells was significantly less than that in the HIT-trapping experi-
ments (Supplemental Fig. S5), indicating that the actual knock-
ins occurred at a much higher frequency than nonspecific integra-
tions. As NHE]J-mediated knock-in is nondirectional, the reverse di-
rection knock-in could not generate green fluorescent signals, so
the overall knock-in efficiency of HIT-trapping is theoretically
much higher than that measured by flow cytometry.

We next sought to determine the fidelity of donor insertion at
the target sites and analyzed the junctions generated by HIT-trap-
ping in Hprt of mESCs, ACTB of human A375 cells, and THY1 of
PFFs, respectively. Sequence analyses of these genome-donor
junctions showed a high level of seamless junction repair
(75.4%-92.4%) in A375 cells and PFFs, a relatively lower degree
of seamless junctions (32.3%-36.1%), and an appreciable level of
microhomology-mediated end joining (MME]) repair-induced de-
letions (16.4%-26.2%) in mESCs (Fig. 2C; Supplemental Fig. S6).
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Figure 1. Insertional mutagenesis induced by HIT-trapping in mESCs. (A) Schematic of the HIT-trapping strategy. Concurrent cleavage of the HIT-trap
donor and genome by Cas9 RNPs results in targeted trapping. After integration, the gene-trap cassette leads to the expression of a truncated protein and
GFP by the promoter of the target gene. The selection cassette expresses a puromycin-resistance gene by a constitutive SV40 promoter. (ATS sequence)
GGTATGTCGGGAACCTCTCCAGG; (SA) splice acceptor; (IRES) internal ribosome entry site; (pA) polyadenylation signal. (B) Representative microscopic
images of mESC clones after puromycin selection in HIT-trapping. Red arrows indicate apoptotic clone (top), GFP-negative surviving clone (middle),
and GFP-positive surviving clone (bottom), respectively. Scale bar, 50 um. (C) PCR genotyping of GFP-positive clones confirmed the correct integration
of HIT-trap donor at Hprt locus. 5/3), 5'/3" junction. (D,E) Western blot and qPCR analysis of HIT-trap clones targeting the Hprt locus (Th1-1, Th2-4,
and Th3-5), with TUBBS as the loading control. Error bars, SD from three technical replicates. Significance was calculated using the Student’s unpaired

t-test: (**) P<0.01.

In considering the possibility that large deletions might disrupt
the function of the gene-trap cassette, we summarized our se-
quencing data and found that most (91.0%) of the deletions across
the junctions were <50 bp (Fig. 2D). Because these small deletions
did not impair the function of our gene-trap cassette, the vast ma-
jority of target-trapped cells produced via HIT-trapping were suit-
able for downstream applications.

To assess the off-target insertions caused by Cas9, we exam-
ined the top three off-target sites predicted by CCTop (Stemmer
et al. 2015) for the universal sgA and for each of the genome-
sgRNAs (Supplemental Table S2). For each off-target site, we
performed PCR analyses for both forward and reverse donor inte-
gration and observed marginal donor integrations within off-
target loci compared with those within target loci (Supplemental
Fig. S7), indicating that the unwanted insertions in puromycin-
enriched populations were mainly caused by random donor
integrations rather than by specific insertions at off-target sites.

Collectively, these results indicated that CRISPR-Cas9-assis-
ted HIT-trapping system is an efficient and precise method to gen-
erate gene-trap alleles in mammalian cells.

Various knock-in patterns produced by a two-cut HIT-trap donor

In our initial experiments, the bacterial backbone and an active
RNU6-1 promoter were inserted into the target locus along with
the gene-trap, potentially causing unwanted epigenetic modifica-
tion at the target locus. After genome integration, the sgRNA tar-
geting the vector itself might still be produced. Moreover,
potential cryptic splice sites within the vector backbone, leading
to aberrant splicing events, would confound functional studies
of trapped genes. To avoid these limitations, we constructed two
additional two-cut HIT-trap donors (HIT-trap-2C and HIT-trap-
pA2C) that carry identical sgA-targeting sites flanking the inser-
tion part (Supplemental Fig. S8A). Unlike HIT-trap-2C, HIT-trap-
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experimental design. (B) HIT-trapping efficiencies were measured by the percentage of GFP-positive cells

among puromycin-resistant cells. As controls, plasmid mixtures without gene-specific SgRNA expressing
vectors were transfected into the cells. These results were derived from at least two independent exper-
iments, shown as mean % SD. (C) Frequencies and ratios of seamless, microhomology-mediated end join-
ing (MMEJ), and other integration junctions at the target loci. (n) Number of the amplicons analyzed;
(5/3)) 5'/3' junction. (D) Summary statistics of the deletion sizes from junction sequencing.

Sequencing data are presented in Supplemental Figure S6.

pA2C contains a poly(A)-trap cassette in which a constitutive pro-
moter drives the expression of a puromycin-resistance gene lack-
ing a poly(A) signal (Niwa et al. 1993; Shigeoka et al. 2005).
These two donors yielded a comparable frequency of GFP-positive
cells to that achieved by the single-cut donor (HIT-trap-1C) in
mESCs (Supplemental Fig. S8B,C).

To comprehensively examine the effect of the two-cut do-
nors, it was necessary to check the genome-donor junctions in
clonal cell lines. Results showed a high frequency (41.7%, 5/12)
of desired integrations of donor HIT-trap-2C within Hprt of GFP-
positive and 6-TG-resistant mESC clones (Supplemental Fig. S9).
However, this high frequency seemed largely attributable to prese-
lection by known phenotypes (puromycin/6-TG resistance and
GFP positive) of trapping Hprt. Next, we aimed to examine whether
transcriptionally silent genes, Nes and Olig2, can be efficiently
trapped with HIT-trap-pA2C. Poly(A) trapping captures an endog-
enous poly(A) signal with which to stabilize the mRNA of the
selectable marker gene via a splice donor signal (Niwa et al.
1993; Ishida and Leder 1999). Antibiotic selection should occur
only when the poly(A) trap integrates in the forward orientation.
Using HIT-trap-pA2C as our knock-in donor, unbiased screening
of the puromycin-resistant clones showed high-frequency donor
integration at the target loci (15/24 in Nes and 6/24 in Olig2).
However, only a few clones showed correct junctions on both sides
(two in Nes and one in Olig2) (Fig. 3A). We hypothesized that these
undesired outcomes may be because of incomplete cleavage of the

To efficiently achieve desired knock-in
patterns, we designed several strategies
to optimize the donor for HIT-trapping.
As shown in Figure 4A, Donor-P was
generated by PCR using 5 phosphory-
lated primers and only contained the in-
tegration components. Donor-X1 was
linearized by a restriction enzyme, cut-
ting the 3’ site of the knock-in cassette in vitro instead of in
vivo. Donor-X2 was also a linear vector, but the unwanted part
of the plasmid donor was completely removed in vitro by restric-
tion enzymes and gel electrophoresis. Donor-LigX2 was a circular
vector generated from the self-ligation of Donor-X2 via T4 ligase.
All of these donors contained only one sgA target site and were
derived from the same plasmid vector HIT-trap-pA1C. These op-
timized donors were used to target the Nes gene in mESCs to
determine the efficiency of the desired knock-in. After electropo-
ration and puromycin selection, survival clones were randomly
isolated and genotyped. PCR results showed that desired knock-
in events were achieved by every optimized donor except
Donor-X1, with Donor-LigX2 having the highest frequency
(Fig. 4B; Supplemental Fig. S10). This result may be attributed
to higher electroporation efficiency and fewer random integra-
tions of the circular donor compared with the linear ones.
Therefore, in vitro optimized donors similar to Donor-LigX2
were used for subsequent HIT-trapping experiments.

Simultaneous generation of reversible and conditional knockouts
by HIT-trapping

The nondirectional nature of NHEJ-mediated knock-in using the
HIT-promoter trap donor resulted in comparable yields of gene-
trap incorporated alleles in both desired and undesired orienta-
tions (forward and reverse). Previous studies have proven that
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spectively. For the silent gene Nes, both
forward and reverse insertions needed
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to be analyzed for each clone. Junction
PCR and DNA sequencing revealed that
» in all of the target loci, cells containing
donor insertions in either direction
50 could be obtained by screening a limited
number of clones (up to 16) (Fig. 5C;
3 Supplemental Fig. S11). By selecting
GFP-positive clones among puromycin-
resistant ones, it was much easier to ob-
tain forward donor insertions for active
genes. These data also show that our op-
timization of HIT-trapping was simple

. 2C
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1C-2
I ND

0 20 40
KI patterns (%)

Figure 3. Various knock-in patterns generated by a two-cut HIT-trap donor. (A) PCR genotyping of the
puromycin-resistant clones by targeted trapping of Nes and Olig2 in mESCs. The lanes in red rectangles
indicate desired 2C knock-in patterns. (B) Schematic showing the desired and alternative knock-in pat-
terns by a two-cut donor (HIT-trap-pA2C). SV40-Puro-IRES-SD (poly(A)-trap cassette), SV40 promoter
driving expression of a puromycin-resistance gene followed by sequences of an internal ribosome entry
site (IRES) and a splice donor (SD). (C) PCR genotyping verified the predicted alternative knock-in pat-
terns (1C-1 and 1C-2) at the Nes and Olig2 loci in mESCs. The lanes in red rectangles indicate the defined
alternative knock-in pattern. (5/3J) 5'/3’ junction. (D) Distribution of different knock-in patterns by HIT-

trap-PA2C. (n) Number of clones checked by PCR; (ND) not determined.

inverted insertion of gene-trap cassette is innocuous and that
switching the orientation of the gene-trap cassette via site-specific
recombination permits conditional control of the gene function
(Schniitgen et al. 200S5; Xin 2005; Ni et al. 2012; Economides
etal. 2013). Thus, equipping the HIT-trap donor with an invertible
mechanism would fully use all of the insertions and generate con-
ditional knockouts. To this end, we constructed a novel HIT-trap
vector, HIT-trap-FIEx (Fig. 5A), which is based on the well-charac-
terized strategy termed flip-excision (FIEx) (Schniitgen et al. 2003;
Atasoy et al. 2008). Its design is similar to HIT-trap-1C, except that
the gene-trap and selection cassette are flanked by heterotypic lox
sites (loxP/lox2272). After isolating the knock-in element with
Pvul, the purified construct is self-ligated to generate a circular
HIT-trap donor LigFV3 for HIT-trapping experiments. Upon elec-
troporation of LigFV3 and Cas9/sgRNAs into cells, multiple cell
lines bearing donor integration in either the forward or reverse
orientation can be produced simultaneously. After exposure of the
gene-trap lines to Cre, step-wise recombination would allow stable
inversion of the trap cassette and excision of the selection cassette,
thereby switching the mutant alleles to neutral states or the
harmless alleles to loss-of-function mutations. Therefore, in com-
bination with nondirectional NHEJ-mediated knock-in, this HIT-
trapping strategy simultaneously yields both reversible and condi-
tional mutagenesis alleles, making all of the trapped clones usable

Kl patterns (%)

% 1% and effective at avoiding integration of

the plasmid backbone.

Western blots showed that the for-
ward LigFV3 integration efficiently abol-
ished the protein expression of Hprt and
ACTB, whereas the reverse integration
did not (Supplemental Fig. S12). Next,
to test for recombinase-mediated inver-
sions of the insertions, we selected GFP-
positive (clone AG1: trapping ACTB in
A375 cells; clone H10: trapping Hprt in
mkESCs) and GFP-negative clones (clone AN3: targeting ACTB in
A375 cells; clone H17: targeting Hprt in mESCs), which represent
forward and reverse insertions, respectively. These clones were
then transiently transfected with a Cre-expressing plasmid, and
as shown in Figure 5D, stable GFP-negative and GFP-positive sub-
clones indicated the unidirectional inversion of the gene-trap cas-
sette. The inversions at the Hprt locus were further confirmed by
allele-specific PCR and sequencing (Supplemental Fig. S13) in
combination with western blotting (Fig. SE). As expected, after 6-
TG and HAT treatment with clones H10 and H17, their inverted
progeny showed corresponding drug resistance associated with
the function of Hprt, showing reversible and conditional knockout
phenotypes (Fig. SF).

Highly efficient generation of target-trap alleles in PFFs

As porcine ESCs remain unavailable to date, SCNT using PFFs is the
primary method to generate gene-modified pigs (Tan et al. 2016).
Conventional gene targeting approaches are extremely inefficient
in PFFs, impeding the production of pig models. To explore wheth-
er our HIT-trapping approach could produce stable knock-in PFF
clones at high efficiency, we set out to target 21 disease-related
genes (Supplemental Table S3). As the gene-trap donor LigFV3
was generic, we only needed to construct appropriate gene-specific
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Figure4. Optimization of the donor for HIT-trapping. (A) Diagrams showing strategies to optimize the
HIT-trap donor. All of the optimized donors were derived from the same plasmid donor (HIT-trap-pA1C).
Donor-P was PCR generated. Donor-X1 was generated by linearization of the plasmid using Sbfl or
EcoRV. Donor-X2 only contains the insertion part of the plasmid, with the backbone removed in vitro us-
ing Xbal. Donor-Ligx2 was produced by self-ligation of Donor X2 via T4 ligase. (B) The frequencies of de-
sired/not desired knock-in (D/ND-KI) patterns by the respective optimized donor. (n) Number of clones
checked by PCR. The genotyping data are presented in Supplemental Figure S10.

sgRNA-expressing vectors. PFFs were transfected with the
LigFV3/Cas9/sgA/sg-genome mixture and plated at limiting dilu-
tions for clonal isolation. To maintain potential for SCNT, only
the well-grown, nonsenescent clones were selected and subjected
to genotyping. For each clone, both forward and reverse insertions
were detected (a representative example of the PCR screen for
PPARG is shown in Fig. 6A). Site-specific junctions were verified
by Sanger sequencing (Fig. 6B).

We were able to obtain clones bearing the modified alleles
with gene-traps for all of the target sites. The knock-in efficiencies
of HIT-trap donors varied from 18.2% to 82.1%, with an average of
53.2% (Table 1), regardless of the insertion orientation. A signifi-
cant portion (60 of 189, 31.7%) of modified clones were produced
by biallelic insertions of gene-trap donors in both orientations
(Supplemental Fig. $14), suggesting the robustness of HIT-trapping
in PFFs. Consistent with junction analysis of enriched cells, junc-
tion sequencing also showed a high fraction (76.1%, 118/155) of
the seamless insertion of the gene-trap vector in PFFs. The vast ma-
jority (94.8%, 147/155) of indels around the junctions did not dis-
rupt the lox sites within the donor (Supplemental Fig. S15),
reserving the inversion ability of the inserted gene-trap cassettes,
so that in most cases, we could achieve both reversible and condi-
tional knockouts by screening only a small number of clones.
Moreover, western blots showed decreased protein expression of
PPARG, PAX6, LDLR, and PCSK9 in PFF clones heterozygous for
the forward HIT-trap integration allele (Supplemental Fig. S16).
For PPARG, PAX6, and ACTB (Supplemental Fig. S12), protein ex-

/ Donor-P

—_
Self-ligation

B ND-KI
mm D-KI

pression levels in the heterozygous

knockout clones appear to be well below

50%, which could be because of normal

Sbil or EcoRV variation among different loci or allele-

insort Tha specific expression. These results show

that our HIT-trapping system is an effec-

tive approach for targeted trapping of

genes in PFFs. The preserved modified

clones may be ideal resources for cloning
pig models for human diseases.

Discussion

Donor-LigX2 In this study, we devised a HIT-trapping
strategy that harnesses the NHE] repair
mechanism for targeted insertion of
gene-trap vectors. Compared with con-
ventional gene trapping and targeted trap-
ping, it avoids the laborious site-specific
donor construction steps and can be
theoretically applied to any cell type.
Apart from that, it is also effective regard-
less of the expressing state of target genes.
Byusinga genericdonor coupled with the
FIEx switch, we simultaneously obtained
reversible and conditional knockouts for
user-defined genes, which is unfeasible
with existing methods. Possible applica-
tions could be microinjection of HIT-
trap donors and Cas9 RNPs into zygotes.

CRISPR-Cas9 provides a convenient
system for disruption of gene function in
mammalian cells. A common gene
knockout strategy is to introduce random
indels into the exon of the gene of inter-
est by CRISPR-Cas9-induced NHE] repair, resulting in coding
frameshifts and loss-of-function mutations. However, either the
in-frame mutations caused by random indels or incomplete degra-
dation of the corresponding transcript may preserve the function
of the target allele. In this context, it can be time-consuming
and costly for the identification and isolation of clonal cell lines
with desired genetic modifications. In contrast to this random mu-
tation strategy, gene trapping disrupts the transcript of target
genes and generates fusion transcripts by the splicing of endoge-
nous exons, leading to predictable loss-of-function alleles. More-
over, HIT-trapping also provides a reporter controlled by the
target gene that facilitates analysis of its functions.

To target a specific gene regardless of whether it is expressed,
we use a constitutive promoter driving the puromycin-resistance
gene within the HIT-trap vector that would also enrich random in-
sertions upon selection. Despite this disadvantage, our technique
achieved high rates of targeted trapping at various loci, likely re-
sulting from the robust introduction of DSBs in the genome by
Cas9. The efficiency of HIT-trapping depends on the cleavage ca-
pacity and accuracy of the sgRNAs against genomic sites. HIT-trap-
ping targets introns within the genome, providing a broader
spectrum of available Cas9 target sites and facilitating the choice
of sgRNAs with high activity and fidelity.

Previously, single-cut donors were commonly used for NHE]-
mediated knock-in, which resulted in the incorporation of the en-
tire donor plasmid into the genome (Bachu et al. 2015; Brown et al.
2016; Katoh et al. 2017; Sawatsubashi et al. 2018; Zhang et al.
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Figure 5. Combining HIT-trapping and FIEx switch enabled the simultaneous generation of reversible
and conditional knockouts. (A,B) Schematic showing the workflow and mechanism for simultaneous
generation of reversible and conditional knockouts at target sites. Optimized donor LigFV3 was generat-
ed through self-ligation of the insertion cassette, excised from the plasmid HIT-trap-FIEx in vitro. Because
of the nondirectional feature of NHEJ-mediated knock-in, cells containing either forward or reverse inte-
gration can be obtained in a single transfection step. The Cre-mediated FIEx switch enabled the inversion
of the gene-trap cassette post insertion, leading to phenotype reverted or conditional knockout. Blue tri-
angles indicate loxP sites; red triangles, lox2272 sites. (C) Knock-in efficiencies of optimized donor LigFV3
atvarious target sites. (F/R) Forward/reverse integration of the donor; (n) number of screened clones. The
genotyping and Sanger sequencing data are presented in Supplemental Figure S11. (D) Images of A375
cells and mESCs bearing FIEx-trap insertions transfected with a Cre expressing plasmid. (AG1/AN3) A375
cell clones with donor insertion at ACTB locus in forward/reverse orientation; (H10/H17) mESC clones
with donor insertion at Hprt locus in forward/reverse orientation. Scale bar, 50 um. (E) Western blot con-
firmation of the wild-type revertant and conditional knockout phenotypes of Hprt after exposure to Cre in
mESCs, with TUBB5 as the loading control. (Y) Y Chromosome (Hprt locus is located on the X
Chromosome). (F) Methylene blue staining of mESCs mentioned above. mESCs were cultured with 6-
TG (2 uM) or 1x HAT supplement for 5 d and were fixed and stained with 0.02% methylene blue.
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age of two nuclease target sites within the
donor plasmid. This event produces
three different linearized donors, each
competent for NHEJ-mediated end-cap-
ture, which results in various insertion
patterns that may have been overlooked
in previous studies. This phenomenon
suggests that in vivo removal of the vec-
tor backbone by a two-cut donor is not
as straightforward as expected and leads
to multiple types of insertions. Without
a selectable-marker to pre-eliminate non-
specific insertions (i.e., tagging nonex-
pressed genes), achieving the desired
insertion with two-cut donor-mediated
homology-independent knock-in may
be challenging. In this study, we devel-
oped a simple optimized strategy by re-
moving the plasmid backbone in vitro
instead of in vivo. The in vitro modified
HIT-trap donors were easy to produce
and yielded knock-in efficiency compa-
rable to plasmid donors. This strategy
could potentially be adapted to obtain
clean insertions of transgenes when us-
ing homology-independent knock-in
strategies. Alternatively, the HIT-trap do-
nors without the plasmid backbone can
be prepared from minicircle DNA
vectors.

In agreement with other studies,
knock-in of HIT-trap donors was largely
mediated by the conventional NHEJ
pathway (Bétermier et al. 2014; Geisinger
et al. 2016; Schmid-Burgk et al. 2016).
We observed high proportions of seam-
less junctions in A375 cells and PFFs,
with a lower frequency of precise repair
in mESCs. The degree of precision liga-
tion might be influenced by genetic
and cellular context. A major shortcom-
ing of HIT-trapping is that the indels in-
herent to NHEJ around the junctions
may impair the functional elements
within the donor. However, in most cas-
es, this risk can be tolerated in intron-
based HIT-trapping.

A practical application of HIT-trap-
ping is to introduce mutations in live-
stock species, and we chose the pig as
the focus of this study. Genetically mod-
ified pigs are important for agriculture
and biomedical studies. Authentic por-
cine ESCs have still not been isolated,

2018). Using a two-cut donor flanking the insertion elements with
nuclease cleavage sites is a viable option to address this problem for
NHEJ-based gene tagging (Lackner et al. 2015; He et al. 2016).
Because the target genes for the tagging experiments are highly ex-
pressed, it is possible for further enrichment of desired knock-in
events through visible fluorescence reporters combined with anti-
biotic selection. Through unbiased screening and clonal analysis
of targeted insertions in silent genes, we show asynchronous cleav-

and SCNT using primary fibroblasts remains the most popular
method to create genetically modified pigs. However, because of
the limited lifespan and low HR activity of primary fibroblasts, ge-
netic modifications are much more difficult to achieve than in im-
mortalized cell types. HIT-trapping, which is independent of ES
cells and HDR, provides a solution to circumvent these problems.
We report successful implementation of this method for targeting
more than 20 loci in PFFs, revealing precise, high-frequency
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Figure 6. Generation of PFF clones carrying gene-trap cassettes at the target loci via HIT-trapping. (A) Schematic showing PCR genotyping of the
screened PFF clones produced via HIT-trapping (left) and representative genotyping results for targeted trapping of the PPARG locus (right). Lhx220/
213 were donor-specific primers. Lanes in red/blue rectangles indicate positive forward/reverse insertions. (5/3)) 5'/3’ junction. (B) Sequence confirmation
of gene-trap insertions at the PPARG locus. Genome sequences are shown in green. PAMs are shown in blue. Insertions or mismatches are shown in red.

Deletions are shown as dashed lines. (m) Mismatches.

genome editing. Moreover, both reversible and conditional knock-
out alleles were simultaneously obtained with only limited clone
screenings (as few as four clones per gene). These clonal cell lines
are ready for future pig SCNT experiments.

In summary, HIT-trapping provides a simple and efficient
methodology to introduce reversible and conditional mutations
at user-defined loci via CRISPR-Cas9-based NHE]. The speed and
ease of implementing this strategy provides a novel and valuable
tool for creating mutant animal models.

Methods

Plasmid construction

All gene-specific sgRNAs were chosen through the online tool
CHOPCHOP (Montague et al. 2014) and listed in Supplemental
Tables S1 and S3. Oligonucleotides for sgRNA templates were syn-
thesized, annealed, and inserted into the BbslI site of pCRISPR-sg6
(Xu et al. 2017). The Cas9-expressing plasmid pM3-Cas9 was con-
structed by replacing the GFP cassette from pMax-GFP (Lonza)
with the Cas9 sequence from pX330 (Addgene 42230).

Various donor plasmids were constructed through restriction
enzyme cloning and Gibson assembly (NEB). Briefly, to generate
the HIT-trap-1C/2C and HIT-trap-pA1C/2C, the sgA sequence
was first inserted into the pX335 (Addgene 42335) via Bbsl and
then digested with Kpnl/EcoRI to remove CMV-Cas9n cassette
and inserted various amplicons by Gibson assembly, respectively.
We amplified the DNA fragment encoding SA-IRES-GFP/SA-GFP
from pZGs (Wu et al. 2007), SV40-puro-pA from pEFla-GFP-
Puro, and SD sequence from pFind2. The sgA target site was simul-
taneously added by primer design or directly synthesized for
Gibson assembly. HIT-trap-FIEx was generated by Gibson assem-

bly of the SA-IRES-GFP-pA and SV40-puro-pA amplicons on a syn-
thesized backbone containing a sgA target site and loxP/lox2272
sites for FIEx switch. Primers used for plasmid construction are list-
ed in Supplemental Table S4. Annotated vector sequences are pro-
vided as Supplemental Files.

Cell culture and transfection

Mouse ESCs were maintained in 2i/LIF (Silva et al. 2008) on gela-
tin-coated plates or irradiated feeders. HEK 293T cells, A375 cells,
and PFFs were cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS). For
each transfection experiment, about 10 cells were mixed with
6 ng DNA (2 pg HIT-trap donor, 1 ug sgRNA-expressing plasmids,
and 3 pg Cas9-expressing plasmid) and resuspended in the pre-
warmed Nucleofector solution. The electroporation was per-
formed with the 4D-Nucleofector system (Lonza), per the
manufacturer’s protocols. Transfected cells were treated with
1ug/mL puromycin (Invivogen) for 5 d to select the knock-in
events, and the percentages of GFP-positive cells were measured
by a FACS Calibur machine (BD Biosciences).

Genomic DNA isolation and junction analyses

The genomic DNA was extracted as previously described (Wu et al.
2008). The genome-donor junctions were detected for locus-spe-
cific donor integration by PCR (GoTaq Polymerase [Promega] ac-
cording to manufacturer’s instructions). Primers used for
amplification of junctions are shown in Supplemental Tables S5
and S6. PCR products of pooled cells were ligated into the
pMD19-T vector (TakaRa) via TA cloning and sequenced. PCR
products of clonal cell lines were directly purified and sequenced.
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Table 1. Summary of genotyping results of PFF clones screened by HIT-trapping

Forward Reverse
Target gene 5 junction 3’ junction 5'+3' junction 5’ junction 3’ junction 5'+3’ junction Kl frequency (%)?
THY1 0 2 3 0 0 1 6/14 (42.9)
LDLR 1 1 1 0 0 3 3/6 (50.0)
PCSK9 1 0 2 0 1 0 4/20 (20.0)
uce3 2 4 1 2 2 4 11/24 (45.8)
APOAT 0 1 8 1 1 10 13/16 (81.3)
APOC3 0 0 1 0 0 6 6/11 (54.6)
GLP1R 2 2 1 0 1 1 6/8 (75.0)
PPARG 0 2 3 2 0 3 7/14 (50.0)
HNF1A 0 1 4 2 1 3 8/15(53.3)
INS 0 0 1 0 0 1 2/4 (50.0)
TP53 1 11 1 0 0 13 20/26 (76.9)
HNFIB 1 4 1 0 0 8 10/18 (55.6)
PAX6 0 1 6 4 0 1 11/19 (57.9)
SMN1 0 3 5 1 1 5 10/24 (41.7)
SMNDC1 1 6 2 3 1 13 21/31 (67.7)
PKD1 2 1 3 1 3 3 11/18 (61.1)
RAG2 0 0 1 0 0 1 2/11 (18.2)
AR 0 6 1 5 0 4 11/16 (68.8)
IL6ST 1 0 1 0 0 0 2/5 (40.0)
LAMB3 1 0 1 0 0 0 2/8 (25.0)
COL17A1 0 2 9 1 2 17 23/28 (82.1)

@Each of the screened clones was genotyped for both forward and reveres insertions. As the diploid feature of PFFs, some clones contained biallelic in-
sertions of gene-trap donors in both orientations. Knock-in (KI) frequency was calculated as (clones with any donor insertion at the target site / clones
genotyped). The genotyping and Sanger sequencing data are presented in Figure 6 and Supplemental Figures S14 and S15.

RT-PCR and western blot analyses

Total RNA was purified using the RNeasy mini kit (Qiagen) and was
reverse-transcripted into cDNA using TransScript one-step gDNA
removal and cDNA synthesis supermix (TransGen Biotech). RT-
PCR was performed using green qPCR supermix (TransGen
Biotech) and performed on an ABI7500 real-time PCR system.
Primers used for RT-PCR are listed in Supplemental Table S7.
Cultured cells were harvested and resuspended in RIPA lysis buffer
(Beyotime Biotechnology). Western blotting followed using stan-
dard protocols. Antibodies are listed in Supplemental Table S8.

Generation of an in vitro modified donor: LigFV3

Donor LigFV3 was derived from HIT-trap-FIEx as follows: The plas-
mid DNA was digested overnight with Pvul (NEB) and subjected to
gel electrophoresis, excised, and purified to remove the back-
bone. The purified linear DNA was self-ligated by T4 DNA ligase
(NEB) followed by treatment for 10 min at 65°C to inactivate the
ligase.

Screening for target-trapped PFF clones

For each electroporation, ~5 x 10° PFFs were electroporated with
corresponding DNA mixture and seeded onto three 100-mm
plates. Three days after transfection, the cells were cultured with
the medium containing puromycin (1.0 ug/mL) for 5 d; emerging
clones were trypsinized, expanded, and screened by PCR and
Sanger sequencing.
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