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Targeted knock-in supported by the CRISPR/Cas systems enables the insertion, deletion,
and substitution of genome sequences exactly as designed. Although this technology is
considered to have wide range of applications in life sciences, one of its prerequisites for
practical use is to improve the efficiency, precision, and specificity achieved. To improve the
efficiency of targeted knock-in, there first needs to be a reporter system that permits simple
and accurate monitoring of targeted knock-in events. In the present study, we created such
a system using the PIGP gene, an autosomal gene essential for GPI-anchor biosynthesis, as
a reporter gene. We first deleted a PIGP allele using Cas9 nucleases and then incorporated
a truncating mutation into the other PIGP allele in two near-diploid human cell lines. The
resulting cell clones were used to monitor the correction of the PIGP mutations by detect-
ing GPI anchors distributed over the cell membrane via flow cytometry. We confirmed the
utility of these reporter clones by performing targeted knock-in in these clones via a Cas9
nickase-based strategy known as tandem paired nicking, as well as a common process
using Cas9 nucleases, and evaluating the efficiencies of the achieved targeted knock-in.
We also leveraged these reporter clones to test a modified procedure for tandem paired
nicking and demonstrated a slight increase in the efficiency of targeted knock-in by the
new procedure. These data provide evidence for the utility of our PIGP-based assay system
to quantify the efficiency of targeted knock-in and thereby help improve the technology of
targeted knock-in.

Introduction
Targeted knock-in is a methodology of genome engineering with which a specified DNA element or a
base substitution is introduced into a predetermined position of the genome. Because targeted knock-in
allows for modifications of the genome exactly as designed, this methodology is considered promising
for future applications in various fields of life sciences, including clinical medicine and agriculture [1–4].
Recently, the efficiency of targeted knock-in was dramatically improved by the application of genome
editing technologies such as the CRISPR/Cas systems [5] to enhance homology-directed DNA recombi-
nation [6,7]. However, efforts are still being made to improve the efficiency, precision, and specificity of
CRISPR/Cas-assisted targeted knock-in [8–12].

To modify the procedure of targeted knock-in and improve the efficiency achieved, we first need a
molecular system that allows for the sensitive and quantitative detection of targeted knock-in events. We
previously developed such a molecular system in which an inactive mutant PIGA gene in a human cell line
is corrected to a wild-type gene by targeted knock-in [13]. The PIGA gene, located on the X chromosome,
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is essential to biosynthesize glycosylphosphatidylinositol (GPI) anchors which, after being synthesized, are distributed
over the cell membrane [14,15]. Thus, cells carrying wild-type but not mutant PIGA are sensitive to aerolysin, a
cytolytic toxin that binds to GPI-anchored proteins and forms pores on cell membranes. PIGA-disrupted cells are
therefore selectable with a precursor of aerolysin, namely proaerolysin [16,17]. In addition, cells carrying inactive
and reverted PIGA can be counted by flow cytometry (FCM) detecting fluorescently stained GPI anchors on the
cell surface [18,19]. This latter assay, named PIGA correction assay, allowed us to sensitively measure the efficiency
of targeted knock-in occurring within an endogenous human gene with a simple, high-throughput, and relatively
inexpensive procedure [13].

Despite the advantages of the FCM-based quantification of targeted knock-in events elicited within an endoge-
nous gene, to the best of our knowledge, the PIGA correction assay has been the only established monitoring sys-
tem achieving all the above-mentioned benefits. To eliminate possible gene locus-specific effects and experimen-
tal artifacts unique to the PIGA correction assay, a second system measuring the efficiency of targeted knock-in
based on a different endogenous platform gene is critical. Accordingly, in the present study, we developed a distinct
FCM-based molecular system that allows us to quantitatively monitor the correction of an inactivating mutation in
two near-diploid human cell lines, using PIGP as a platform gene. PIGP is another GPI-anchor biosynthesis gene
whose product forms a complex with PIGA [20]. We also employed the resultant PIGP-based assay (hereafter re-
ferred to as PIGP correction assay) in an attempt to improve the procedure of tandem paired nicking (TPN) [13], a
recently developed nick-based strategy for precision targeted knock-in.

Materials and methods
General molecular biology techniques
Extraction of genomic DNA (gDNA) was conducted using the PureLink Genomic DNA Mini Kit (Thermo Fisher Sci-
entific, Waltham, MA, U.S.A.). Polymerase chain reaction (PCR) solution was prepared using KAPA HiFi HotStart
ReadyMix (Roche, Basel, Switzerland) as per the manufacturer’s protocol, and amplification was performed in a Veriti
thermal cycler (Thermo Fisher Scientific). AE-6932GXES Printgraph (ATTO, Tokyo, Japan) was used for the digital
imaging of DNA fragments fractionated on agarose gels. Sequencing samples were prepared using the BigDye Ter-
minator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and a Veriti thermal cycler (Thermo Fisher Scientific)
and analyzed by a 3500 genetic analyzer (Thermo Fisher Scientific).

Plasmids
The plasmids pSpCas9(BB)-2A-GFP (PX458) (#48138), pSpCas9(BB)-2A-Puro (PX459) V2.0 (#62988), and
pSpCas9n(BB)-2A-Puro (PX462) V2.0 (#62987) were provided by Dr Feng Zhang (Broad Institute) via Addgene
[21]. PX459 and PX462 were used to create plasmids expressing Cas9 nucleases and Cas9 nickases, respectively, tar-
geted to genomic sequences shown in Supplementary Table S1. PX458 was transfected into cells, as is, to determine
transfection efficiencies.

To create dual single guide RNA (sgRNA) vectors, sgRNA expression cassettes on PX462-based vectors (strings of a
U6 promoter, an inserted spacer sequence, and a sgRNA scaffold with a transcription stop signal) were PCR-amplified
using a pair of primers shown in Supplementary Table S2. The resultant PCR products were digested with XbaI and
inserted into the XbaI site of different PX462-based vectors in such a way that two sgRNA expression cassettes are
placed in the same orientation.

Donor plasmids bearing wild-type PIGP homologous regions (Donor-PIGPex3 and Donor-PIGPex2) were con-
structed by PCR amplifications of the PIGP genomic region and the insertion of the PCR products into pBluescript
II KS(+) (Agilent Technologies, Santa Clara, CA, U.S.A.), using restriction enzymes whose recognition sites were
situated within PCR primers (Supplementary Table S2). The PIGP mutations shown in Supplementary Figures S1
and 2 were incorporated into the above-described wild-type donor plasmids (Donor-PIGPex3 and Donor-PIGPex2,
respectively) to create donor plasmids bearing mutant PIGP homologous regions.

Cell culture and FCM-based experiments
The DLD-1 and HCT116 cell lines were obtained from American Type Culture Collection (ATCC nos. CCL-221
and CCL-247, respectively). DLD-1 and its derivative clones were cultured in Roswell Park Memorial Institute 1640
medium (Fujifilm, Tokyo, Japan) supplemented with 5% fetal bovine serum (FBS; Merck, Darmstadt, Germany) and
1% penicillin and streptomycin (P&S; Fujifilm). HCT116 and its derivative clones were cultured in McCoy’s 5A (mod-
ified) medium (Thermo Fisher Scientific) supplemented with 5% FBS and 1% P&S. Cell lines were maintained at 37◦C
with 5% CO2 in a humidified MCO-175 incubator (PHCbi, Tokyo, Japan). The plasmids were transfected into DLD-1
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Figure 1. Schematic maps of engineered gene loci in PIGP reporter clones

Genomic regions surrounding heterozygous deletions introduced in DLD-1-derived (top) and HCT116-derived (bottom) reporter

clones are depicted. Numbers in green and brown indicate PIGP and TTC3 exons, respectively. Blue bars and letters indicate the

positions of BglII recognition sites and distances between these recognition sites. mut: truncating mutation.

and HCT116 cells by electroporation using a 4D-Nucleofector System (Lonza, Basel, Switzerland) according to the
manufacturer’s instructions. Selection with puromycin (Merck) was conducted for 48 h at concentrations of 3.0μg/ml
(DLD-1) and 0.4 μg/ml (HCT116).

To conduct FCM analyses and cell sorting in the present study, cells were detached with Accutase (Innovative Cell
Technologies, San Diego, CA, U.S.A.) and stained with fluorescent-labeled inactive toxin aerolysin (FLAER [18,19];
Cedarlane, Ontario, Canada) at a concentration of 0.1 μg/ml dissolved in phosphate-buffered saline containing 0.25
mM EDTA and 0.4% FBS. Cells were then analyzed using an LSRFortessa X-20 Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ, U.S.A.) based on FL1-A (530 +− 15 nm)/FL2-A (586 +− 7.5 nm) dot plots under 488-nm/561-nm
laser excitation. Cell sorting was performed using FACSAria III (BD Biosciences).

Creation of PIGP reporter clones
Supplementary Table S1 indicates the sequences of Cas9 nuclease target sites employed to create the initial heterozy-
gous PIGP deletion in both cell lines (PIGP-nuclease-A and PIGP-nuclease-B), as well as those used to extend the
deletion in HCT116 (TTC3-nuclease-C and Junction-nuclease-D).

Analytical PCRs probing the initial heterozygous PIGP deletion were performed with the following primer
pairs: PIGPint2-F1 and PIGPint2-R2, PIGPdownstream-F1 and PIGPdownstream-R1, and PIGPint2-F1 and
PIGPdownstream-R1. Analytical PCRs probing the creation of the extended heterozygous PIGP deletion in HCT116
were performed with the following primer pairs: TTC3int1-F and TTC3int1-R, PIGPint2-F1 and PIGPint2-R2,
PIGPdownstream-F1 and PIGPdownstream-R1, and TTC3int1-R and downstream-R1. Two reverse primers were
used to amplify the joined deletion ends because PIGP and TTC3 are situated in head-to-head configuration. The
primer sequences are shown in Supplementary Table S2.

Southern blot analysis to confirm the heterozygous deletions was performed as previously described [13,22,23], ex-
cept that the BglII restriction enzyme was used to digest gDNA. A probe was produced using a primer pair amplifying
the region downstream from the last PIGP exon (Figure 1 and Supplementary Table S2).

To create the PIGP reporter clones, an inactivating mutation was introduced into the remaining PIGP allele in the
PIGP-heterozygous clones by TPN-based targeted knock-in using the following Cas9 nickases: PIGP-nickase-1 and 3
for the DLD-1-derived clone, and PIGP-nickase-6 and 7 for the HCT116-derived clone (Figure 2 and Supplementary
Table S1).
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Figure 2. A flow chart depicting the construction of reporter clones

The flow chart is shown together with explanatory schemes for respective cell engineering steps. Heterozygous deletions were

created exploiting the fact that two adjacent DSBs introduced by Cas9 nucleases on the same chromosome sometimes elicit a

genomic deletion between DSBs and sometimes create two indels at the cleaved sites. In HCT116, a 10.7 kb-long heterozygous

deletion was introduced by 2-round sequential deletions of 6.3- and 4.4-kb neighboring regions. Truncating mutations were in-

corporated into the genome by the TPN strategy using Cas9 nickases. Panels (A–E) noted in the schemes represent analytical

PCRs whose results are shown in Figure 3A–E. Asterisks indicate PCR amplifications encompassing the knock-in sites, and the

nucleotide sequences amplified by these PCRs are shown in Figure 4B.

PIGP correction assay
The PIGP correction assay (reversion of mutant PIGP allele to a wild-type allele) was initiated by transfecting PIGP
reporter clones (1 × 105 cells) with a donor plasmid bearing a wild-type PIGP sequence along with a Cas9 nuclease
or tandem paired Cas9 nickases shown in Supplementary Table S1. Donor-PIGPex3 and Donor-PIGPex2 were em-
ployed as donor plasmids for transfecting DLD-1-derived and HCT116-derived PIGP reporter clones, respectively.
Transfected cells were incubated for three days to allow the production of functional PIGP protein from the cor-
rected PIGP allele and subsequent GPI-anchor synthesis. Cells were then stained with FLAER and analyzed by FCM
to determine the percentage of FLAER-positive cells.

To obtain FLAER-positive ratios, the percentages of FLAER-positive cells in the respective samples were divided
by the transfection efficiency determined by transfecting the PIGP reporter clones with PX458.
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Statistical analysis
EZR software [24] version 1.54 was used for the statistical analyses performed in the present study. The efficiencies
of targeted knock-in achieved using dual sgRNA vectors and those using PX462-based expression vectors were com-
pared in DLD-1-derived and HCT116-derived PIGP reporter clones, separately. Statistical analyses were conducted
applying two-way repeated measures analysis of variance using ‘vector’ (1μg each of PX462-based expression vectors,
1μg of dual sgRNA vector, and 2μg of dual sgRNA vector) and ‘sgRNA pair’ (two pairs) as two independent variables.
After no interactions between these independent variables were found, a Bonferroni post hoc test was performed to
detect significant differences among three ‘vector’ levels.

Results
Creation of a DLD-1-derived reporter clone with which to monitor the
correction of a PIGP mutation
GPI-anchor biosynthesis is governed by a molecular system comprised of approximately 20 proteins [25]. Many of
these proteins are essential for the synthesis of GPI anchors and could therefore be exploited as platforms to monitor
the efficiency of gene editing using a cellular phenotype as a surrogate marker, i.e. abrogation of one of these genes
would result in the loss of GPI anchors from the cell surface. However, among the genes known to be required for
GPI-anchor biosynthesis, PIGA is the only gene located on the X chromosome [15]. Therefore, to establish a reporter
system to monitor gene editing events using a GPI-anchor biosynthesis gene other than PIGA as a platform, we
planned to delete an allele of a GPI-anchor biosynthesis gene on an autosome so that the absence of GPI anchors on
the cell surface determined by FCM analyses can correctly report the frequency of edits created on the other allele.
We chose PIGP (chromosome 21), the product of which forms a complex with PIGA and plays an essential role in
GPI-anchor biosynthesis [20], as the substrate of our genetic manipulation (Figure 1). DLD-1, a near-diploid human
cell line, was employed as the first platform cell line for the genetic manipulation.

To introduce a large deletion within a PIGP allele, we initially transfected DLD-1 cells with two plasmids each
expressing Cas9 and a sgRNA (a Cas9 nuclease, collectively), which create double-strand breaks (DSBs) within PIGP
intron 2 and downstream from the last PIGP exon, respectively (Figure 2). Puromycin selection was then performed
for 48 h to remove untransfected cells. At 14 days after transfection, the selected cells were stained with FLAER and
subjected to the FCM-based sorting of FLAER-positive cells to remove cells bearing both PIGP alleles disrupted by
Cas9 nucleases. Single-cell clones were next isolated from the sorted cell population and processed for PCR screening
using three sets of primer pairs; the three PCRs amplified the joint portion of both deletion ends, a genomic region
encompassing the Cas9 target site within PIGP intron 2, and that downstream from the last PIGP exon, respectively
(Figures 2 and 3A,C,D). Cell clones indicating positivity in all three PCRs were identified, and PCR products de-
rived from these clones were sequenced. The obtained reads verified the correct joining of deletion ends and the
creation of small indels at the Cas9 nuclease target sites that supposedly occurred in the remaining PIGP allele. We
also performed southern blot analysis to confirm the introduction of the programmed PIGP-heterozygous deletion
in a representative clone (Figure 4A). This clone is hereafter referred to as a DLD-1-derived PIGP-heterozygous
clone.

Next, we sought to create a reporter clone that allows us to monitor the correction of a PIGP-inactivating muta-
tion by introducing a truncating mutation into the remaining PIGP allele in the DLD-1-derived PIGP-heterozygous
clone. To this end, we transfected the PIGP-heterozygous clone with two plasmids each expressing Cas9 (D10A) and a
sgRNA (a Cas9 nickase, collectively), together with a donor plasmid carrying the PIGP genomic sequence harboring
a truncating mutation at exon 3 (Figure 2). This transfection should elicit targeted knock-in of the PIGP truncating
mutation into the PIGP-heterozygous cell clone via TPN, a nick-based strategy for precision targeted knock-in [13].
We thus stained the transfected cells with FLAER and collected FLAER-negative cells by FCM-based cell sorting
to obtain a cell population in which both PIGP alleles were inactivated by a deletion and a mutation, respectively.
The sorted cells were subjected to single-cell cloning, and the knock-in site at PIGP exon 3 in the single-cell clones
was sequenced (Figure 4B). These procedures led to the identification of cell clones in which the programmed mu-
tation had been incorporated into the intended genomic position. The absence of functional PIGP alleles in the
identified clones was confirmed by cell staining with FLAER followed by FCM analysis. The cell clones were thereby
established as DLD-1-derived PIGP reporter clones, which were to be employed for detecting targeted knock-in
events.
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Figure 3. PCRs and DNA sequencing verifying heterozygous deletions in the reporter clones

(A and B) PCR amplifications encompassing the junctions of deletion ends. Shown are PCR products fractionated on agarose gels

(left) and their sequencing chromatographs (right) in the heterozygous clones derived from DLD-1 (262 bp; A) and HCT116 (398

bp; B). (C–E) PCR amplifications encompassing small indels created at Cas9 nuclease target sites. Shown are PCR products on

agarose gels (left) and their sequence information (right) at a region downstream from the last PIGP exon (C), within PIGP intron 2

(D), and within TTC3 intron 1 (E). PCR products are 320 bp (C), 179 bp (D), and 210 bp (E) in size when amplified from wild-type

alleles. Clone: PIGP-heterozygous clones; Parent: parental cell controls for PIGP-heterozygous clones.
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(A) Southern blot analysis of the PIGP-heterozygous clones. The PIGP alleles harboring a short (DLD-1 and HCT116) and an

extended (HCT116) deletion in PIGP-heterozygous clones are supposed to exhibit 12.2- and 7.7-kb bands, respectively, while

the wild-type PIGP allele should exhibit an 18.4-kb band. For the southern blot experiment, also see Figure 1. (B) Sequencing of

the genomic regions surrounding the knock-in sites in PIGP reporter clones, shown together with those in parental cell controls.

Truncating mutations introduced to the PIGP reporter clones are marked by red frames on the sequence reads.

Creation of a HCT116-derived reporter clone with which to monitor the
correction of a PIGP mutation
To reduce biases in measuring the efficiency of targeted knock-in caused by potential cell line-specific and genomic
site-specific factors, we sought to engineer another human cell line and create a second series of PIGP reporter clones
bearing a mutation at a different portion of the PIGP gene. Given that a mutation on exon 3 was created in the
DLD-1-derived PIGP reporter clone, we planned to introduce a distinct truncating mutation on exon 2 into another
near-diploid human cell line, HCT116 (Figure 1).

We initially performed the same experimental procedures as described above with the HCT116 cell line to in-
troduce the identical heterozygous PIGP deletion with the DLD-1-derived reporter clone (Figure 2). The resulting
HCT116-derived clone was next transfected with two Cas9 nucleases targeted to the junction of deletion ends and
intron 1 of the TTC3 gene, respectively. TTC3 is a gene located next to PIGP with a head-to-head configuration,
and exon 1s of both genes are located very close to each other (approximately 100 bp apart). If a Cas9 nuclease was
designed at a genomic site between two exon 1s, the promoter of the remaining PIGP allele would likely be disrupted
by indels created at the Cas9-cleaved site, which would compromise the functionality of PIGP reporter clones gen-
erated through subsequent engineering steps. We thus chose to place one of the Cas9 nucleases within TTC3 intron
1. This process would extend the original heterozygous deletion in the HCT116-derived clone; now, the deletion
should cover the entire PIGP gene in addition to TTC3 exon 1 (Figures 1 and 2). After transfection with the two
Cas9 nucleases, cells were selected with puromycin for 48 h, stained with FLAER at 10 days after transfection, and
subjected to FCM-based sorting to collect FLAER-positive cells. Single-cell clones were isolated from the collected
cells and then analyzed for their PIGP gene statuses by four different analytical PCRs: one encompassing the ex-
tended deletion and the others encompassing the Cas9 nuclease target sites located within TTC3 intron 1, within
PIGP intron 2, and downstream from the last PIGP exon, respectively (Figures 2 and 3B–E). Cell clones positive for
all four analytical PCRs were identified, and the existence of a functional PIGP gene in these clones was confirmed
by cell staining with FLAER followed by FCM analysis. Southern blot analysis was performed to confirm the genomic
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structure at the PIGP locus in one of the clones (Figure 4A). This clone is hereafter referred to as a HCT116-derived
PIGP-heterozygous clone.

We next employed the HCT116-derived PIGP-heterozygous clone to create a reporter clone allowing us to mon-
itor the efficiency of targeted knock-in by introducing a truncating mutation into exon 2 within the remaining
PIGP allele. We chose to accomplish this by TPN-based targeted knock-in and transfected the HCT116-derived
PIGP-heterozygous clone with two Cas9 nickases targeted to the region surrounding the knock-in site, along with
a donor plasmid carrying a PIGP sequence harboring a truncating mutation on exon 2 (Figure 2). The cells were
then stained with FLAER and subjected to FCM-based sorting to collect the FLAER-negative cells. Single-cell clones
were isolated from the collected cells and processed for Sanger sequencing to verify the targeted incorporation of the
programmed PIGP mutation in these clones (Figure 4B). After the confirmation of FLAER-negativity by FCM anal-
ysis, these cell clones were established as HCT116-derived PIGP reporter clones for monitoring targeted knock-in
events.

Measuring the efficiency of targeted knock-in using the PIGP reporter
clones
We next compared the efficiency of targeted knock-in achieved via the TPN strategy versus a conventional Cas9
nuclease-based strategy using the PIGP reporter clones as platforms of the assay. For this purpose, we initially trans-
fected the DLD-1-derived and HCT116-derived PIGP reporter clones with donor plasmids carrying the relevant
portions of the wild-type PIGP sequence (Donor-PIGPex3 and Donor-PIGPex2, respectively) together with tandem
paired Cas9 nickases or a Cas9 nuclease (Figure 5). Cells were then stained with FLAER and analyzed by FCM. These
assays, namely PIGP correction assays, demonstrated that half of the Cas9 nickase pairs used in the TPN strategy
served to achieve efficiencies of targeted knock-in largely comparable to that achieved by Cas9 nucleases (Figure 6).
These data are consistent with our previous findings obtained via PIGA correction assays [13], suggesting that the
PIGP correction assay is useful as a second assay measuring the efficiency of targeted knock-in similar to the PIGA
correction assay.

The use of dual sgRNA vectors enhances the efficiency of targeted
knock-in via TPN
We lastly sought to harness the PIGP correction assay to improve the targeted knock-in procedure. We and others
have demonstrated the utility of TPN to conduct precise and relatively efficient targeted knock-in [13,26,27]. Al-
though two sgRNAs used for TPN in these studies were transfected into cells using two plasmids each expressing
Cas9 (D10A) and a sgRNA, we postulated that the use of all-in-one vectors expressing two sgRNAs and Cas9 (D10A)
from a single plasmid would allow the efficient simultaneous expression of all these genome editing tools within re-
cipient cells and would thereby help achieve higher efficiency of targeted knock-in via TPN. We therefore created
plasmids harboring three gene cassettes expressing a Cas9 (D10A) and two sgRNAs targeted near the PIGP knock-in
site, respectively (Figure 7A). Similar all-in-one vectors expressing up to seven sgRNAs and a Cas9 nuclease were pre-
viously created and employed for multiplex DSB-mediated genome engineering in human cells [28]. The plasmids
that we created, named dual sgRNA vectors, were transfected into DLD-1-derived and HCT116-derived reporter
clones; the transfected clones were then subjected to PIGP correction assays. As a result, the average efficiencies of
the targeted knock-in achieved using dual sgRNA vectors were 1.1- to 1.9-fold higher than those obtained with two
PX462-based expression vectors in all comparisons performed using a total of four tandem Cas9 nickase pairs with
DLD-1-derived and HCT116-derived reporter clones (Figure 7B). However, the differences reached statistical sig-
nificance only in half of the dataset derived from the DLD-1-derived reporter clone. Overall, the data obtained in
these assays demonstrated that the use of a dual sgRNA vector slightly enhances the efficiency of targeted knock-in
achieved via TPN compared with the use of two PX462-based expression vectors.

Discussion
In the present study, we created reporter clones in which two PIGP alleles were inactivated by a genomic deletion and
a truncating mutation, respectively. The reporter clones were employed to perform the PIGP correction assay that
monitors the correction of PIGP mutations achieved via targeted knock-in. Although a previously established PIGA
reporter clone used in the PIGA correction assay derives from a single cell line (HCT116) [13], the PIGP reporter
clones derive from two cell lines (DLD-1 and HCT116), and these clones have truncating mutations on different
PIGP exons. Therefore, the use of the PIGP correction assay will help reduce concerns for genomic site-specific and

8 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 5. Schemes depicting the targeted correction of PIGP truncating mutations

Truncating mutations within PIGP exon 3 (DLD-1) (A) and exon 2 (HCT116) (B) were corrected. Tandem Cas9 nickase pairs were

transfected into cells together with a donor plasmid to perform TPN-based targeted knock-in. To achieve conventional DSB-medi-

ated targeted knock-in, a Cas9 nuclease and a donor plasmid were transfected into cells. Dotted lines indicate regions of homology

between the genome and donor plasmids. Mut (stop): truncating mutation.

cell line-specific biases that potentially affect the outcomes of the assays. In addition, the joint use of PIGA- and
PIGP-based assays will further provide variety in genomic loci employed as assay platforms.

Similar to the PIGA correction assay, the PIGP correction assay monitors the efficiency of targeted knock-in har-
nessing a GPI-anchor biosynthesis gene as a reporter. In both of these assays, GPI anchors protruding from the cell
membrane are detected as a surrogate marker for the presence of a functional reporter gene. FCM-based quantifica-
tion of GPI-anchor-positive cells has been well established as a sensitive, simple, and relatively inexpensive method-
ology to determine the efficiency of targeted knock-in in the PIGA correction assay, and the PIGP correction assay
shares the same benefits.

We initially created large heterozygous deletions within and over the PIGP gene to create the PIGP reporter
clones. This initial deletion step enables the use of autosomal genes, such as the PIGP gene, to quantify the effi-
ciency of targeted knock-in. Other GPI-anchor biosynthesis genes, including PIGL [17], will also be useful as plat-
form genes for FCM-based detection of targeted knock-in events, once a heterozygous deletion is initially created.
In addition, although the cell lines employed in the present study (DLD-1 and HCT116) are of male origin, it should
also be possible to use female cell lines for an assay monitoring gene correction events by first introducing the het-
erozygous deletion of a reporter gene. Thus, the initial deletion step will be able to further increase the choice of

© 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY).
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Figure 6. Efficiency of PIGP gene correction achieved via the TPN strategy and the Cas9 nuclease-based strategy

Shown are mean and SD values of data obtained in three independent experiments (top) and representative dot graphs (bottom) in

DLD-1-derived (A) and HCT116-derived (B) PIGP reporter clones. Percentages of FLAER-positive cells in respective samples are

noted in dot graphs.

reporter genes and platform cell lines in monitoring the efficiency of targeted knock-in. In summary, our current
study demonstrated that the PIGP correction assay is useful for measuring the efficiency of targeted knock-in and,
together with the PIGA correction assay, will help further improve the efficiency of CRISPR/Cas-assisted targeted
knock-in.

10 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons
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Figure 7. The use of dual sgRNA vectors marginally enhances targeted knock-in via TPN

(A) Construction of a dual sgRNA vector. (B) Efficiencies of targeted knock-in via TPN using PX462-based vectors (blue) and those

using dual sgRNA vectors (light and dark brown). Mean and SD values of three independent experiments are shown in the graphs.

The use of 1 μg dual sgRNA vectors (light brown bars) significantly increased the efficiency of targeted knock-in compared with the

use of PX462-based vectors (blue bars) only in the DLD-1-derived reporter clone (P=0.001). Neither of the reporter clones indicated

significant differences in the achieved efficiency of targeted knock-in between the use of PX462-based vectors (blue bars) and 2 μg

dual sgRNA vectors (dark brown bars), and the use of 1 μg and 2 μg dual sgRNA vectors (light and dark brown bars, respectively).

462: PX462-based vector; dual: dual sgRNA vector.

Conclusion
Collectively, the present study has served to extend the variety of reporter genes and platform cell lines harnessed to
measure the efficiency of targeted knock-in and will thereby help minimize the biases in the observed efficiency of
targeted knock-in caused by locus-specific and cell line-specific factors.
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Supplementary Figure 1

Donor-PIGPex3

Genomic region surrounding PIGP exon 3

--aaacgagcta gaagaactga aaggaggaaa aaatcatttc tgagttaatc agggacactt caaaagagct tttctgtttt atctgaatct taatagattg

--tttgctcgat cttcttgact ttcctccttt tttagtaaag actcaattag tccctgtgaa gttttctcga aaagacaaaa tagacttaga attatctaac

CTAAACTCTT TAGGTTTAAC CTATTGGCCT CAAAAgtaag tttaatatat ttcttaaatg aggatataat taatgctgtt ttgaggagtc atatcatttc--

GATTTGAGAA ATCCAAATTG GATAACCGGA GTTTTcattc aaattatata aagaatttac tcctatatta attacgacaa aactcctcag tatagtaaag--

L  N  S   L  G  L  T   Y  W  P   Q  K

atagattaga tgtatgtctt actgacttct cttcctcttt tttttctttt tcttttctac agTACTTTAC CTCGTGTGGG CCTTTATTCC TGAATCTTGG

tatctaatct acatacagaa tgactgaaga gaaggagaaa aaaaagaaaa agaaaagatg tcATGAAATG GAGCACACCC GGAAATAAGG ACTTAGAACC 

I  L  Y   L  V W A  F  I  P   E  S  W

#1 −154 #2 −127−174 −75

#4 +82+26 +125

#3 +190−74 +25

atagattaga tgtatgtctt actgacttct cttcctcttt tttttctttt tcttttctac agTACTTTAC CTCTAGAGGG CCTTTATTCC TGAATCTTGG

tatctaatct acatacagaa tgactgaaga gaaggagaaa aaaaagaaaa agaaaagatg tcATGAAATG GAGATCTCCC GGAAATAAGG ACTTAGAACC 

--aaacgagcta gaagaactga aaggaggaaa aaatcatttc tgagttaatc agggacactt caaaagagct tttctgtttt atctgaatct taatagattg 

--tttgctcgat cttcttgact ttcctccttt tttagtaaag actcaattag tccctgtgaa gttttctcga aaagacaaaa tagacttaga attatctaac 

CTAAACTCTT TAGGTTTAAC CTATTGGCCT CAAAAgtaag tttaatatat ttcttaaatg aggatataat taatgctgtt ttgaggagtc atatcatttc--

GATTTGAGAA ATCCAAATTG GATAACCGGA GTTTTcattc aaattatata aagaatttac tcctatatta attacgacaa aactcctcag tatagtaaag--

E −1

#1 −154 #2 −127−174 −75

#3 +19
0

−74 +25

#4 +82+26 +125

I  L  Y   L  * R A  F  I  P   E  S  W

L  N  S   L  G  L  T   Y  W  P   Q  K

Supplementary Figure 1 DNA sequences surrounding the knock-in site at PIGP exon 3 in the

Donor-PIGPex3 plasmid (top) and the DLD-1-derived PIGP reporter clone (bottom). Target

sequences of a Cas9 nuclease and Cas9 nickases are shaded in blue and green, respectively,

with darker shading on their neighboring protospacer adjacent motifs (PAMs). Numbers with plus

or minus signs near Cas9 target sites indicate the distance from the knock-in site (±0) to

theoretical cleavage sites within individual Cas9 target sites. Nucleotides shown by red and green

bold letters represent a PIGP truncating mutation in the DLD-1-derived PIGP reporter clone and

its corresponding wild-type sequence in Donor-PIGPex3, respectively. Upper case and lower case

letters indicate exonic and intronic sequences, respectively.
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Supplementary Figure 2

Donor-PIGPex2

tcctgatgga tggccagggg ctttttctgg cgttcagtga caagggaaga atacattggt tagactgtgc acacatgaac tgttgattct ttctccctat--

aggactacct accggtcccc gaaaaagacc gcaagtcact gttcccttct tatgtaacca atctgacacg tgtgtacttg acaactaaga aagagggata--

+85 #7

+118#8 +165+66

CAGGAAAAAT GGTGGAAAAT TCACCGTCGC CATTGCCAGA AAGAGCGATT TATGGCTTTG TTCTTTTCTT AAGCTCCCAA TTTGGCTTCA gtaagtactt

GTCCTTTTTA CCACCTTTTA AGTGGCAGCG GTAACGGTCT TTCTCGCTAA ATACCGAAAC AAGAAAAGAA TTCGAGGGTT AAACCGAAGT cattcatgaa
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--gtacccgcgg cggagcgagg aggcgagaat ggatcaatgg tgccacggag cacatcgctg acgctgattg tgttcctttt ccacagATTG TCTAAAGCCC

--catgggcgcc gcctcgctcc tccgctctta cctagttacc acggtgcctc gtgtagcgac tgcgactaac acaaggaaaa ggtgtcTAAC AGATTTCGGG
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Genomic region surrounding PIGP exon 2

tcctgatgga tggccagggg ctttttctgg cgttcagtga caagggaaga atacattggt tagactgtgc acacatgaac tgttgattct ttctccctat--

aggactacct accggtcccc gaaaaagacc gcaagtcact gttcccttct tatgtaacca atctgacacg tgtgtacttg acaactaaga aagagggata--

+85 #7

+118#8 +165+66

--gtacccgcgg cggagcgagg aggcgagaat ggatcaatgg tgccacggag cacatcgctg acgctgattg tgttcctttt ccacagATTG TCTAAAGCCC

--catgggcgcc gcctcgctcc tccgctctta cctagttacc acggtgcctc gtgtagcgac tgcgactaac acaaggaaaa ggtgtcTAAC AGATTTCGGG

#6

#5−134 −35

−86

−93

CAGGAAAAAT GGTGGAAAAT TCACCGTCGC CATGGTAAGA AAGAGCGATT TATGGCTTTG TTCTTTTCTT AAGCTCCCAA TTTGGCTTCA gtaagtactt

GTCCTTTTTA CCACCTTTTA AGTGGCAGCG GTACCATTCT TTCTCGCTAA ATACCGAAAC AAGAAAAGAA TTCGAGGGTT AAACCGAAGT cattcatgaa

+65−6F−34 0

M   V  E  N   S  P  S   P  W * E   R  A  I   Y  G  F   V  L  F  L   S  S  Q   F  G  F

Supplementary Figure 2 DNA sequences surrounding the knock-in site at PIGP exon 2 in the

Donor-PIGPex2 plasmid (top) and the HCT116-derived PIGP reporter clone (bottom). For

annotations of the numbers and colors shown in this figure, see the legend for Supplementary

Figure 1.
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Supplementary Table 1: Cas9 target sites with PAMs 

 

Target name Sequence 

Creation of the initial deletion 

AAACAATGACCCGATCCTGCAGG PIGP-nuclease-A ACTGTTGTGAGGATTAACGGGGG 

PIGP-nuclease-B AAGGGATGACTAGTTCACATTGG 

Extension of the deletion in HCT116 

TTATTAGTCCAGGCACCCCGTGG TTC3-nuclease-C TAAATCCATAGGCTGACACAGGG 

Junction-nuclease-D CTGTTGTGAGGATTAACATTGGG 

PIGP correction assay using the DLD-1-derived PIGP reporter clone 

CGTCGCCGTCCAGCTCGACCAGG PIGP-nickase-1 GAGCTAGAAGAACTGAAAGGAGG 

PIGP-nickase-2 AATCATTTCTGAGTTAATCAGGG 

PIGP-nickase-3 GGGCCTTTATTCCTGAATCTTGG 

PIGP-nickase-4 TTTAATATATTTCTTAAATGAGG 

PIGP-nuclease-E TACAGTACTTTACCTCTAGAGGG 

PIGP correction assay using the HCT116-derived PIGP reporter clone 

GGCCACAAGTTCAGCGTGTCCGG PIGP-nickase-5 AGAATGGATCAATGGTGCCACGG 

PIGP-nickase-6 AGCGTCAGCGATGTGCTCCGTGG 

PIGP-nickase-7 TGAACGCCAGAAAAAGCCCCTGG 

PIGP-nickase-8 GTGACAAGGGAAGAATACATTGG 

PIGP-nuclease-F TGGAAAATTCACCGTCGCCATGG 

PAM, protospacer adjacent motif 

Underlining indicates PAM sequences. 
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Supplementary Table 2: PCR primers generated in this study 

 

Primer name Sequence 

Creation of dual sgRNA vectors 

U6 promoter-F 5-CCTAGGTCTAGAGAGGGCCTATTTCCCATGATTCC 

CAG-R 5-CCATTTACCGTAAGTTATGTAAC 

Creation of Donor-PIGPex3 

PIGPint2-F2 5-CTTTTAGAGCTCATTCGTGAGCACTTGTAA 

PIGPint3-R 5-TTTTCTGGATCCTGCATTATCTCTATTTCCTT 

Creation of Donor-PIGPex2 

TTC3ex1-R 5-CTCGGCTGCAGCGGGACAA 

PIGPint2-R1 5-CCTACCCCATAGAACTGTTTCATGCGTC 

Analytical PCRs probing deletions 

PIGPint2-F1 5-TGGCTGACTTCACTCTGCTG 

PIGPint2-R2 5-AGCTTCTAATCCTTGACATACTCTT 

PIGPdownstream-F1 5-CAGGGTGAGGCAACTAAGCA 

PIGPdownstream-R1 5-CCAGCCTACAAAGCCCTTCA 

TTC3int1-F 5-GCCACCTTGGCTTCTCTTGT 

TTC3int1-R 5-CACCTCACCTGCCACTAAAG 

Production of PIGP Southern probe 

PIGPdownstream-F2 5-CTGAGTTTTGGTCAAGCAGGG 

PIGPdownstream-R2 5-ACACTAAACTGATCATGACCCTCA 

PCR, polymerase chain reaction  

Underlining indicates the restriction enzyme sites used for the incorporation of PCR products 

into a plasmid. 

 


