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Abstract

Direct colony cloning of adherent mammalian cells using rings or dilution cloning has been
used frequently for obtaining stable transfectants after gene delivery. As an alternative to
these methods, successful isolation of the cells in a single colony is possible by placing a
trypsin-immersed small paper disk onto the colony and subsequently picking up the paper
with the assumption that it carries the trypsinized cells. However, the cloning success using
this technique largely relies on the cell type used. In the present study, a novel, simple, and
non-invasive technique for the isolation of cells from single colonies using a disposable
pipette tip was developed. Using this technique, success was achieved in isolating the clonal
populations of genome-edited porcine fibroblastic cells with 100% efficiency after co-
transfection with the clustered, regularly interspaced, short palindromic repeats-CRISPR
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associated protein 9 (CRISPR/Cas9)-based genome editing components [for targeting the
porcine GGTA1 that encodes a-1,3-galactosyltransferase (a-GalT)] and the piggyBac-based
gene delivery components [to enable efficient chromosomal integration of the transgene
carrying the cDNA of enhanced green fluorescent protein (EGFP)]. A toxin-based, drug-free
selection system involving saporin (plant toxin)-conjugated BS-I-Bs lectin (IB4SAP) was
employed in the present study. Since IB4SAP binds specifically to the cell-surface o-Gal
epitope (synthesized by a-GalT), it is supposed that treatment with IB4SAP theoretically
eliminates the untransfected or genome-edited porcine cells with a mono-allelic knockout
(KO) phenotype, while all the surviving clones have a bi-allelic GGTAI mutation. A total of 16
clones were isolated in the present study, all of which exhibited loss of the a-Gal epitope (a
cell-surface carbohydrate synthesized by o-GalT), suggesting that all the clones had a bi-
allelic KO phenotype. Moreover, 75% of these clones expressed EGFP uniformly, while the
remainder had mosaic or no EGFP expression. These findings indicate the fidelity of the
developed pipette tip-aided cell cloning approach for the efficient isolation of genome-
edited porcine fibroblast clones.

Keywords
a-Gal epitope; o-1,3-galactosyltransferase; cell cloning; colony; disposable pipette tip;
trypsin; genetically modified cells; genome editing; CRISPR/Cas9; toxin selection

1. Introduction

Isolation of clonal cells from a single colony is an essential step in the process of obtaining pure
populations of stably-transfected clones after gene transfer and the subsequent drug selection.
Direct colony cloning of adherent mammalian cells using rings and dilution cloning is performed
frequently in the field of genetic engineering [1-2]. However, these methods have certain
drawbacks, such as the inability to establish clonal expansion when the cells are seeded at a low
density in dilution cloning. It is often difficult to handle steel rings as they require sterile grease to
ensure adhesion between the rings and secure the dish substratum. These rings require washing
and autoclave-mediated sterilization after each usage, which is time-consuming and laborious.
Another technique to isolate individual small colonies is the use of small paper disks [3]. This
method involves the isolation of cells using trypsin-dipped disks (made of Whatman® 3MM paper)
and offers the advantage of isolating several clones simultaneously. Furthermore, it enables the
simultaneous collection of several cells (>100) comprising a colony and seeding them onto the
surface of 48-well plates in a relatively crowded environment, which is beneficial for cell growth,
probably due to the autocrine mechanisms involving growth accelerating factors. However, even
with the paper disk method, poor growth of certain porcine cells isolated after cloning has been
observed. It was inferred that these porcine cells might have been highly sensitive to contact with
the 3MM paper used in the disks.

Advances in the genome-editing technology, such as the development of clustered, regularly
interspaced short palindromic repeats-CRISPR associated protein 9 (CRISPR/Cas9), have enabled
the rapid and convenient production of gene-modified (GM) cells and animals by disrupting a
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target gene following the insertion or deletion of nucleotides (indels) [4-9]. In the present study,
the aim was to disrupt the porcine GGTA1 locus encoding a-1,3-galactosyltransferase (o-GalT)
using the CRISPR/Cas9 technology. a-GalT is a key enzyme involved in the synthesis of a cell-
surface carbohydrate, referred to as the a-Gal epitope, which is responsible for the hyper-acute
rejection of the grafted tissues in human-to-pig xenotransplantation [10-11]. Therefore, porcine
fibroblasts lacking functional a-GalT are useful as nuclear donors for the somatic cell nuclear
transfer-based production of a-GalT-negative pigs. In addition, engineering the GGTA1 locus may
be beneficial for developing a novel negative selection-based method for isolating the GM porcine
cell clones containing a gene of interest (GOI) within their genome, as a-GalT deficiency is not
essential for the survival and function of porcine cells [12, 13]. In order to verify this hypothesis,
porcine fibroblasts were co-transfected with two components, i.e., the CRISPR/Cas9 components
and the piggyBac (PB)-based gene delivery components, in the present study. PB is a transposon
system that enables efficient chromosomal integration of a GOI [e.g., a transgene carrying the
sequence for enhanced green fluorescent protein (EGFP)] in various types of mammalian cells,
including porcine cells [14-20]. Subsequently, the transfected cells were selected through a short
incubation (30 min to 2 h) in a solution containing BS-1-B4 lectin (IB4) conjugated with the plant
toxin saporin (hereafter referred to as IB4SAP). IB4 is known to bind specifically to the o-Gal
epitope expressed on the cell surface of almost all mammalian cells (except for human and Old
World monkey cells) [21, 22]. The incubation treatment, therefore, enables the elimination of
unedited porcine cells and the cells with mono-allelic knockout (KO) phenotypes as these cells
continue to express the a-Gal epitope on their surfaces [12-14]. When the IB4SAP-treated cells
were seeded on a dish containing a normal medium, the surviving colonies were observed to be a-
Gal epitope-negative and frequently carried the GOl within their genome [13, 20, 23].

In the present study, isolation of the clonal populations of GM porcine fibroblasts [lacking the
a-Gal epitope expression and expressing the GOI (EGFP) continuously] was attempted using a
novel single-colony isolation technique involving the collection of trypsinized cells from a colony
using a disposable 200-pL pipette tip.

2. Materials and Methods

The experiments described ahead were performed in agreement with the guidelines of the
Kagoshima University Committee on Recombinant DNA Security (No. 25035; dated 30 May 2018).

2.1 CRISPR/Cas9-Related Agents and Plasmid Vectors

In order to prepare ribonucleoproteins (RNPs), first, a guide RNA (gRNA) capable of recognizing
a 20-bp sequence (5’-GAG AAA ATA ATG AAT GTC AA-3’) spanning the translation initiation codon
(ATG) upstream of the protospacer adjacent motif (PAM) sequence (AGG) on the 4th exon of the
porcine GGTAI (encoding a-GalT) was designed (Figure 1A). A single gRNA (sgRNA) synthesized by
Integrated DNA Technologies, Inc. (IDT; Coralville, lowa, USA) was used as the Alt-R™ CRISPR
crRNA product. The crRNA and tracrRNA (purchased from IDT) were combined for annealing to
generate the sgRNA, followed by the addition of recombinant Cas9 protein (TaKaRa Bio, Inc.,
Ohtsu, Shiga, Japan) to produce the RNPs, according to the method reported by Ohtsuka et al. [24].
The prepared RNPs contained the Cas9 protein (50 ng/uL) and the sgRNA (200 ng/uL).
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Figure 1 A. Structure of exon 4 of porcine GGTAIL. The sequence recognized by the
gRNA is underlined. ATG indicates the translation initiation site, and the amino acid
sequence is depicted below the nucleotide sequence. The primer sets [Ex4-S/Ex4-RV
for the first polymerase chain reaction (PCR) and Ex4-2S/Ex4-2RV for the nested PCR]
are provided above the sequence. AGG (depicted in bold) indicates the PAM site. B.
Schematic representation of the piggyBac-based transposon vectors used in the
present study. The plasmid backbone is not depicted in the figure. CAG,
cytomegalovirus enhancer + chicken B-actin promoter; pA, poly(A) sites; EGFP cDNA,
enhanced green fluorescent protein cDNA; PB, acceptor site in the piggyBac system. C.
Flowchart of the experiments for testing the feasibility of the novel cell colony
isolation system using a 200-uL pipette tip. Four days after transfection with the
ribonucleoprotein (RNP; targeted to GGTAI1), pTrans, and pT-EGFP, the cells were
treated with BS-I-B4 lectin conjugated with saporin (IB4SAP) for a short duration and
then cultured in the PF medium for >10 days. The resultant colonies were propagated
for molecular biology and cytochemical analyses. D. Staining of the transfected cells (4
days after transfection with RNP and piggyBac-related vectors) with Alexa Fluor 594
(AF594)-labeled BS-I-Bs lectin (IB4). A few cells expressed EGFP (arrows in a) and
concomitantly exhibited a loss of the a-Gal epitope [caused by the mutations in GGTA1]
(arrows in b). Fluorescence was observed under UV and visible light. Scale bar = 20 um.
E. Flowchart of the procedure for pipette tip-aided cell cloning.
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The plasmid vectors pTrans and pT-EGFP [23] used in the present study are illustrated in Figure
1B. Briefly, pTrans facilitates the expression of PB transposase via the chicken B-actin gene-based
promoter CAG [25]. pT-EGFP is derived from a pPB-based vector containing two PB acceptors with
inverted repeats, and it carries an EGFP cDNA expression unit (CAG promoter + EGFP cDNA +
poly(A) sites). All plasmids were grown in Escherichia coli DH5a and subsequently purified using a
MACHEREY-NAGEL plasmid purification kit (#740615.10; TaKaRa Bio, Inc.), as described previously
by Sato et al. [26].

2.2 Cell Culture and Transfection

Testis-derived porcine fibroblasts [27] were cultured in Dulbecco’s modified Eagle’s medium or
Ham’s F-12 medium (#048-29785; Wako Pure Chemical Industries, Ltd., Osaka, Japan)
supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution (#A5955;
Sigma-Aldrich Co. Ltd., St. Louis, MO, USA) [hereafter referred to as the PF medium] at 37 °C in 5%
CO; atmosphere.

As schematically depicted in Figure 1C, the porcine fibroblasts (~3 x 10°) were co-transfected in
100 pL of the Ingenio® Electroporation Solution (#MIR50111; TaKaRa Bio, Inc.) containing pTrans
(2 ug), pT-EGFP (2 ng), and RNPs (2 uL) through nucleofector-based electroporation (Lonza GmbH,
Koéln, Germany) under the electric field strength defined as V023 (experimental group). The
control group comprised the cells (¥3 x 10°) that were co-transfected in 100 uL of a solution
containing pTrans (2 ug) and pT-EGFP (2 ug) under the same electric conditions that were used for
the experimental group. After the gene transfer, the porcine fibroblasts were seeded onto a 60-
mm gelatin-coated tissue-culture dish (#4010-020; Iwaki Glass Co. Ltd., Tokyo, Japan) containing
the PF medium and cultured as described previously for four days.

After four days of culture, the cells were examined for EGFP fluorescence to evaluate the
transfection efficiency, just prior to the IB4SAP treatment. Fluorescent images of a randomly
selected area (with >400 cells) were captured and used for calculating the transfection efficiency
(%) by examining over 400 cells.

2.3. IB4SAP Treatment

As schematically depicted in Figure 1C, four days after transfection, the cells were trypsinized,
and aliquots from the cell suspension were examined for EGFP-derived fluorescence using a
fluorescence microscope (as described below). Subsequently, the cells were subjected to either
freezing in CELLBANKER® 1, a serum-containing cryopreservation medium (#CB011; TaKaRa Bio,
Inc.), for future use, or staining with AF (Alexa Fluor) 594-labeled IB4 (hereafter referred to as
AF594-1B4; 0.5 mg/mL; #121413; Invitrogen Co., Carlsbad, CA, US), as described below in further
detail. Trypsinized cells (~10°) were subjected to IB4SAP treatment by 2 h of incubation at 37 °Cin
a 25 pl solution containing 0.5-1.0 ug IBASAP (#IT-10; Advanced Targeting Systems, Inc., San Diego,
CA, USA) in Dulbecco’s modified phosphate-buffered saline without Ca* and Mg?* (DPBS) and with
5% FBS and 1 mM CaCl, (hereafter referred as DPBS/FBS/CaCl,), using our previously reported
method [12, 13]. After treatment, the cells were placed directly in two 100-mm gelatin-coated
dishes (#4020-020; Iwaki Glass Co. Ltd.) containing 6 mL of PF medium and then cultured for an
additional 10-14 days for clonal expansion.
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2.4. Pipette tip-aided Cell Cloning

As schematically presented in Figure 1E, the emerging colonies were marked at the bottom of
the dish, washed with 4 mL DPBS, and then rinsed with 4 mL of a solution containing 0.25%
trypsin-EDTA (#25200056; Thermo Fisher Scientific, Inc., Waltham, MA, USA) and accutase
(#AT104; Innovative Cell Technologies, Inc., San Diego, CA, USA) in a ratio of 1:1 (v/v). After
removing the trypsin-EDTA-accutase-containing solution, the colonies were allowed to dissociate
in a brief incubation of 5 min at 37 °C. The cells within each colony (marked using an oil-based pen)
were aspirated using a 200-uL pipette tip, and the isolated cells were placed in the wells of gelatin-
coated 48-well plates (#380-048; Iwaki Glass Co. Ltd.) containing PF medium (~200 pL in each well).
After cell collection, the 100-mm dish was filled with PF medium to resume cell growth. The cells
seeded in the 48-well plates were subjected to step-wise propagation, in which certain cells were
subjected to staining with AF594-IB4, while the remaining cells were either frozen or subjected to
genomic DNA isolation for the detection of mutated alleles at the target loci.

2.5. Polymerase Chain Reaction (PCR) and Sequencing for Detection of GGTA1 Mutations

Genomic DNA was extracted by adding 30 uL of lysis buffer [containing 0.125 ug/mL proteinase
K, 0.125 ug/mL Pronase E, 0.32 M sucrose, 10 mM Tris-HCI (pH 7.5), 5 mM MgCl,, and 1% [v/V]
Triton X-100] to the cell pellets (103 to 10* cells), followed by vigorous shaking overnight at 37 °C
and subsequent extraction with phenol/chloroform. The supernatant was subjected to ethanol-
precipitation, and the precipitated DNA was dissolved in 20 pL of sterile water and stored at 4 °C.

The resulting DNA samples (1 uL) were first subjected to PCR amplification in a volume of 20 pL
using the primer set Ex4-S (5-GCAAATTAAGGTAGAACGCA-3) and Ex4-RV  (5'-
GCTGCCCCTGAGCCACAACG-3’) for targeting the porcine GGTA1 and the PCR conditions described
in a previous report [23]. In addition, parental unedited porcine fibroblasts were used as controls
in the PCR analysis. After the first round of PCR, nested PCR was performed in a volume of 20 uL
using 2 uL of the first round PCR products, the nested primer set Ex4-2S (5'-
CTCCTTAGCGCTCGTTGGCT-3’) and Ex4-2RV (5'-GCAACTCTCTGGAATGCTTT-3’), and the same PCR
conditions used in the first PCR. The expected size of the resultant product was ~350 bp. One
microliter of this product was examined in 2% agarose gel, while the remaining product was
subjected to purification using a NucleoSpin® Gel and a PCR Clean-up kit (#U0609A; TaKaRa Bio,
Inc.). Direct sequencing of the PCR products was performed using a customized DNA sequencing
service (Eurofins Genomics K.K., Tokyo, Japan).

2.6 Staining with AF594-1B4 and Detection of Fluorescence

Staining of the cells (in the form of the cell suspension or cell sheet) with AF594-IB4 was
performed by incubating the cells in DPBS/FBS/CaCl, containing 2 ug/mL of AF594-1B4 for 30 min
at 4 °C. After washing with DPBS containing 0.3% FBS, the cells were examined under a
fluorescence microscope (BX60; Olympus, Tokyo, Japan) using the DM505 (BP460-490 and
BA510IF; Olympus) and DM600 filters (BP545-580 and BA6101F; Olympus) for detecting EGFP-
derived green fluorescence and AF594-derived red fluorescence, respectively. Micrographs were
obtained using a digital camera (FUJIX HC-300/0L; Fuji Film, Tokyo, Japan) attached to the
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fluorescence microscope, and the images were printed using a Mitsubishi digital color printer
(CP700DSA; Mitsubishi, Tokyo, Japan).

3. Results and Discussion

The objective of the present study was to confirm the usefulness of the proposed novel pipette
tip-aided method in the isolation of highly pure genome-edited cells. As schematically depicted in
Figure 1C, porcine fibroblasts were first co-transfected with the CRISPR/Cas9 genome-editing
components (RNPs targeted to GGTA1) and PB vectors (pTrans and pT-EGFP). Four days later,
among the cells stained with AF594-IB4, ~60% of cells exhibited EGFP-derived fluorescence
(arrows in Figure 1D-a), indicating successful transfection. Among these EGFP-expressing cells, a
few cells presented the loss of the o-Gal epitope expression, as evidenced by their inability to
react with AF594-IB4 (arrows in Figure 1D-b). These cells were then selected using IB4SAP, which
enabled the elimination of the a-Gal epitope-expressing cells, including intact (unedited) cells and
the cells with mono-allelic KO phenotypes (as depicted in Figure 1C). Only the cells exhibiting a
complete loss of the a-Gal epitope (possibly caused by mutations in both the alleles of GGTAI,
and is, therefore, representative of the cells with bi-allelic KO phenotype) survive after the IB4SAP
treatment. After 10-14 days of the toxin-based selection, more than 20 surviving colonies
(comprising >300 cells in each colony) per dish were visually discernible. On the contrary, no viable
colonies were visible in the control dish, in which the cells were transfected with pTrans and pT-
EGFP prior to the IB4SAP treatment. In order to isolate the cells within a colony using a disposable
200-uL tip, each colony was marked at the bottom of a dish using an oil-based pen (upper panel of
Figure 1E) and then, after the removal of the PF medium, the dish was washed with DPBS and
finally rinsed with the trypsin-accutase mixture (middle panel of Figure 1E). Subsequently, the dish
was placed in an incubator at 37 °C for 5 min to allow cell dissociation, after which the cells were
confirmed to be completely dissociated (a vs. b in Figure 2A). The dissociated cells were collected
through aspiration of approximately 1 uL of DPBS into the pipette tip and then placing the tip onto
a colony. Then, the cells were sucked into the pipette tip while rubbing them with the tip (Figure
1E, middle panel). These aspirated cells were then transferred to PF medium (~200 pL) placed in a
well of a 48-well plate (Figure 1E, lower panel). When the colony (from which the cells were
isolated) was examined under an inverted microscope, it was observed that almost all cells had
disappeared (Figure 2A-c, the area enclosed by dotted yellow lines), although a few cells were
observed around the marginal area of the marked circle (arrows in Figure 2A-c). Figure 2A-d
depicts the cells that were successfully transferred to the well of a 48-well plate after cell isolation.
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A

B Phase EGFP

Figure 2 Porcine cell clones isolated from single colonies using pipette tip-aided cell
cloning. A. A single colony prior to (a,b) and after (c,d) cell isolation. Prior to cell
isolation, a single colony was marked in red (arrow in a) using an oil-based pen. After
treatment with trypsin-EDTA-accutase mixture, cells demonstrated dissociation,
evidenced by the appearance of rounded cells (b). When the dissociated cells were
aspirated using a 200-uL pipette tip, almost all cells were removed (depicted by the
dotted yellow circle in c), with a few cells remaining at the marginal area (arrows in c).
Isolated cells from single colonies were safely transferred to the wells in the 48-well
plates. Single cells and a few aggregates comprising single cells were observed in the
plate wells (d). Scale bar = 200 um. B. Clone #1 collected using pipette tip-aided cell
cloning of the colonies generated in the experiment illustrated in Figure 1C. Note that
all the cells express EGFP-derived fluorescence (b). Scale bar =50 um.
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Finally, cell clones from 16 colonies were collected and successfully propagated. In Figure 2B,
the images of one clone (Clone #1) are depicted as a typical example. This clone expressed EGFP
uniformly (Figure 2B-b). When all the isolated clones were screened for EGFP-derived fluorescence,
almost all clones (75%; 12/16) expressed EGFP uniformly, similar to Clone #1 (Figure 3A-a; Table 1).
Two clones (numbered 8 and 12) exhibited mosaic expression of EGFP, i.e., they exhibited a
mixture of EGFP-positive and EGFP-negative cells (as exemplified by Clone #8 in Figure 3A-c; Table
1). Two other clones (hnumbered 9 and 13) were negative for EGFP-derived fluorescence (Table 1).
Staining with AF594-IB4 demonstrated that all clones were negative for the expression of the a-
Gal epitope (Figure 3A-b,d; Table 1). In contrast, control cells transfected with pTrans and pT-EGFP
exhibited a mosaic EGFP expression while exhibiting ubiquitous a-Gal epitope expression (Figure
3A-e,f). These findings indicated that the proposed IB4SAP-based selection approach is quite
useful in isolating the a-Gal-negative porcine cells.

A
Clone #1 Clone #8 Control
EGFP AF594-1B4 EGFP AF594-1B4 EGFP AF594-1B4
N\
A A
Cle
B
/i gRNA
!___c,; Ne.sNEEEERaE.
I (7 : & 55 : G G \ G AG

Wild-type

Figure 3 Characterization of the EGFP-expressing genome-edited porcine clones. A.
Clones #1 (a, b) and #8 (c, d), and the cells transfected with pTrans and pT-EGFP (emf).
Although both clones exhibited loss of a-Gal epitope expression (bad; determined by
staining with AF594-1B4), Clone #1 exhibited a uniform expression of EGFP (a), while
Clone #8 presented a mixture of EGFP-positive (arrows in c) and EGFP-negative cells
(arrowheads in c), thereby demonstrating a mosaic EGFP expression. In contrast, the
cells transfected with pTrans and pT-EGFP exhibited (four days later) mosaic EGFP
expression and ubiquitous a-Gal epitope expression on their cell surface. Fluorescence
was examined under UV and visible light. Scale bar = 25 um. B. Ideograms of the EGFP-
expressing genome-edited porcine cells (Clone #1) and wild-type cells (Wild-type)
obtained after direct sequencing of the nested PCR products using the Ex4-2S primer.
ATG is depicted inside a red box. The PAM site is represented with a blue line.

Page 9/16



OBM Genetics 2021; 5(1), doi:10.21926/obm.genet.2101126

Table 1 Characterization of the gene-modified clones obtained using pipette tip-aided cell cloning.

Name of Pattern of mutations Sequence of porcine GGTA1 exon 43 Expression of EGFP* o-Gal epitope

clones? in GGTA1 exon 42 expression®
AATAATGAATGT--

;Vlt ;Bi; Replac CAAAGGAAGAGTGGTTCTGTCAAT ) +
AATAATGAATGT------ TCTGAAGAGTGGTTCTGTCAAT
AATAATGAAT----CAAAGGAAGAGTGGTTCTGTCAAT

#2 Bi; Del AATAATGAATGTTTCAAAGGAAGAGTGGTTCTGTCA  + -

#3 Bi; Ins AT + -

#4 Bi; Ins AATAATGAATGTT- + ;

#5 - CAAAGGAAGAGTGGTTCTGTCAAT + -

H6 - ND + -

#7 - ND -

#8 - ND Mosaic -

#9 - ND - -

#10 - ND + -

#11 - ND + -

#12 - ND Mosaic -

#13 - ND - -

#14 - ND + -

#15 - ND + -

#16 - ND + -
ND

Yn vitro electroporation of porcine fibroblasts was performed in the presence of RNPs (targeted to porcine GGTA1) and piggyBac

transposons. The treated cells were subjected to toxin-based selection to obtain viable cell colonies lacking a-Gal epitope expression. The

obtained single colony-derived cells were then examined for EGFP-derived fluorescence. A few clones were also subjected to molecular
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biology analysis to identify the possible mutations in the GGTA1 target region. Staining with AF594-IB4 revealed that all of the clones
tested were negative for a-Gal epitope expression.

2Mutations in exon 4 of GGTA1 are defined as Ins (insertion of nucleotide [s]), Del (deletion of nucleotide [s]), and Replac (deletion of
nucleotide [s] and subsequent insertion of nucleotide [s]). Bi, bi-allelic KO mutations.

3Clonal sequences of exon 4 of GGTA1, including ATG site (boxed), are depicted. The PAM site is underlined.

4EGFP-derived fluorescence was examined using a fluorescence microscope. The cells exhibiting uniform EGFP expression are indicated
with “+,” while the cells exhibiting no EGFP expression are indicated with “-.” The colonies comprising a mixture of fluorescent and non-
fluorescent cells were defined as a mosaic.

>Based on the staining of clones with AF594-1B4, the cells stained positively are indicated with “+”, while the cells exhibiting no a-Gal
epitope expression are indicated with “-”.

wt, wild-type cells; ND, not determined.
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Furthermore, the possible occurrence of mutations (indels) involving the GGTA1 locus was also
assessed through the direct sequencing of the PCR products (~350 bp) spanning the sequence
recognized by gRNA. As depicted in the left panel of Figure 3B, the wild-type unedited porcine cells
had the authentic GGTAI1 DNA sequence. In contrast, Clone #1, a clone identified as EGFP-positive
and o-Gal epitope-negative, exhibited an alteration in the nucleotides (from CAAAG to TCT),
including those at the PAM site (right panel in Figure 3B). Owing to the clear pattern observed in
the ideograms, Clone #1 appears to represent the cells with a homozygous KO phenotype. In
regard to the occurrence of possible mutations in the other clones, the tested clones exhibited bi-
allelic phenotypes for the mutations involving GGTA1 (Table 1), which was in agreement with the
results of cytochemical staining with AF594-IB4.

Several cell cloning methods, including cell dilution method [28], steel ring-aided method [29],
fluorescence-activated cell sorting (FACS) [30], and paper-aided method, have been developed [3],
and all these approaches have their own advantages and disadvantages. For instance, the cell
dilution method, which has been used widely as an effective cell cloning method and requires cell
counting and calculation to allow for the seeding of a single cell into each well of a 96-well plate,
may prove to be inadequate when the cells fail in the clonal expansion which they often do. The
steel ring-aided method is another traditional technique that utilizes sterile steel rings for the
isolation of trypsinized cells as well as sterile grease to facilitate tight attachment between the ring
and the substratum of the dish, and it is often difficult to collect several cell clones (>30) at once.
FACS is effective for the collection of target cell clones, although it often damages the isolated
cells, and the apparatus required is expensive. In this context, the paper method appears to be an
attractive alternative due to its simplicity compared to the aforementioned three methods and the
possibility of collecting >30 clones at once [3]. However, even the paper method (using Whatman®
3MM paper) was unsuitable for certain types of porcine cells, for which >70% of clones fail to
survive after aspirating the cells. However, the pipette tip-aided method proposed in the present
study was demonstrated to be useful in the isolation of these cloning-sensitive porcine cells,
as >80% of the isolated cells in the present study successfully survived after cloning. In addition, it
was possible to aspirate the cells from >30 colonies within 10 min. However, beyond 10 min, the
cells could be damaged, probably due to water loss from the surface of the culture dish. Therefore,
to acquire more colonies, a similar approach using another dish could be used. Notably, a similar
approach was reported by Na et al. [31], who attempted to isolate colonies from GM embryonic
stem cells (ESCs). The authors grew the colonies on feeder cells, treated them with trypsin for 0.5-
1 min to detach the colonies from the plate, and then covered the treated cells with medium to
inactivate trypsin. These colonies were then picked using a glass capillary fitted to a mouthpiece
under a dissecting microscope. It was observed that approximately 16% of the picked clones were
mosaic, probably due to the presence of at least two clones during colony formation.

Our ultimate objective of the present study was to demonstrate that the proposed pipette tip-
aided method is useful in the isolation of GM porcine clones generated upon transfection and
subsequent toxin-based selection. In order to verify the validity of this approach, porcine
fibroblasts were co-transfected with two components - one for the destruction of GGTA1 via
CRISPR/Cas9-based genome-editing and the other for enabling chromosomal integration of a GOI
via the PB gene-delivery system. The transfected cells were subjected to toxin-based selection
using IB4SAP. The emerging colonies were picked using the pipette tip-aided method. All 16
isolated clones survived and proliferated well. Therefore, the survival rate of the clones isolated
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using the proposed method appears to be 100%. No AF594-IB4-positive clones were observed
among the 16 isolated clones (Figure 3A-b, d; Table 1), suggesting bi-allelic KO of the GGTA1 locus,
which was also confirmed by direct sequencing of the selected clones [Clone #1 in Figure 3B
(right)]. This indicated that the IB4SAP-based selection system was effective. Furthermore, almost
all clones (75%) expressed EGFP uniformly (Figure 2B-b and 3A-a; Table 1), while the remaining
ones exhibited mosaic or negative EGFP expression (Figure 3A-c; Table 1). The appearance of
EGFP-negative clones could be attributed to the failure of chromosomal integration of PB
transposons into the host cell genome upon co-transfection. The presence of clones exhibiting
mosaic EGFP expression could be attributed to contamination with EGFP-negative cells during the
cloning process.

One could wonder if the proposed tip-aided approach for isolating single colonies would be
effective for other cell lines or the cells with genome-edited loci other than GGTA1. This query
could be resolved by referring to a few previous reports. Watanabe et al. [27] employed a paper
method [3] for isolating colonies and demonstrated the successful destruction of the DiGeorge
syndrome critical region gene 2 (Dgcr2) locus in mouse ESCs after co-transfection with the vectors
carrying the Cas9 gene and the gRNA (targeted to Dgcr2), introduction of the gene encoding endo-
[3-galactosidase (capable of cleaving the a-Gal epitope), and subsequent selection using IB4SAP.
Furthermore, the transforming growth factor-B receptor type 1 (TGFBRI) gene was successfully
destroyed in porcine adipocyte precursor cells (PAPCs) using similar technology. These findings
suggest the effectiveness of the tip-aided approach for colony isolation and that genome editing is
possible at other loci and in other cell types (i.e., mouse ESCs and PAPCs) as well.

In conclusion, a novel pipette tip-aided cell collection technique was developed in the present
study for acquiring viable GM cell clones with a 100% survival rate. The proposed method is simple
and convenient, rendering it suitable for wide application in the large-scale isolation of GM
mammalian clones (including humans) if the cells survive and grow as viable colonies after the
transfection and subsequent selection.
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